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Abstract [maximum of 250 words]

Pelagic primary production measurements provide fundamental information about the
trophic status of a marine ecosystem. Measured carbon-fixation rates generally have a
limited temporal and spatial resolution, but can be combined with Earth Observation
data to extrapolate the measurements. Here, production-irradiance curves were fitted
for three years of 1#C incubation data from the western Wadden Sea, using four different
models, two with and two without photo-inhibition. The curve-fit model by Jassby &
Platt (1976) best fitted the data. Applying this model showed that the photosynthetic
parameters, normalised for chlorophyll-a concentration, PBmax and oB, were correlated.
Seasonality in photosynthetic parameters of this model and the relationship with
environmental variables was explored, with a focus on variables that can be inferred
from satellite algorithms. There was no significant correlations between af and any of
the environmental variables measured. While PBmax correlated with SST, the vertical
light attenuation coefficient, silicate and nitrate + nitrite concentration, the multivariate
model that best explained the variation in estimates of PBmax was a model that included
SST and year. In the period from 2012 to 2014, daily and annual production ranged
between 3.4 - 3800 mg C d-1and between 131-239 g C m2 y-1respectively. Comparison
of the results with historical data (1990-2003), indicated that the decline in planktonic
primary production since the 1990s has halted. Although not tested, we believe that our

approach is generally applicable to coastal waters.



Planktonic primary production western Wadden Sea
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1. Introduction

Measurements of planktonic primary production provide fundamental information
about the trophic status of marine ecosystems (Pereira et al. 2013, Muller-Karger et al.
2018). Historically, measured carbon-fixation rates come from 14C incubations
(Longhurst et al. 1995). Not only are such measurements logistically difficult and
expensive to sustain as part of long-term monitoring programs, these discrete
measurements provide information valid for a very small spatial and temporal scale
only (Behrenfeld & Falkowski 1997). Upscaling these measurements requires at least
knowledge of the regional and seasonal distribution of algal biomass (Longhurst et al.
1995). Since 1978, this information is available from satellite-retrieved data (Longhurst
et al. 1995, Behrenfeld & Falkowski 1997). Although progress has been made since then,
such remotely sensed data is far from perfect, with poor performance due to cloud-
cover, and, in coastal areas, interference of suspended matter and CDOM concentrations
with satellite signals, hampering a reliable estimate of the chlorophyll-a concentration
(Joint & Groom 2000, Jamet et al. 2011, Aurin & Dierssen 2012, Chen et al. 2013). On the
positive side, these shortcomings are partly compensated for by the large number of
observations. Satellite derived data can be combined with principles of algal physiology

to potentially estimate primary production (Longhurst et al. 1995).

Light availability is a critical factor controlling primary production (Cole & Cloern 1984,
1987, Pennock & Sharp 1994, Heip et al. 1995, Cloern 1999). Estimation of annual
production from a relatively few images per year is based on several assumptions,
amongst others with respect to the relationship between productivity and light

conditions (PE-curves).



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Planktonic primary production western Wadden Sea

Annual productivity is generally calculated as the sum of daily productivity for all days
of the year. Daily productivity can be derived from incubations of water samples with
14(C during a fixed period (often one to two hours), the so-called carbon fixation rate (P),
at a range of light conditions (E) and the light conditions in the water column during the
day. These daily light conditions in the water column are determined by the daily

insolation at the water surface and light attenuation in the water column.

PE-curves have either two (in the absence of photo-inhibition) or three parameters
(allowing photo-inhibition) and the rates are often normalized to the chlorophyll-a
concentration, giving the following parameters o8, PBmax and, in case, the model includes
photo-inhibition, BB. If photo-inhibition occurs, then applying a model without photo-
inhibition is expected to overestimate water column production (Platt et al. 1980). The
actual occurrence of photo-inhibition however might also be exaggerated because of too
long incubations at high light intensities, but the importance of this incubation artefact

is hard to quantify (Peterson, 1980, Grobbelaar, 1985).

So far, satellite images have been able to supply data on light conditions, light
attenuation in the water, chlorophyll-a concentrations, sea surface temperatures and
(more recently) salinity (Gabarro et al. 2004, Klemas 2011), but not on the parameters
of the photosynthetic parameters o8, PBmax and 8B. If these parameters could be derived
as well, this more extensive data set would allow for more extensive monitoring of
temporal and spatial variation such as shifts in the timing of phytoplankton blooms,
gradients in pelagic production in river outflows and trends in overall productivity
(Pereira et al. 2013). Modelling of photosynthetic parameters as a function of

temperature (Behrenfeld & Falkowski 1997, Cox et al. 2010) or of temperature and
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nutrients (Cox et al. 2010) would allow for indirect estimates of pelagic production from

satellite data.

In this paper, PE-parameters derived from 2h incubations in a photosynthetron are
used to estimate daily and annual productivity. Four different models are applied and
the effect of model choice on the estimated productivity is compared. Using the best
model for the dataset, seasonality in the photosynthetic parameters and the
relationships between the values of these parameters with environmental conditions
(daily insolation, SST, salinity, turbidity, concentrations of nutrients and chlorophyll-a)
is explored. This analysis is based upon three years (2012-2014) of 14C incubation data
derived from the Marsdiep, the westernmost tidal inlet of the Wadden Sea, a shallow
subsystem separated from the North Sea (northern Europe) by a chain of barrier
islands. This area was subject to eutrophication in the mid-1970s, followed by a
reduction in nutrient supply since the late 1980s (Philippart et al. 2000). These changes
in trophic states were reflected in changes in biomass, species composition and
production of phytoplankton (Philippart et al. 2000, 2007). Annual production rates of
2012-2014 were compared with data from 1990-2003 (Philippart et al. 2007) to

explore if the previously described decline had persisted.
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2. Material and Methods

2.1 Data collection

Water samples were collected at high tide from the NIOZ-jetty (53°00'06" N; 4°47'21"
E) in the Marsdiep tidal basin (Figure 1). The depth at the sampling location is 3m, while
the average depth in the Marsdiep tidal basin is 4.6m (Ridderinkhof 1988, Cadée &
Hegeman 2002). The samples were taken with a bucket, 40 times a year with an average
frequency of once a week from March to September and approximately twice a month
from October to February. Water temperature (SST; °C) was measured directly using a
bucket thermometer (unknown brand and type, accuracy 0.1°C), salinity (PSU) was
measured by reading the refraction index of 0.2um-filtered seawater that was
acclimatised to laboratory temperature using a handheld refractometer (ENDECO type
102, accuracy 0.1%o). The refraction index (or salinity) was then corrected for
temperature using temperature-salinity charts. Chlorophyll-a concentrations were
determined by filtering 250-500 ml water over Whatman GF/F filters (47mm diameter),
filters were quick-frozen in liquid nitrogen and subsequently stored at -80°C until
analyses. Samples were analysed within one year by high-performance liquid
chromatography (HPLC) according to Evans et al. (1975). Total dissolved inorganic
carbon (DIC) was measured by potentiometric titration. The underwater light
attenuation (ka) can be derived directly using two spherical underwater quantum
sensors ‘PAR1" and ‘PAR2’ (LI-COR LI-193), which were placed at 1.55 (the highest

distance possible due to tidal height) and 2.05 meter depth at the jetty:

PAR,
PAR,

kg = In(52)/z
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Due to the relative turbidity of the area, the sensors were placed at a relatively short
distance from each other. This distance has proven to allow for accurate estimates of ka.
Data from these two PAR sensors was available only for part of 2014 and 2015. For the
period of interest, 2012-2014, only Secchi disk depths (Zsp; m) were available
throughout. Therefore, first an empirical relation between kd and Zsp was derived

following the theoretical relation by Holmes (1970), using data from 2014 and 2015:

ki =—+ b
17 Zop

With a = 1.476 [-] and b = 0.3541 [-]. The value of a is within the range found for other
coastal waters (Lee et al. 2018). This relationship (n = 40, r2= 0.63) was used to
estimate light attenuation from Secchi-disk depth for all sampling dates in the period
2012-2014 in the Marsdiep area.

Mixing depth (Zmix; m) is set equal to the average depth of the Marsdiep basin (4.6m)
since the water column is mixed for most of the time (Nauw et al. 2014) and the

euphotic depth (Zeu; m), is defined as the depth at which 1 % of the light measured at

(2,

n
the surface penetrated: ( p
d

Hourly values of irradiance (PAR) just above the water surface (Epar+o; pmol photons

m-2 h'1; 400-700nm) were measured at the jetty (TriOS RAMSES ACC). In case of missing
values, data on average hourly irradiance (Eo; ] cm-2) were taken from the KNMI station
at the “De Kooy” airport (Figure 1) and converted to pumol photons m-2 s-1 PAR using an
empirical relation derived by comparing light measurements from the sensor at the

jetty to data from “De Kooy” station (n=8760, r2=0.94) (Epar+0 = Eo x 5.95).

Samples for dissolved inorganic nutrients analysis were filtered over a 0.22pm

polycarbonate filter and stored until analysis at -20°C for N and P or 4°C for Si. Nutrient

7
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concentrations were analysed at the NIOZ using a Traacs 800 auto-analyser
(Technicon). To explore the variation in and correlation between environmental
variables a Principal Component Analysis was performed using R library ‘vegan’ (R Core
Team 2018). For all analysis R version 3.5.1 was used. Variables were normalised

before the analysis.

2.2 Carbon fixation measurements

A sample of 90 ml was spiked with 2.25 ml NaH14COs- with an activity of approximately
1Mbq ml}, the sample was gently mixed and divided over 23 incubation flasks holding
4.1 ml each. The actual activity added per incubation was determined by measuring the
activity of the flask with 100 ul NaH14CO3- added to 4 ml of 1M NaOH, this flask served
as the ‘control’ and was not incubated but was closed and placed under the fume hood.
The 22 flasks with spiked seawater were placed in a photosynthetron (CHPT, model
TGC1000, equipped with two halogen light bulbs (Philips 13095, 250W)) and incubated
for 2 hours at in situ temperatures (Lewis & Smith 1983). The incubation temperature
was controlled by a water bath; temperatures in the incubator were measured before
and directly after the incubation. Despite the use of the water bath, temperatures
deviated from in situ temperatures occasionally. In those instances, a correction factor
Teorr (° C) was applied, with Tcorr=€0-9693 X (T in situ-Tincubation). Temperature differences
between in situ and incubation (average of temperature at the start and the end) varied

between 0.4 and -4.2°C.

Two flasks of the 22 were covered with aluminium foil, receiving no light. The
radioactivity measured in these samples after incubation served as ‘dark’ values and

were subtracted from the samples incubated in the light.
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Directly after incubation, 100 pl concentrated (37 %) HCI was added to each flask
(except the control) to halt further uptake of bicarbonate and the incubation flasks
remained for 24 hours under the fume hood to degas. Scintillation fluid (Ultima Gold)
was added and analysis of radioactivity (disintegrations per minute, dpm) was carried

out using a scintillation counter (PerkinElmer, Tri-Carb 2910TR).

Light at each position in the photosynthetron was measured inside the incubation flasks
using a light meter (WALZ ULM-500) with spherical micro sensor (US-SQS/L). Light
levels received (Es) ranged from zero to a maximum of 1700 pumol photons m=2 s-1 (PAR)
depending on the position of the flask in the photosynthetron. The carbon fixation rate

(P;mg C L~th™1) per sample was calculated according to:

pP= ((dpmsample_dpmavg_dark) xDICx1.05X Tcorr )
dpmadgded Xt

Here, DIC is the concentration dissolved inorganic carbon (mg L-1). For sampling dates
in 2013 and 2014, DIC was estimated using titration (Strickland & Parson 1972). No
data on DIC concentrations were, however, available for 2012. For 2013 and 2014, there
was no clear seasonal trend, and average values did not significantly differ between
these two years (2013: 26.7 + 1.0 mg L1, 2014: 25.2 + 1.6 mg L-1). Therefore, the median
DIC for the period 2013-2014 of 26.0 mg L-1 was used for all calculations in 2012, 2013
and 2014. In the equation, 1.05 is a correction factor for the preference of the enzyme
Rubisco for the 12C atom over the 14C atom. Furthermore, dpmadded is the dpm as
measured in the control bottle and t is the duration of the incubation in hours. The
carbon fixation rate (P; mg C L-1 h-1) was then divided by the chlorophyll-a
concentration of the sample to obtain chlorophyll-specific fixation rates (PB; mg C (mg

Chl)-1 h'1). Recent research has indicated that the 1*C method gives an approximation of
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net production for most species (Pei & Laws, 2013). However, research by Halsey et al.
(2010, 2013, Milligan et al. 2015) clearly demonstrates that the growth rate of the algae
is the factor that determines if short term incubations measure net or gross

photosynthesis (or something in between).

2.3 PE- curve fitting

Fixation rates (PB) were used to construct PE- curves and to estimate the
photosynthetic parameters from the curves according to four models, being those by
Eilers & Peeters (1988)(EP), Jassby & Platt (1976)(JP), Platt, Gallegos & Harrison
(1980)(PGH) and Webb et al. (1974)(Webb). Although these models originally use
different functions and defining parameters, similar photosynthetic parameters can be
derived for the models excluding photo inhibition (parameters PBmax, o) and those

including photo inhibition (PBmax, a8, 3B) (Figure 2, Table 1).

Estimation of the photosynthetic parameters for biomass-specific carbon fixation (PBmax,
aB) of these four models was performed by means of the R library ‘phytotools’. (R Core
Team 2018, Silsbe & Malkin 2015). For all models, the lower limit of 0.0 for estimation
of the parameters (performed by phytotools) was insufficient: despite the parameters
being positive, small negative values were needed within the iterative process to arrive
at the best parameter estimation for this dataset. Thus, lower limits were adjusted to
-1.0. In order to compare photo-inhibition effects between the PGH and EP models the
photo-inhibition slope B (mg C L1 h-1 (umol m-2 s-1)-1) was defined as the downward
slope between the optimal light intensity and twice the optimal light intensity (Figure
2). Note that a positive (3B therefore indicates that photo-inhibition is occurring.

In addition, the model of Eilers and Peeters (1988) has a term Eopt (Emax in Figure 2),

which describes the irradiance at which photosynthesis reaches it maximum value

10
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before it declines again because of photo-inhibition. This model is the only one of the
four models used in the current paper that is based on a mechanistic description of the
photosynthetic process. The photosynthetic parameters o and Pmax are derived from the
fit-coefficients a, b and c. The EP model has been reformulated by Herlory et al. (2007)

so that the fit-parameters o and Pmax can be derived directly from the PE-data (Table 1).

In the PGH model, Ps equals Pmax when there is no photo-inhibition (B=0). If >0, then
Ps>Pmax, and Ps can be interpreted as the “maximum photosynthesis output that could be
sustained if there were no .” (Platt et al. 1980). Parameters Ex =Pmax/a (Talling 1957)
is the saturating irradiance, the inflection point where photosynthesis becomes
saturated (Figure 2). This parameter gives an indication of the light-shade adaptation
characteristics (Falkowski & Raven 2007) and estimated values for Ex provide

information on the light acclimation status of the phytoplankton community.

The results of the curve fits were compared between models based on the smallest
squared sum of the residuals (ssr) (Spiess & Neumeyer 2010). Because the models
including photo-inhibition are more complex (three photosynthetic parameters) than
the ones without (two photosynthetic parameters), model selection was also done by
using the Akaike Information Criterion (AIC), which deals with the trade-off between

the goodness of fit of the model and its simplicity (Burnham & Anderson 2004).

Covariance between the estimates of the photosynthetic parameters was checked by
means of Pearson correlation. The results of the model that gave the best fit were used
to explore possible reasons for the observed seasonal and year-to-year variation in the

photosynthetic parameters.

11
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2.4 Calculation of daily and annual production

Daily production estimates for the water column (mg C m-2 d-1) for sampled days were
based upon the photosynthetic parameters from all four models, hourly values of
irradiance in PAR (from the jetty and, in case of missing values, from the nearest KNMI
station “De Kooy”) and light attenuation in the water column. Maximum water depth for
which the production was calculated was fixed at 4.6m. Irradiance in the water column
just under the water surface (Epar-0; pmol photons m-2 h-1) was corrected for reflectance
at the water surface (7 %; Hgjerslev 1978, cf. Philippart et al. 2007). Daily estimates of
primary production were made using the ‘phytotools’ package (R Core Team 2018,
Silsbe & Malkin 2015, this paper) by integration of the fitted curve over depth and time
(24 hours). Primary production on non-sample days was calculated in the same way,
using observed hourly irradiance values together with linearly interpolated values for
the vertical light attenuation (K4; m1), chlorophyll-a concentration (pg Chl L-1) and
photosynthetic parameters (PBmax, o8, and possibly 38). Thus, an estimation was made of
the PE-curve parameters on a non-sample day based on the curve parameters of the
surrounding sample days, thus defining the PE-curve used for integration to daily
primary production on the non-sample day. The annual production (g C m-2 y-1) was
estimated by adding up all daily primary production values of the year (including a leap

day for 2012).

2.5 Relationships between photosynthetic parameters and environmental conditions

The results of the best PE-model were subsequently used to explore relationships
between parameter values and environmental conditions focussing on those variables
that can be obtained from Earth Observation data. Estimated photosynthetic

parameters o and PBmax were correlated to the environmental variables and only

12
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variables that were significantly correlated (p<0.05) were used in the multivariate
model. Three models were explored, one with year as a factor (model a), one without
year as a factor (model b) and one model where extreme values of the PE-parameters
were removed (model c). Extreme values were defined as: (values-mean) > 3 x standard
deviation. From the full model, variables were subsequently removed when they did not

significantly add to the explained variance.

3. Results

3.1 Environmental conditions

There were considerable differences in environmental conditions between years
(Figure 3A & B). The year 2013 was relatively cold, with a median sea surface
temperature of 11.9°C (Figure 3A) compared to 2012 (14.6°C) and 2014 (15.8°C). In
2013, the water temperature remained relatively low (e.g. < 5°C) until mid-April (Figure
4). The highest maximum water temperature of the three years was recorded in 2014
(22.1°C), while the highest temperature in 2012 and 2013 was 20.4 and 20.2°C

respectively (Figure 3A, Figure 4).

The timing of the onset of the spring bloom, defined as a daily increase in chlorophyll-a
concentration above 0.2 pg L-1 d-1 (Philippart et al. 2007) was remarkably similar in the
three years, with an estimated onset in the second week of March in each year (Julian
day 72,71 and 69 in 2012, 2013 and 2014 respectively). Peak chlorophyll-a
concentrations for the spring bloom were 25.4, 21.0 and 21.5 pg L-1 in order of years. In
2012, there was a second peak in the chlorophyll-a concentration of 27.8 pg L-1 on day

194 (23 July) (Figure 5). The median concentration of phytoplankton was 4.6 pg Chl L-1.

13
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In 2013, the coldest year, the bloom lasted longer; there were several peaks in
chlorophyll-a concentration, with a maximum concentration of 55.9 pg L-1 on day 147
(27 May). The median concentration in 2013 of 7.2 ug L-1 was higher than in 2012, but
lower than in 2014 (7.8 ug L-1) (Figure 3A). In 2013, the chlorophyll-a concentration
decreased from day 175 (24 June) onwards until day 204, when there was another
peak. In 2012, there was a last peak at day 194 (12 July). In 2014, a peak in summer was
absent. The year 2014 was the only year with a small autumn bloom (day 267, 24

September).

Attenuation coefficients (Kd) ranged from 0.88 and 4.0 m-! (Figure 3A), with median
values highestin 2013 (1.83) compared to 2012 (1.49) and 2014 (1.67). From 2012 to
2014, the euphotic depth (Zeu) ranged between 1.1 and 5.2 m. The ratio between Zeu and
mixing depth (Zmix) was between 0.2-1 for most sampling dates, indicating that there
was positive net productivity, but over a depth smaller than the average water depth.
Median salinity values were not so different between the years (29.4, 28.6 and 29.1

respectively for 2012, 2013 and 2014).

There were clear seasonal patterns in the nutrient concentrations (Supplement 1), with
the highest average concentrations in winter. The concentration of Si and PO4 (umol L-1)
decreased sharply from day 60 to day 90, corresponding with the time of phytoplankton
bloom. The concentration of dissolved nitrogen (nitrate, nitrite and ammonium (DIN),
umol L-1) declined as well, but with a lower magnitude. Silicate concentrations
remained low until September. The lowest concentration for PO4 was found in April,
while for DIN lowest concentrations were found in August. Redfield ratios of nutrients,
combined with absolute concentrations, can provide information about the nutrient, or

combination of nutrients that are limiting phytoplankton biomass (Redfield, 1958). A

14
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DIN:DIP ratio >16 indicates a P-limitation, while a ratio <16 indicated N-limitation.
However as long as concentrations exceed 21-36 pmol L-1 for DIN and 0.16 pmol L-1 for
DIP than neither nutrient is considered limiting (Redfield 1958, Ekholm 2008). For
diatoms a DIP:Si ratio above 0.07 indicates a silicate limitation (Redfield 1985 in
Ekholm 2008). In the current study, the Redfield ratio of DIN:DIP was found to be <16
occasionally in the months July to September, while the ratio of DIP: Si was above 0.07
from April to October. Combined with the absolute concentrations measured, it can be
concluded that for the years 2012-2014 at the Marsdiep jetty, nitrogen was limiting
phytoplankton biomass in summer, while the rest of the year there was a co-limitation
of DIP and silicate (Supplement 1). With regard to the differences between the years, it
can be seen that variation in nutrient concentrations was higher in 2013 compared to

the other two years (Figure 3B).

The results from the PCA analysis showed that the first two principal components of the
environmental factors accounted for 67% of the total variance of the normalised
environmental data. Co-variability between environmental factors is relatively high
because the explained variance is higher than the minimum value of the variance
explained by the first two PCs in the event all 9 factors were uncorrelated (i.e. [2/9]= 22
%). Most variance in the environmental data set was found in SST, Si and NO2+3
concentrations. In late winter, low temperatures and salinity co-occurred with relatively
turbid and NOz2.3 -rich waters. From spring until the start of summer, high chlorophyll-
concentrations co-occurred with low phosphate and ammonium concentrations,
followed by the highest values of daily insolation, which coincided with low silicate
concentrations. The highest water temperatures were found at the end of summer,

which co-occurred with the highest salinities and relatively clear and NO2z+3 -poor

15
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waters. Finally, from early to mid-winter low chlorophyll-concentrations were found
which co-occurred with high phosphate and ammonium concentrations, followed by the

lowest values of daily insolation, which coincided with high silicate concentrations.

3.2 Production-light (PE) curves

For the years 2012, 2013 and 2014, in total 107 incubations were performed. For these
days, production-light (PE) curves were fitted, using four models (Table 1, Figure 6): EP,
JP, PGH and Webb. The results of curve fits were compared between models using the
ssr and AIC criterion. Both the distribution of ssr and AIC scores are quite similar for the
four models but model ‘Webb’ had the highest ssr for all curve fits. A closer look at the
differences in ssr between models revealed that especially at small values for ssr (<20)
the models Webb, EP and PGH have a systematically higher ssr compared to model JP. In
addition, for each PE-curve fit it was determined which model had the lowest ssr, the
highest ssr and the lowest AIC score (Table 2), based on these counts it was decided that
the model JP was the best model for this dataset, with the lowest ssr and AIC for most

fits (51 and 75 out of 107 respectively).

Photosynthetic parameter estimates o and PBmax were compared between models
(Table 3). With model PGH, aB could not be estimated for two incubations and PBmax
could not be estimated on 16 occasions. Depending on the model choice, the average
estimate for of is 28 % higher with model Webb, and 19% for PGH and EP compared to
the JP model. For PBmax estimates, both model EP and PGH give estimates that are on
average 2 % higher compared to model JP, for model Webb this is on average 5 %.
Models EP and PGH allow for a fit including photo-inhibition, the estimates of 3B as
defined in this study (Material & Methods section) for both models gave a good

correlation (r = 0.94). For PGH, 3B could be estimated for 90 incubations, for EP this was

16
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106 times. The estimated 38 from model PGH was on average 10 % lower compared to
the estimated 3B from model EP. The average estimate of 3B for model EP was 0.0015 *

0.0015 mg C (mg Chl)-1 h-! (umol photons m-2 s-1)-1,

3.3 Temporal variation in photosynthetic parameters

To investigate the seasonal and year-to-year variation in photosynthetic parameters,
the results from model JP were used. Both a and Pmax were normalised to chlorophyll-a
biomass (B and PBmax). Values ranged between 0.00024 and 0.24 mg C (mg Chl)-1 h-1
(umol m2 s-1)-1 for aB with median values of 0.038, 0.019 and 0.016 in 2012, 2013 and
2014 respectively (Figure 7). Values for oB were always higher in 2012 compared to the
values in 2013 and 2014, except for 1 outlier in 2013. Values showed little variation in

2014, in this year also the lowest absolute estimates for aB were found (Figure 7 & 8).

PBnax estimates varied between 0.1 and 48.9 mg C (mg Chl)-1 h-! with median values of
7.5,4.6 and 5.2 for the three years (Figure 7). Both the absolute and the median
estimates for PBmax were highestin 2012 compared to the two other years (Figure 7 &
8). In 2014, the lowest absolute values for PBmax were found. Apart from the outliers,
there was a general increase in the value of PBmax from the end of spring to the end of
September (day 270). In 2013, low values for the first months of the year (up until day
110, end of April) correspond to low water temperatures in the same period (Figure 4).
In 2012, there is a peak in the estimates for both aP and PBmaxin October and November
(day 283 and 306) (Figure 7 & 8), which does not correspond to a high chlorophyll-a
concentration, nor to a high water temperature (Figure 4 & 5). The estimates for PBmax
and oB were highly correlated (Figure 9) and oB can be estimated from PBmax from the
linear relation aB =0.05 + 0.02 + 0.13 + 0.01 PBmax, explaining 64% of the variance (F1,105

=188.4, p < 0.0001). The parameter Ex (umol m2 s-1), calculated as PBmax/ aB, represents
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the irradiance at which light becomes saturating. Throughout the year, estimates for Ek
were lowest for 2012. As for PBmayx, there was an increase from spring towards autumn

(Figure 7 & 8).

3.4 The relation of photosynthetic parameters with environmental parameters

For oB, there was no significant univariate correlation with any of the environmental
variables (Figure 10). PBmax correlated positively with sea surface temperature (SST)
and negatively with nitrite/nitrate (NOz2+3) silicate (Si) and the vertical light attenuation
coefficient (Kd4) (Figure 10) when all years were analysed together. These variables
were included in multivariate linear models. Adding year as a factor to the models
always resulted in a lower AIC than similar models without the year effect (Supplement

2).

The best model, based on the lowest AIC, was a model that included year and sea
surface temperature. The difference in AIC of this model compared to that of next best is
2 (model 3b, Supplement 2), indicating that these two models are comparably good
(Burnham & Anderson 2004). In such a case, the simplest model should be considered.
As long as it remains unknown which environmental condition(s) determine(s) this
additional year-to-year variation, the best model that could provide satellite-derived
information for PBmax is a model that included sea surface temperature only. A model
that included SST and a model that include both SST and Silicate (Supplement 2) could

equally well describe the variation in Ek.
3.5 Daily and annual primary production
Estimates for the daily column production, using model JP, ranged from to 3.4 mg to 3.8

g C m per day, with large differences between the three years (Figure 11). The average
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daily production was 0.54 gCm=2d1in 2012,0.65gCm2d1in 2013 and 0.36 m2gCd-
1in 2014. For 2012, 2013 and 2014, the annual production was 198, 239 and 131 gC m-
2 per year, respectively (Table 4). When the estimates of the yearly production based on
curve fits from model JP are compared with estimates based on the models EP, PGH or
Webb, the model JP gives the lowest estimates, except for one occasion (EP in 2013)
(Table 4). The annual production estimates from the three other models give an
estimate within 10 % deviation, except for the estimate for 2014 using model PGH, here

this models estimates are 17 % higher compared to model JP.

4., Discussion

4.1 Model choice

Production-light curves were fitted, using four different models, being JP (Jassby & Platt
1976) and Webb (Webb et al. 1974) without a parameter for photo-inhibition and EP
(Eilers & Peeters 1988) and PGH (Platt, Gallegos & Harrison 1980) with a parameter for
photo-inhibition. The PGH model was unable to estimate PBmax on 16 occasions, but in
the calculations of the annual production, the parameter Ps is used (Table 1); this
parameter was estimated for all incubations. Different models gave different estimates
for photosynthetic parameters as well as estimates of production (this paper), so it is
important to choose one model to analyse the data. In the current study, model JP was
selected as the best model to analyse the data, however, model JP is a model without a
photo-inhibition parameter, while it was seen that the carbon fixation rate is sometimes
lowered at the highest irradiances (e.g. 19 June 2012, Figure 6) suggesting the
occurrence of photo-inhibition. In the current study, algal cells in small bottles were

exposed to irradiances up to 1700 umol photons m-2 s-1 for a period of two hours. Such
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endured exposure to high light can result in more severe photo-inhibition compared to
phytoplankton cells in the water column, where water mixing reduces the time spent in
the euphotic zone (Peterson 1980, Grobbelaar 1985). The occasional depression of the
carbon fixation rate at high irradiances might thus be partly the result of an incubation

artefact.

How likely is a reduction of carbon fixation rates in situ due to exposure to excess
irradiance in the western Wadden Sea? According to Maclntyre et al. (2002), photo-
inhibition is most likely to occur in mixed shallow waters where the mean water column
irradiance is larger than the value for Ex. At the sampling location, the average column
irradiance (lav, umol photons m-2 s-1) per day was calculated using the maximum surface
irradiance during a sampling day and the attenuation coefficient cf. Maclntyre & Cullen
(1996). Occasionally lav was higher than Ex indicating that photo-inhibition can occur.
However, Grobbelaar (1985) argued that in mixed waters the severity of photo-
inhibition is minimised since algal cells move rapidly in and out the photic zone. In
turbid areas, the non-photic zone might be quite large. If the mixing depth is larger than
the euphotic zone, which is the case at the study location, algal cells likely spent more
time in the dark. Falkowski et al. (1993) recorded mid-day depressions in the
photosynthetic efficiency using fast repetition rate fluorescence (frrf) measurements
and the authors considered changes in the ratio of the variable fluorescence to
maximum fluorescence (Fv/Fm) to be a reliable means to identify the occurrence of
photo-inhibition in a system. At the Marsdiep jetty, short-term light curves based on frrf
measurements are applied since 2014 in addition to the 14C incubations at the
laboratory. Data from these in situ measurements suggest that photo-inhibition does not

occur at this location (Kromkamp et al. in prep.). In addition, when considering the
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differences in annual production estimated by the four models, it is seen that model JP
generally had the lowest annual production estimates compared to all other models
(Table 4). If photo-inhibition would have an effect on the production estimates, a model
without photo-inhibition would overestimate the production. Choosing a model without

a photo-inhibition term to analyse the data thus seem legitimate here.

4.2 Photosynthetic parameters

The estimates for the photosynthetic parameters from the JP model were compared to
the estimates from the other three models. The estimates for aB from the other models
were between 13 and 28 % higher compared to the JP estimates, while for PBmax the
estimates were more comparable between models with 1-5 % difference (Table 3). The
difference in estimates for a and PBmax between models as well as the higher variability
in estimates for o have been reported before (e.g. Jassby & Platt 1976, Frenette et al.
1993, Kromkamp & Peene 1995). When comparing the JP model with the Webb model,
Frenette et al. (1993) concluded that the estimates for both parameters with the model
of Webb were higher that the estimates made with the model JP. Kromkamp & Peene
(1995) observed that the PBmax obtained with the JP model was slightly smaller (< 10 %)
than when obtained with the EP method whereas the opposite was observed for aB (~ 4

% higher).

Theoretical maxima for respectively o and PBmax are defined as 0.11 mg C (mg Chl)-1 h-1
(pmol photons m2 s-1)-1 and 25 mg C (mg Chl)-1 h-1 (Platt & Jassby 1976, Falkowski
1981, Lohrenz et al. 1994). In the current study, estimates for «® were higher than this
maximum on two occasions (on day 132 in 2012 and day 115 in 2013), and for PBmax on

three occasions (the same days as for aB and on day 236 in 2012) (Figure 7 & 8). Visual
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inspection of the curves did not reveal any abnormalities. Rates higher than the
theoretical maxima have been reported in other studies as well and were in those cases
related to low chlorophyll-a concentrations due to the dominance of small, but very
productive cells (Lohrenz et al. 1994, Azevedo et al. 2010). Low chlorophyll-a
concentrations could also be the result of mistakes during filtration or incomplete
extraction of pigments. In the current study the chlorophyll-a concentrations on the
dates with high values for the PE-parameters did not correspond to very low values of
chlorophyll-a, but the possibility that the concentrations were too low cannot be
excluded. When relating environmental variables to the PE-parameters, the removal of
outliers (see material and methods), which corresponded to the values higher than the

theoretical maxima, improved the predictive model for PBmax (Supplement 2).

Bouman et al. (2018) reported minimum values for PBmax to be 0.2 mg C (mg Chl) -1 h-1
and 0.002 mg C (mg Chl)-1h-1 (umol photons m~2 s-1)-1 for aB. Values for o and PBmax

lower than these rates were recorded on 19 and 22 May 2014.

Apart from the extreme values for aB and PBmax, the reported estimates for o and PBmax
in the current study were high compared to estimates reported in other studies. Within
the Wadden Sea area, Tillmann et al. (2000) reported for the southern part of the
German Wadden Sea that in 1995-1996, using the model of PGH, aB varied between
0.007 and 0.039 mg C (mg Chl)-1 h-1 (umol photons m-2 s-1)-1and for PBmax between 0.8
and 9.9 mg C (mg Chl)-1 h-1-In the current study, for 2012, the median values for aBand
PBmax in 2012 were close to the maximum values reported in Tillmann et al. (2000). The
maximum value in the current study was almost twice the maximum recorded in that
study. Loebl et al. (2007) reported for the northern part of the German Wadden Sea in

2004 estimates between 0.014 and 0.13 mg C (mg Chl)-1 h-1 (umol photons m-2 s-1)-1 for
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aB, between 1.8 and 14 mg C (mg Chl)- h-1 for PBmax, and between 107 and 360 pmol
photons m-2 s-1for Ek. There, the PGH model was used for curve fitting. Closer to the
sampling location of the current study, Brinkman et al. (2015) reported that estimates
in 2012-2013 for several locations on a transect from the Dollard towards the North
Sea, ranged between 0.005 and 0.25 mg C (mg Chl)-1 h-1 (umol photons m-2 s1)-1 for o
and between 1 and 22 mg C (mg Chl)-1 h-1 for PBmax. Brinkman et al. (2015) used the EP
model for curve fitting. Kamermans et al. (2014) reported that for the Marsdiep area,
using model PGH, o ranged between 0.02 and 0.12 mg C (mg Chl)-1 h-1 (umol photons
m-2 s-1)-1in period 2011-2013, while values for PBmax were between 4 and 12 mg C (mg
Chl)-T h-1 (values were read from the graph). Kamermans et al. (2014) also recorded
photosynthetic parameter values for the same sampling location as the current study
(Jetty, but then at low tide) with aB ranging between 0.01 and 0.1 mg C (mg Chl)-1 h-1
(umol photons m-2s-1)-1 for 2011-2012 (April - October) and PBmax between 2 and 10
mg C (mg Chl)-1 h-1. The estimates for the photosynthetic parameter a® in the current
study is comparable, while for PBmax the estimates are somewhat higher. The values for
Ex ranged between 60 and 540 pumol photons m-2 s-1 (Figure 7 & 8), with minimum
values at the low end of what was recorded for Ex according to Kirk (1994) (between
200-500 pmol photons m-2 s-1), but comparable to values reported for other locations in

the Wadden Sea area (Tillmann et al. 2000, Loebl et al. 2007).

4.3 Photosynthetic parameters related to environmental variables

In the current study, the estimates for both af and PBmax varied throughout the year. The
values for aB showed no correlation with any of the environmental variables considered
in this study, while for PBmax there were significant positive correlations with sea surface

temperature and salinity and negative correlations with the vertical light attenuation
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coefficient, silicate and nitrite+nitrate concentration (Figure 10). Using (a combination
of) environmental variables to predict PBmaxresulted in a model that could explain a
maximum of 30% of the variation (Supplement 2). The best model, based on the lowest
AIC and highest R? was a model that included year, and SST, after removing the extreme
values, all other environmental variables did not contribute significantly to the
explained variance in PBmax (Supplement 2). Since the variation in PBmax due to the
factor year cannot be estimated based on remote sensing data, PBmax can be described
by sea surface temperature, as 2.06 + 0.67 + 0.30 * 0.05 x SST, explaining 28% of the
variation. This percentage of explained variance is equal to the 28% reported in Platt &
Jassby (1976), but much lower than the 74-95 % explained variance by water
temperature as was reported in Rae & Vincent (1998). The latter study however was
performed under constant laboratory conditions using monocultures of phytoplankton
species. Many studies report an exponential relation between SST and PBmax (e.g. Eppley
1972, Lohrenz et al. 1994, Tillmann et al. 2000, Macedo et al. 2001), but in the current
study a linear relation gave the best fit to the data. In 2012 values for PBmaxwere higher
than in the other two years, while sea surface temperature was lower compared to 2014
for most of the year (Figure 4). The fact that SST was the variable that explained most of
the variation in values of PBmaxdoes not necessarily indicate that there is a direct effect
of temperature on this photosynthesis parameter since SST correlates with other
environmental variables including nutrient concentrations (this study) as well as
species composition (Richardson et al. 2016). However, as PBmax is driven by the rate of
carbon fixation, the enzymatic processes in the carbon cycle, a direct effect of
temperature on PBmax is to be expected and this has been demonstrated with culture

studies (e.g. Morris & Kromkamp 2003).
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Previous studies have found mixed results with the variation in a® both independent of
temperature (Post et al.,, 1985), as well as depended on water temperature (Lohrenz et
al., 1994). Estimates for a8 have also been correlated to irradiance (or average of
irradiance of three days previous) (Platt & Jassby 1976). For PBmax variation was
explained by total irradiance and water temperature (Shaw & Purdie 2001, Rae &

Vincent 1998) or water temperature alone (Platt & Jassby 1976, Lohrenz et al. 1994).

A strong correlation between a® and PBmax was observed. A-priori such a relationship is
not to be expected as oB is related to pigment composition and the chance to absorb a
photon, whereas PBmax is related to processes downstream in photosystem II (PSII).
Classical photo-acclimation, i.e. by changing the absorption cross section of the antenna
by adding more or less photosynthetic pigments, will primarily affect o, but not
necessarily PBmax. However, many studies (Behrenfeld et al. 2004, Bouman et al. 2018
and references in both papers) observed linear relationships between af and PBmax, as in
the current study. This positive correlation has been attributed in a review by Bouman
et al. (2018) to “a variety of physiological and ecological factors, including changes in
the allocation of ATP and NADPH to carbon fixation (Behrenfeld et al., 2004), as well as

changes in phytoplankton community structure (C6té and Platt, 1983)".

From the abiotic variables that can be estimated at present from Earth Observation
data, PBmax can be indirectly estimated from SST (and underwater light-climate)
(Behrenfeld & Falkowski 1997, Cox et al 2010), while aB can be derived from PBmax. The
low variability in o8 and PBmax explained by environmental variables impedes the

estimation of primary production from remotely sensed data.

Ek is generally used as an indicator of the photo-acclimation state of the phytoplankton

community (Sakshaug et al. 1997). As was described by Sakshaug et al. (1997) “at lower
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irradiances, the quantum yield of photosynthesis is higher, but the photosynthetic rate
is lower; at higher irradiances, there is no major increase in the photosynthetic rate and,
hence, nothing to be gained, and potentially much to be lost. Consequently, if the
irradiance increases, the algae adjust their Ex upwards and vice versa”. Based on this
principle it was expected that variation in Ex could be related to surface irradiance (Eo),
the underwater light attenuation coefficient (Kd) or a product of both. In the current
study, Ek correlated significantly with e.g. SST and the underwater light attenuation, but
not with surface irradiance (Figure 10). A model with K4 (with and without Eo) only
explained 16% of the variation in Ek, while a model with SST explained 41%
(Supplement 2). The absence of a relation between Ex and (a product of) Eo and Ka is

unexpected and there is no satisfactory explanation for this finding.

4.4 Daily and annual primary production estimates

In the current study, no attempts were made to estimate respiratory losses in the dark.
Autotrophic respiration under certain conditions might be large, resulting in a negative
net photic zone production. In turbid areas, the euphotic depth (Zeu) might be smaller
than the mixing depth (Zmix), exposing the phytoplankton community to light intensities
too low to support photosynthesis. To sustain positive net phytoplankton growth, the
ratio between the euphotic depth and the mixing depth (Zeu: Zmix) should be above 0.2
(e.g. Grobbelaar 1985, Cloern 1987, Alpine & Cloern 1988, Kromkamp & Peene 1995),
which was the case at the sampling location although the study by Kromkamp & Peene

also obtained evidence that it might be smaller than 0.2.

The daily water column production ranged from 3.4 to 3800 mg C m-2 d-1. Whether 14C
incubations best represent net of gross production rates is still under debate (Halsey et

al. 2010, 2013, Pei & Laws, 2013, Milligan et al. 2015). The rates of daily carbon fixation
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as well as the annual production presented in this paper are therefore refer to as
‘production rates’. The seasonal pattern in the daily production rates were comparable
with the pattern seen in chlorophyll-a concentrations as has been described in other
studies in the Wadden Sea (Tillmann et al. 2000). There were large differences in annual
production between the years with an annual production in 2013, which was 80 %
higher than the production in 2014, the year with the lowest annual production and 25
% higher than the production in 2012 (Table 4). This difference is largely due to the
difference in chlorophyll-a concentration in spring (Figure 5). Recent findings showed
that the timing of the spring bloom is initiated by underwater light climate, while the
build-up of zooplankton biomass is driven by water temperature (Wiltshire and
Boersma, 2016). One explanation for the higher chlorophyll-a concentration in spring in
2013, is that the low water temperature in the first half of the year (Figure 4)
suppressed zooplankton biomass, reducing grazing rates and thus allowing for a higher
achieved phytoplankton biomass. In addition, the higher concentrations of silicate in
2013 compared to both other years in the pre-bloom period might have resulted in a
higher phytoplankton biomass as this might delay the onset of Si-limitation for diatoms
(Ly etal 2014). In 2014, water temperatures were high year round, resulting in more
severe grazing, especially later in the season, explaining the low and late autumn peak

in chlorophyll-a this year (Figure 5).

Production rates for the same location as in the current paper have been published by
Cadée & Hegeman (1974, 2002) and more recently by Philippart et al. (2007). Both

papers present the results on carbon fixation rates using 14C, but incubated samples at
one fixed light intensity only. In addition, Cadée & Hegeman did not consider the daily

irradiances when calculating daily production rates, and assumed that light conditions
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were saturating during incubation. Therefore, the results from the current study will
only be compared with the results published by Philippart et al. (2007). Philippart et al.
(2007) followed a different procedure to calculate carbon-fixation rates, which resulted
in an 8% lower estimate of the daily column production compared to the current study
(Supplement 3). The annual production estimates for the period 1990-2004 lay
between 120 and 310 g C m-2 y'! and showed a steady decline over this period
(Philippart et al. 2007). The annual primary production for 2012-2014 (this paper) is
comparable to that of the early 2000s reported by Philippart and co-authors (2007). It
thus seems that the decline in primary production, noted by Philippart et al., has come
to a halt (or even slightly reversed) (Figure 12). The decline in production in the
western Wadden Sea was the result of reduced riverine nutrient inputs since the mid-
1980s. Since the 2000s the decline in phosphate load has nearly come to a halt and P-
concentrations are now comparable to the concentrations before the 1970-ies, while N-

loads have been reduced to a lower extent (Cadée & Hegeman, 2002, Supplement 4).

It is assumed that primary production in the western Wadden Sea in spring is P-limited
with likely P-Si-co-limitation for diatoms (Ly et al. 2014). Along the Dutch coast long-
term nutrient concentrations show a similar pattern as in the western Wadden Sea
(Supplement 4), suggesting that the rate of pelagic primary production might also have
decreased and have come to a halt here, and potentially also in other coastal seas in
Europe. Additional analysis is needed to see whether the decrease in annual primary
production is confined to the western part of the Wadden Sea or that the low
production rates are found throughout the whole Wadden Sea. Continuation of
monitoring primary production is essential to find out whether the decline had halted

or whether it will continue to decline in the future.
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5. Conclusions

The equation from Jassby & Platt (1976) was selected as the best model to analyse
production-irradiance data in the current study. This JP model is a model without a

parameter that allows for a reduction on the carbon fixation rate at high irradiances.

Estimates for aB varied between 0.00024 and 0.24 mg C (mg Chl)-1 h-1 (umol m-2 s-1)-1
and for PBmax between 0.1 and 48.9 mg C (mg Chl)-1 h-1. The estimates for o and PBmax
were correlated and showed seasonal variation with, on average, higher values in
summer and peaks in spring. There were considerable differences in values for
photosynthetic parameters between years, with the highest estimates in 2012 (150%
higher than in 2013, 300% higher than in 2014). The best model to estimate PBmaxwas a
model that included SST and year, but the underlying causes of this ‘year-effect’ remain
unsolved for now. With respect to available information in space and time from Earth
Observations, PBmax can thus be derived from SST, explaining 28% of the variance. The
absence of a correlation between aB and environmental variables, the relatively large
unresolved variance in the estimates for PBmax and the large differences between years
indicate that there still is some way to go before satellite measurements can be used for

monitoring temporal and spatial variation in productivity.

Daily primary production varied between years with an average of 0.54 g Cd-1in 2012,
0.65gCd1in 2013 and 0.36 g Cd-1in 2014. Annual production was calculated by linear
interpolation of all parameters except irradiance, which was available for all days. The
interpolated annual production for each of the three years was always lowest when
using the PE- curve fit from Jassby & Platt (1976), but differences between models were

relatively small (less than 10 %) between the lowest and highest estimate. Comparing
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the estimates for the years 2012, 2013 and 2014 with estimates published earlier
indicated that the decline in planktonic primary production in the Marsdiep area since
the 1990s has come to a halt. Further research will be needed to investigate the possible

mechanisms underlying these changes.
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Table 1. Four models to fit the relationship between carbon fixation rates (P; mg C L1 h'1))

and irradiance (E; umol photons m< s'1). Equations and derived parameters were taken

from the original papers as well as from Arbones et al. (2000), Macedo et al. (1998) and

Frenette et al. (1993).

Model

Nr of
Parameters

Reference

Original equation

Derived parameters

EP

Eilers &
Peeters
(1988)

b E
" aE? + bE + ¢

1 1

» Bnax =

a =- = —
c b+2vac

Herlory
et al.
(2007)

E
E? = E _
aE,f Pmax aEk

p =

2E 1
ta

JP

Jassby &
Platt
(1976)

aE
P = Pax tanh( )

max

PGH

Platt,
Gallegos
&
Harrison
(1980)

P
=ps[1

~ew ()] ew ()

P max

bq
sl

Webb

Webb et
al. (1974)

P= P, [1 — exp (_a E)]

P max
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Table 2. The squared sum of the residuals (ssr) of the PE- curve fit for the different models.

The number of incubations in the period 2012-2014 was 107, per model the number of
times this model had the lowest ssr and the number of times the model fit yielded the

highest ssr is given. The percentage of the times a model had the lowest AIC criterion is

also given.
Model | Smallest ssr | Highest ssr | % lowest AIC
EP 35 28 8
JP 51 10 75
Webb | 3 60 14
PGH |18 9 3

Table 3. Estimates for a? and PBmax relative to the estimate from model fit according to:

JP=a X+ b, where X is either a® and PBmax from the models EP, PGH or Webb. For both the

intercept (b) and regression coefficient (a), the average value # standard deviation is given

as well as the p-value (“ns” for values not significant, p > 0.05). The explained variance of

the regression is given as R?.

a | p-value b | p-value | R?
aB EP 1.19+£0.05 | <0.0001 0.0022+0.0020 | ns 0.853
Webb | 1.28+0.01 | <0.0001 0.0005+£0.0003 | ns 0.996
PGH | 1.194£0.01 | <0.0001 0.0009+0.0006 | ns 0.984
PBmax | EP 1.02+0.01 | <0.0001 0.17+£0.05 | 0.0003 | 0.996
Webb | 1.05+£0.01 | <0.0001 -0.09£0.04 | 0.04 0.998
PGH | 1.02+0.00 | <0.0001 0.03+0.03 | ns 0.999
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Table 4. The estimates of annual production (g C m< year!) and the average daily

production (g C m< d1) at the sampling location using curve fit parameters from the

different models.
2012 2013 2014
model | annual PP | daily PP | annual PP | daily PP | annual PP | daily PP
JP 198 0.54 +0.51 239 0.65+1.01 131 0.36 £ 0.36
EP 203 0.56 £ 0.52 236 0.65 £ 0.96 133 0.37+£0.36
PGH 214 0.59 £ 0.50 244 0.67 +1.04 153 0.42 +0.43
Webb 206 0.56 £ 0.53 249 0.68 £ 1.05 138 0.38 £ 0.38
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Figure 1. Map of the study area, including the locations of the NIOZ Jetty sampling station,

the Marsdiep tidal inlet, the KNMI weather station “De Kooy” and the artificial freshwater

Lake IJssel. The grey lines in the right figure indicate the 1m depth contour.
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PE- curve

max

o
1
1
1
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P(Epmned - P(2X Epn)

P:
photosynthesis
[mg CL1h1]

e = =

E, E, o E : light intensity
[umol photons m2s]
Figure 2: Conceptual PE- curve, with the various parameters that define the
photosynthetic response of the sample’s phytoplankton to increasing light intensities. Here
photo-inhibition is defined as f§ = P(Emax)-P(2 X Emax) )/Emax to allow for a comparison of
possible photo-inhibition between models. Note that [ is defined as a positive, downward,
slope, to allow for comparison with other photo inhibition parameters. The light

saturation coefficient Ex can be calculated as Pmax/a.
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Figure 3. Box-whisker plots showing the median and interquartile range, minimum and
maximum values as well as outliers for the sampling dates, except for the daily sum of
irradiance, which is a mean for all days of the year. A: sea surface temperature (SST; °C),
phytoplankton biomass (Chl; ug L), light attenuation coefficient (Ka; m-1), salinity (PSU)
and the daily sum of surface irradiance (Epar+o; mol photons m=2 d-! ) for the years 2012,
2013 and 2014. B: nutrient concentrations (umol L-1); silicate (Si), phosphate (PO4), nitrite

+ nitrate (NOz+3) and ammonium (NHs), DIN:DIP ratio and DIP:Si ratio.
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Figure 4. Sea surface temperature (SST; °C) at the Marsdiep jetty in the years 2012, 2013

and 2014.
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Figure 5. The chlorophyll-a concentration (ug L1) at the Marsdiep jetty in the years 2012,

2013 and 2014.
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Figure 6. Four models were applied to the data; two without photo-inhibition (JP and

Webb) and two models with photo-inhibition (EP and PGH), where ssr indicates the

smallest squared sum of residuals. Examples of PE-curves are shown for three dates: July

152013 (1322), April 9 2013 (1310) and June19 2012 (1217).
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Figure 7. Box-whisker plots of the variation per year in estimates for af (mg C (mg Chl)1 h-

I (umol m2 s1)1), PBpay (mg C (mg Chl)* h'1) and Ex (umol m2 s1) using PE-curve fits from

model JP. Different letters indicate significant difference (p < 0.05) between years.
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Figure 8. Chlorophyll-a normalised photosynthetic parameters a8 (mg C (mg Chl)-1 h'1
(umol photons m2 s1)-1) and PBmax (mg C (mg Chl) -1 h'1) as well as Ex (umol photons m-2 s-
1), as estimated by means of the JP model at the Marsdiep jetty in the years 2012, 2013 and
2014. Note that outliers (see material & methods) were removed for better visualisation

of the seasonal pattern of photosynthetic parameters.
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Figure 9. Relationship between a® and PPmax (as estimated by means of the JP model) at the
Marsdiep jetty in the years 2012, 2013 and 2014. Outliers for a? and PBmax were omitted for

clarity (see material & methods).
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Figure 10. Correlations between the environmental variables measured at the Marsdiep
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jetty in the years 2012, 2013 and 2014 and the photosynthetic parameters a5, PBmax and Ek.
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Figure 11. The daily estimates (open circles) and the integrated production for the days in
between the sampling dates (see material and methods section for details of calculation
and integration procedure) for column integrated primary production at the Marsdiep
jetty in the years 2012, 2013 and 2014. The estimates were made using the curve fit from

the JP model.
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Figure 12. The long-term trend in annual planktonic primary production (g C m<y1) at

the Marsdiep jetty for the period 1990-2003 (closed circles: from Philippart et al. 2007)

and for the years 2012, 2013 and 2014 (open circles: this study).
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Supplementary material:
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1. Seasonality in nutrient concentrations
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Figure S1. Monthly concentration of dissolved silicate (Si), dissolved inorganic nitrogen
(DIN), phosphate (DIP), all in umol L-* and DIN:DIP and DIP:Si ratios for the Marsdiep
jetty in the years 2012, 2013 and 2014.
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2. Analyses of the relation of photosynthetic parameters PBnax and Ex to

environmental variables.

Table S2A. Model outcomes of relationships between PBmax (as estimated by means of
the JP model) and environmental variables. Model 1) all significantly correlated

variables, model 2-4) removal of variables. For all models, p values were

<0.0001.Models were constructed, excluding year as a factor (model a) or including year
as a factor (model b). Outliers (n=3) values were removed (model c). The explained
variance of the model (R?), the Akaike information criterion (AIC), the test value (F) and

the two degrees of freedom are given (df). The p-values of the models were always

<0.0001.
Model | description | R2 | AIC | F | (df)
Excluding year effect
la PBax ~ SST+NO2.3+Ka+Si 0.10 | 690 2.70 (4,102)
2a PBax ~ SST+Ka+Si 0.10 | 689 3.59 (3,103)
3a PBax ~ SST+ Ky 0.08 | 688 4.82 (2,104)
4a PBnax ~ SST 0.07 | 687 8.78 (1,105)
Including year effect
1b PBax ~ SST+NO2.3+Kq+Si +year 0.21 | 680 4.36 (6,100)
2b PBax ~ SST+K4+Si+year 0.20 | 679 5.10 (5,101)
3b PBax ~ SST+Ka+year 0.20 | 678 6.26 (4,102)
4b PBnax ~ SST+year 0.20 | 676 8.39 (3,103)
After removing outliers
1c PBpax ~ SST+NO2.3+Ka+Si 0.30 | 513 8.35 (5,98)
2c PBax ~ SST+K4+Si 0.28 | 511 13.09 (3,100)
3c PBax ~ SST+ Kg 0.28 | 509 19.78 (2,101)
4c PBnax ~ SST 0.28 | 507 39.36 (1,102)
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Table S2B. Model outcomes of relationships between Ek (JP model) and environmental
variables (n=107). Model 1) all significantly correlated variables, model 2-3) stepwise
removal of variables. Models were constructed excluding year as a factor or including
year as a factor. The explained variance of the model (R?), the Akaike information
criterion (AIC), the test value (F) and the two degrees of freedom are given (df). The p-
values of the models were always <0.0001.

Model | description | R? | AIC | F | (df)
Excluding year effect

1la Ex ~ SST+NO2.3+Kq+Si 0.42 1307 18.26 (4,102)
2a Ex ~ SST+Kd 0.41 1305 35.85 (2,104)
3a Ex ~ SST 0.41 1303 72.16 (1,105)
Including year effect

1b Ex ~ SST+NO2.3+Kq+Si +year 0.57 1279 21.90 (6,100)
2b Ex ~ SST+Kd+year 0.57 1276 33.16 (4,102)
3b Ex ~ SST+ year 0.56 1275 44.25 (3,103)

Note: removing one outlier (Ex=1000 pmol photons m-2 s-1) resulted in a much better
prediction of Ex. A model without year: R?2=0.47, AIC=1245, with year as a factor:
R2=0.67, AIC=1198.
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3. Calculating production rates in Philippart et al. (2007).

In the current study, calculated annual production rates were compared to previously
reported rates (Philippart et al. 2007). However, there were differences between the
previous and current study in how the production rates were calculated. In this
paragraph, the differences in calculation methods used as well as the consequences for
the rates are discussed. The methods used in the current study are described in the
material & methods section. Philippart et al. (2007) measured carbon fixation rates at
one fixed light intensity of approximately 400 pmol photons m-2 s-1 (PAR). To calculate
daily production values, a linear relation between light and fixation rate was assumed.
Because the fixation rate increases with light until light intensities become saturating,
assuming a linear relation between light and carbon fixation rates result in an
overestimation of daily production rates if in situ light conditions become saturated.
And, the authors calculated the vertical light attenuation based on an empirical relation
with Secchi disc depth from a different system (the Eastern and Western Scheldt
estuaries, The Netherlands). Comparing the attenuation coefficient based on this
relation and the relation used in the current study, which is based on an empirical
relation at the sampling location, it is seen that the attenuation in Philippart et al.
(2007) is on average 27% higher. This means that the potential overestimation due to a
linear relation with light in the calculation of the carbon fixation rate could be
compensated for by a reduction in the water column production due to the higher
attenuation of light in the water column. To investigate the potential errors made in
calculating production rates by Philippart et al. (2007), the daily column production
rates were calculated for the years 2012-2014 using the method described in that paper
(Figure S3). The estimates for the daily column production of the current study were on
average 8% higher.
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Figure S3. The daily column production in mg C m2 d-1 for the period 2012-2014 based
on the methods described in the current study and calculated based on a method
described by Philippart et al. 2007. The red line indicates the line y=x, the blue line the
regression line (y=-16.4 + 21.9 (n.s.) + 0.92 + 0.02x (p<0.0001), R2=0.93).
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4. Long-term nutrient concentrations in the Dutch coastal zone.

DIP

DIN
o ]
@
o ]
© ] o
=]
e
o
S S wo
£ —
A
=]
[ = 7
o~
L
pi g
o - 2

1990 1995 2000 2005 2010 2015

1990

1995

2000 2005 2010 2015

Figure S4A. The long-term year average concentrations (1988-2017) for dissolved
inorganic nitrogen (N-DIN) and inorganic phosphate (P-DIP) in pmol L-1, for three
stations along the Dutch coastal zone. Station1: Marsdiep North, station 2: Noordwijk
2km off the coast, station 3: Walcheren 2 km off the coast. Data was collected and

provided by Rijkswaterstaat (www.waterinfo.nl).
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Figure S4B. Map showing the three sampling locations.
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