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Anthropogenic changes to estuaries, usually highly productive systems, may result in increased turbidity levels,
suppress pelagic primary production and negatively affect ecosystem functions.
The Ems-Dollard estuary, enclosed between the Netherlands and Germany, is such an estuary with a long

?3:;}: dfea history of human induced changes. From the mid-19th century until 1992, discharges of potato starch and straw-
Eutrophtiycation board industry waste water, with high contents of organic matter, negatively affected oxygen concentrations and

increased nutrient levels of the system. The growing awareness of the deteriorating effects of these discharges on
the ecosystem invoked a large research program, BOEDE, between 1976 and 1980.

The aim of the current paper was to establish the recent gross pelagic primary production, to compare the
results with the late seventies data and to relate possible changes to environmental variables such as suspended
matter and nutrients.

To this end, six stations from the North Sea into the inner area of the Dollard were visited 39 times in
2012-2013. During each sampling cruise, a so-called PocketBox, containing a number of sensors, provided a high
spatial data resolution between stations. At each station, samples were collected for carbon fixation incubations
using l4c.

Average chlorophyll-a concentrations as reported in this study were lower compared to 1978-1980 for the
seaward stations, and higher for the most inward station in 2012 and almost similar in 2013. Light attenuation
coefficients in the outer areas were lower in 2012-2013 (1.22 m™') compared to the values reported in the period
1976-1980 (1.59 m ™), indicating somewhat less turbid conditions. For the two other stations, light attenuation
coefficients in the present study were similar to the late seventies’ values, for the station near the entrance of the
Ems River in the Ems-Dollard area, the coefficient was substantially higher.

Pelagic primary production in the 2012-2013 period was about 120 g C m~2 y~!, mainly determined by the
most seaward areas. The largest differences in gross primary production in the current study compared to the
1976-1980 period were found at the seaward stations where production in the late seventies was about 60%
higher. In the Dollard-area, production hardly changed since the late seventies, but also stations near the Ems-
river entrance into the Ems-Dollard area showed a clear decrease. Changes at the inward stations are to be
contributed to an increased turbidity; the decrease at the outer areas to a decreased nutrient level, especially
dissolved phosphorus and silicate, but possibly also nitrogen.

1. Introduction including pelagic and benthic autochthonous production and riverine

inputs (Cloern, 1987), providing food for higher trophic levels.

Estuaries were strikingly defined by Pritchard (1967) as “semi-
enclosed coastal bodies of water with a free connection to the open sea
and within which seawater is measurably diluted with fresh water
derived from land drainage”. These systems are generally considered to
be highly productive systems. This high productivity is attributed to
their high nutrient concentrations and many sources of organic carbon

* Corresponding author.

In these systems, the contribution of pelagic primary production to
the total organic carbon pool can however seriously be depressed by
turbidity. Although high turbidity is an intrinsic characteristic of estu-
arine systems, caused by SPM loads from rivers, resuspension of bottom
material (Cloern, 1987) and marine inputs (Postma, 1961; Wang et al.,
2012), human activities like dredging and coastal development result in
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Fig. 1. Ems-Dollard research area, its position in NW-Europe, and more in detail on a depth map (in m NAP, Dutch Ordinary Level). Distinguished compartments
(1-6) dashed, numbered in red. Pelagic monitoring sites in this study are marked in blue. Latitude (North) and longitude (East) mentioned in upper right figure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Upper right figure: LM = Lauwersmeer, NB = Nieuw Beerta (both weather station sites). Monitoring sites (in black): ZOL = Zuid-oost Lauwers, HGO=Huibert Gat
oost, OFG = Oostfriese gaatje, BWT = Bocht van Watum, FB = Farnssum Brug, at the Eems-canal, GGN = Grote Gat Noord, NST = Nieuw Statenzijl. Other relevant
sites (in red): EH = Ems Harbour (Eemshaven), EM = Emden, DZ = Delfzijl, PB = Papenburg (all four important harbour sites; the last three also largest cities in the
area), HB=Herbrum: site in the Ems-river with a weir, here the river estuary starts. Map source: Open Street Map (OSM, 2021), depth source: Rijkswaterstaat (NL)
and Bundes Anstalt fiir Wasser und Hydrographie (DE). Lower map: monitoring sites in this study (in blue): 1 = Huibert Gat Oost, 2 = Westereems, 3 = QostFriese
gaatje, 4 = Bocht van Watum Zuid, 5 = Monding Dollard, 6 = Grote Gat Noord.
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Table 1
Some characteristics of the Ems-Dollard area. Compnr denotes the compartment from Fig. 1, “Colijn area” are the combined compartments as used by Colijn (1983).
Areas in km? and average sediment level in m relative to NAP (Amsterdam Ordnance Datum). See text for precise definition of tidal flats (TF) and channels (CH).

Compnr Colijn area Average sediment level TF Average sediment level CH Area TF Area CH Tot Area % TF
1 Outer —-0.24 —8.95 73.15 131.99 205.1 35.7
2 Outer —0.45 -5.11 18.26 49.35 67.6 27.0
3 Mid —0.54 —-7.05 29.30 32.44 61.7 47.5
4 Mid —0.63 —6.70 4.95 14.43 19.4 25.5
5 Inner -0.17 —4.52 17.11 11.25 28.4 60.3
6 Inner 0.30 -3.15 58.39 5.66 64.0 91.2
Sum/Average -0.29 —-5.91 201.15 245.12 446.3 45.1
Table 2

Some characteristics of the Ems-Dollard area (continued). High water (HW)- and low water (LW)-volume give the volumes at average high and low water of tidal flats
(TF) and channels (CH), respectively. Ditto for depth. See text for precise definition of tidal flats and channels. Average tidal level in m relative to NAP (Amsterdam
Ordnance Datum). Tidal level and range in m; volumes in million m®.

Compnr Colijn Average Tidal Tidal LW_Vol TF LW_Vol CH HW _Vol TF HW_VolCH  Mean_Vol_TF Mean_Vol_CH Mean_Vol_Syst
area Level Range
1 Outer 0.19 2.60 0 1.02E+03 1.12E+02 1.37E+03 5.60E+01 1.20E+03 1.25E+03
2 Outer 0.13 2.91 0 1.83E+02 3.49E+01 3.27E+02 1.75E+01 2.55E+02 2.72E+02
3 Mid 0.15 3.31 0 1.77E+02 6.44E+01 2.84E+02 3.22E+01 2.31E+02 2.63E+02
4 Mid 0.15 3.31 0 7.37E+01 1.13E+01 1.22E+02 5.65E+00 9.79E+01 1.04E+02
5 Inner 0.01 3.25 0 3.26E+01 3.06E+01 6.92E+01 1.53E+01 5.09E+01 6.62E+01
6 Inner 0.01 3.25 0 8.67E+00 7.73E+01 2.70E+01 3.87E+01 1.78E+01 5.65E+01
Sum/ 0.11 3.1 0 1.50E+03 3.31E402 2.19E403 1.66E+02 1.85E+03 2.01E+03
Average
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Fig. 2. Extrapolation of available Eilers-Peeters-parameters (a, b and c) to whole-year values, assuming that each value represents the period around the sampling
date. Results for station 1 in 2012. First and last values are assumed to be valid from the beginning and to the end of the period, respectively.
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Fig. 3. Temperature at Huibert Gat Oost (site 1, Fig. 1) in 1978-1980 and 2012 according to RWS-monitoring data (RWS, 2017), and interpolated data from this
research (ED01_2012 and ED01_2013).
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Fig. 4. Left: suspended matter (mg DW 1~!) and right: light attenuation coefficient K4 (m ') in the estuary in 2012-2013 (lower to top). Stations are mentioned, as is

the distance from the Ems-river weir at Herbrum.

Table 3

Several average state variables for all stations, years 2012-2013. Temperature in
°C, the light attenuation coefficient Kq in m~?, nutrients N, P and Si in pmol 1!
and O, in mg 171, Oy-sat in % of oxygen saturation value. Chlorophyll-a (chla) in
g 17, Salinity in mg 171, Suspended matter (Susp Matt, as dry matter) in mg 17,

Station 1 2 3 4 5 6
Temp 10.70 10.61 10.67 10.81 11.06 11.28
Kq 1.22 2.07 4.17 7.59 6.42 8.03
Susp Matt 25.02 43.73 83.68 199.49 138.02 179.24
NH4-N 5.8 7.8 7.1 5.6 5.8 7.1
NO,-N 7.1 1.1 1.6 1.4 1.4 1.4
NO3-N 17 30 83 110 116 117
NO3NO2-N 18 31 84 112 117 121
PO4-P 0.77 1.23 2.41 2.81 7.79 2.97
Si 12 21 63 86 97 103
chla 5.18 6.85 5.89 6.81 5.08 6.45
Salinity 29.56 28.15 22.24 18.58 17.34 16.28
0O, 9.20 9.16 9.14 9.03 9.11 8.99
O, -sat 98.37 95.94 92.63 89.70 90.40 90.10

increased turbidity (De Jonge et al., 2014).

Other threats to estuaries that alter the contribution of the different
carbon sources and thus the carrying capacity of these systems include
eutrophication, pollution and changed freshwater discharge (Kennish,
2002) as well as processes linked to climate change including increased
temperatures and sea-level rise (Kennish, 2002).

The Ems-Dollard estuary, enclosed between the Netherlands and
Germany (Fig. 1), is the last true estuary of the Dutch part of the Wadden
Sea, since all other fresh water inflow to the Wadden Sea is controlled by

sluices and pumping stations. The estuary is recognised as an import
nature area, with salt marshes at the edges and it is an important area for
birds (Heath and Evans, 2000) and seals (Galatius et al., 2022). The area
also has a long history of human induced changes, starting as early as the
16th with agricultural land reclamations which lasted until the 19th
century (Essink and Esselink, 1998).

An important characteristic in the relatively recent past concerns the
discharges of potato starch and straw-board industry waste water, with
high contents of organic matter and nutrients (Eggink, 1965, Essink,
1978; Van Arkel, 1977; Essink and Esselink, 1998; Essink, 2003 in
Compton et al., 2017). This industry started in the mid-19th century,
causing large problems in canals and the marine environment. In the
mid-1950s, it was realised that measures were needed, and from the
beginning of the 1970s waste water, after some pre-purification, was
discharged to the estuary, just north of Delfzijl (Fig. 1). Closing factories,
changing process methods, and installing waste water treatment plans,
caused an ongoing decrease in the organic load to the estuary. From
1992, organic waste discharge had almost come to a halt (Essink and
Esselink, 1998).

A second phenomenon concerns the historical changes in nutrient
levels in the estuary but also in the rest of the Netherlands. From roughly
the beginning of the 1950s, discharges of phosphates and nitrogen
compounds increased drastically, followed by legal actions in the 1970s
resulting in a decrease from the beginning of the ‘80s. Phosphorus dis-
charges decreased a lot more that those of nitrate and ammonium. Van
Raaphorst and De Jonge (2004) described the changes in these decades
for the Lake IJssel (IJsselmeer) and the resulting changes in the dis-
charges into the western Dutch Wadden Sea.
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Fig. 5. Left: Chla concentration (ug chla 17!) and right: oxygen saturation (%) in the estuary in 2012-2013 (lower to top) at 1 m depth. Stations are mentioned, as is

the distance from the Ems-river weir at Herbrum.

A third phenomenon regards the building of ports and dredging of
channels to allow large ships to reach the ports of Eemshaven and
Emden and the shipyard in Papenburg. These activities, that started
roughly 60 years ago, have affected the hydrodynamical characteristics
of the system (Talke and De Swart, 2006). “The Inner Ems has become an
efficient sediment trap where high concentrations of fine suspended
sediment are known to accumulate (Talke and De Swart, 2006).
Furthermore, the estuarine turbidity zone in the Ems-Dollard has
become hyper turbid since the 1990s” (Van Maren et al., 2015).

These historic and ongoing alterations have also altered the ecolog-
ical characteristics of the system (Talke and De Swart, 2006). There is a
recent recognition of the uniqueness of the area and an ambitious nature
restoration program is initiated (ED2050, 2021).

There are, however, great concerns that the high turbidity levels will
continue to negatively affect the pelagic primary production and thus
the amount of food available for higher trophic levels. And, that this
high turbidity will hamper the return of characteristic elements
including shellfish reefs. The fear is that the current vulnerable state of
this system has greatly reduced the resilience to cope with additional
present and future stressors resulting from climate change (RWS, 2017).
The inducement for the study presented here was to establish the current
pelagic primary production in the area.

1.1. Aim

Between 1976 and 1980, the area was the centre of a large research
program (BOEDE) investigating the effect of the wastewater effluent on
benthic and pelagic gross primary production (Colijn, 1983; Baretta and
Ruardij, 1988). Since then, research in the area has been scarce (De

Jonge and Schiickel, 2019; Jacobs et al., 2021). Aim of this paper was to
establish the recent gross pelagic primary production, to compare the
results to primary production in the late seventies and relate the changes
to changes in environmental variables including suspended matter,
chlorophyll-a and nutrients.

2. Study area

The Ems-Dollard estuary (Fig. 1) comprises almost 450 km?
including tidal flats and channels. The area is characterised by a sharp
gradient in salinity, nutrients and turbidity, with at the North Sea side
relatively clear water due to a low suspended matter content (about 20
mg 171, a relatively high salinity (about 28%0) and low nutrient con-
centrations, while at the inland part (the Dollard) water is very turbid
with suspended matter concentrations up to a few hundred mg 172, a low
salinity (5%o) due to the freshwater input from the rivers Ems and, to a
lesser extent, the Westerwoldse Aa and relatively high nutrient con-
centrations (Colijn, 1983; De Jonge and Brauer, 2006; Brinkman et al.,
2014).

The average high-water depth decreases from slightly over 5 m in the
outer areas to about 1 m in the Dollard area regarding the whole
compartment. Channel depths at low water decrease from >15 m in the
outer areas to <1 m in the Dollard area. In the Dollard, almost the
complete area runs dry at low water, with an average emersion period of
43%. Close to the North Sea, the sediment has a low silt content (grain
size <63 pm); this is up to 100% in the Dollard (RIKZ, 1998; EasyGSh-DB
Projekt, 2020). In Table 1 and Table 2 some system characteristics are
summarized.
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Fig. 6. Left: steepness of P—I curve at low light intensities (Eilers-Peeters of, mg C (mg chla) 'h! (HE m 2 !and mg C (mg chla) ! (HE m 2! (second scale bar)).
Right: maximum productivity per unit of chlorophyll (PS,,,, mg C (mg chla)™* h™1)).

Results for both years 2012-2013 (lower to top).
3. Methods
3.1. Field sampling

Six stations from the North Sea into the inner area of the Dollard
(Fig. 1) were visited 20 times in 2012 and 19 times in 2013 by boat.
Exact sampling dates are listed in Table A1 (appendix A). Surface water
samples were taken at 1 m depth using a pressure pump. On board, sub-
samples were taken and stored, and conductivity, temperature and ox-
ygen content were measured directly; these three variables were also
measured directly in the water column.

Stored samples were brought to the laboratory in a cooled and dark
container and analysed the same day for carbon uptake using '*C in-
cubation experiments (see next section). From the results, daily and
yearly gross pelagic production values for the whole estuary were
computed. The remaining water subsamples were filtered on board for
chlorophyll-a, suspended matter and nutrient analysis. For chlorophyll-a
(chla), between 50- and 400-ml water sample was filtered over a GF/F
filter, filters were then wrapped in labelled aluminum foil and kept
between —20 and — 80 °C until further processing. Samples were taken
in duplicate. For suspended matter analysis, between 50 and 400 ml
water sample was filtered over pre-weighted GF/C filters and stored at
4 °C until further processing. Samples were taken in duplicate. For nu-
trients, 250 ml water sample was filtered over 0.45 pm Polydisk filters
and stored at 4 °C until further processing (See the appendix C for more
analysis details).

All sampling started at station 1, usually about two hours after high
tide, and ended about 4.5 h later at station 6. Since high tide times at
station 6 are about 2.5 h after those at station 1, final sampling times

generally were about one hour before low tide.

The underwater vertical light climate (from surface to the sediment
surface) was assessed at each station using a Licor underwater quantum
sensor with a second sensor measuring the atmospheric radiation level
(Licor, 2022) (For details see appendix C). Solar radiation was available
on an hourly basis for two stations (Lauwersmeer and Nieuw-Beerta,
Fig. 1) (KNMI, 2021).

During all cruises, a so-called PocketBox (4h-Jena Engineering,
2021) was installed on board. While sailing from sampling site 1 up to
site 6 (Fig. 1) apart from the hand-measurements mentioned above at
each station, temperature, conductivity, turbidity, light attenuation, and
content of oxygen, chlorophyll-a, yellow substance and coloured dis-
solved matter were recorded continuously, thereby providing a high
spatial resolution of these data (details in appendix C).

Apart from vertical light profile assessments, sampling of deeper
waters was not done.

3.2. Primary productivity

Carbon uptake rates were measured at the Royal Netherlands Insti-
tute for Sea Research (NIOZ), Texel, by filling 8 flasks with 50 ml of
water sample and spiked with 80 pl 1*C-bicarbonate with an activity of
approximately 0.5 Mbq ml~. Three additional flasks were filled with
200 ml filtered seawater and 80 pl labelled '4C, these flasks remained
under the fume hood during the incubation of the flasks filled with water
sample, and were used to establish the actual activity added. The 8
sample flasks were incubated under light intensities varying from 0 to
900 pE m~2 s7! (cf. Colijn, 1983; Riegman et al., 1990; Riegman and
Colijn, 1991). Light intensity inside each flask was measured using a
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Fig. 7. Left: steepness of P—I curve at low light intensities (Eilers-Peeters o, mg C (mg chla) 'h! (HE m 2! as derived from the 2012 and 2013 measurements),
for each station showing the differences between seasons. Outlier of 0.8 removed from analysis (station 1, 16 Feb 2012).

Right: o® pooled for all 6 stations showing the differences between seasons.

spheric light sensor (Walz Spherical Micro Quantum Sensor US-SQS/L;
Waltz, 2022). The incubation temperature was set to in-situ water
temperatures and controlled by a water bath. Samples were incubated
for two hours, after which the uptake of carbon was stopped by adding
HCl to each flask. Samples were filtered over a GF/F filter and left in an
exicator for at least one hour. To each flask, including the controls, 10 ml
of scintillation fluid was added and left overnight. The next day, activity
was measured as DPM (disintegration rate per minute).

Dissolved inorganic carbon (DIC, mg 1Y was measured, as alka-
linity, on GF/F filtered water using a titration (cf. Strickland and Par-
sons, 1972).

The carbon fixation rate (CP; mg C 17! h™!) per sample was calcu-
lated according to eq. (1):

DPMympie — DPMgyi ) DIC @ 1.05 @ T o

CP= <( DPMadde)d-t ) (mgCr'n') (D
where ‘added’ indicates the 1*C amount added derived from the average
of the 3 control vials, ‘sample’ the amount after 2 h and ‘DMP dark’ the
amount in the dark bottle after 2 h. The value of 1.05 is a correction
factor for the preference of the microbiologically relevant enzyme
Rubisco for the 12C atom over the '4C atom. Since field values for the
temperature T occasionally differed between sampling sites while in-
cubation temperatures were the same for all samples, T+ accounts for
differences between field and incubation temperature.

The chlorophyll-specific fixation rates PP(I) (or: primary productiv-
ity as a function of light intensity (I) (mg C (mg chla) " h™!) then follows
from PP(I) = CP / (mg chla 1’1), using the chla-content analysed for each
sample (see appendix C for details on the analysis method).

3.3. Production light curves

Production-light PP(I) curves for each sample were fitted using the
model by Eilers and Peeters (Eilers and Peeters, 1988):

1

PP() = ————
) al> + bl + ¢

(mg C (mg chla)fl h! ) (2)
Parameters a, b and ¢ were computed using a non-linear least square
method (NLS) (Bates and Chambers, 1992) from the R-library (R Core
Team, 2021). The a-value allows for an optimum in the PI-curve, and the
1/c equals the initial slope of the PI-curve (See appendix C for a further
explanation). Parameters a and b have no specific biological meaning.
Together with c they determine the maximum productivity.
P =

(mg C (mg chla)™' h™! ) (2a)

1
2v/ac+b
3.4. Under water light climate

Calculating the integrated production in the water column requires
the light climate in the water column, chlorophyll-a content from the
water sample analyses and hourly irradiation values. The latter were
taken from the Royal Netherlands Meteorological Institute (KNMI,
2021) for stations Lauwersoog and Nieuw-Beerta (LM and NB, respec-
tively, in Fig. 1), weighted per station depending on the distance of a
station to these weather stations. For light conversion factors see
appendices A and C.

Vertical light profiles (I, versus depth z) were analysed following
Lambert-Beer’s equation:

I =lyexp(—K;z) (Wm™?) ()]
where Ij is the light intensity right below the water surface and K4 the
light attenuation coefficient (m™H. Iy does not equal solar irradiation
because of reflection at the surface and uncertainties due to waves, and

had to be estimated (See appendix C for details).
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3.5. Daily rates per station

From the analyses above, the production per unit of chlorophyll-a
and its light dependency PP(I) is known. Light intensity in the water
column at each depth z (I;) is computed according to eq. (3) and from
this, the productivity PP(I,) at each depth. Chla-concentrations and
temperature are assumed to be constant over depth.

For each sampling moment, the production in the water column at
each depth z is.

Prod (z) = PP(I.) ® chla @ F(Temp) (mgCm~h™") 4)

The temperature dependency function F(Temp) is described in ap-
pendix C. To compute the production per m?, Prod(z) is integrated over
depth; this is done numerically:

z=H

ProdSite = Z Prod(z) (mgCm™>h™")

)

where H is the local depth (m).

3.6. Extrapolation/interpolation estuary per year

The derived field data and incubation results, plus solar radiation
data from KNMI (KNMI, 2021), allow an estimation of the system pro-
duction for 2012 and 2013, according to Egs. (4) and (5).

For this, it was assumed that primary productivity parameters for
each sampling site were representative for the whole associated
compartment of the estuary (Fig. 1).

Depth data were available (Fig. 1) from Rijkswaterstaat (NL) and the
Bundes Anstalt fiir Wasser und Hydrographie (DE), and tidal data (on a
10-min basis, RWS, 2017) were analysed. Area with >5% emersion
period were considered as tidal area; the other part is considered as
channel (Table 1). It implies that in reality, channel areas partly may run
dry, and tidal areas not always run dry completely. For channels and
tidal areas in each subarea, primary production was computed for each
hour of the day using to eq. (5), accounting for water levels varying
between low- and highwater. For tidal areas, the fraction of the time the
area is submerged is taken into account. As a result, the average pro-
duction in tidal areas is much lower than the one at high tide, roughly %
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Fig. 9. Maximum productivity P2, (mg C (mg chla) ~! h™!) vs temperature for

the outer two stations (1 + 2), in the months January-August of 2012 and 2013
(upper graph), including the line roughly connecting the maximum values for
P2« vs T. Other graphs show ortho-phosphate, silicate and (nitrate + nitrite)
content in the same period. For the dashed line in the upper graph, we used
P2, = 13*1.06T™P29) The values of 13 and 1.06 were estimated by eye,
finding a line that roughly marked the maximum of PE,.

of that maximum value. Including tidal and subtidal area sizes, gross
primary production values ProdComp(d,c) for day d and compartment ¢
were estimated.

Computing ProdSite and ProdComp on all other days needs an inter-
and extrapolation of the Eiler-Peeters parameter values (a, b and c) for
the whole period [2012—2013]. Since a, b and c are correlated, separate
interpolation is not correct. Therefore, the set (a, b, ¢) is assumed to be
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valid for the periods around the sampling day. The first values are also
used for the whole initial period of the 2012, and the last values for the
last period of 2013. Fig. 2 gives an example for 2012 alone.

Extinction coefficient K4 -values were interpolated for days between
two successive observations in time using moving averages.

With all inter- and extrapolated parameters and hourly solar radia-
tion data, daily primary production ProdComp was computed for each
compartment and each day in 2012 and 2013. Together with the subarea
sizes (Table 1), these total daily production values per compartment
yield daily system primary production data (g C d~!); summed for all
days and all compartments it yields system gross primary production
figures (ProdCompYear) for both years (kg Gy 1).

4. Results
4.1. State variables

Temperature patterns were as customary for this area, with highest
values in July-August. Values for the seaward station 1 are shown in
Fig. 3, including data for 1978-1980 and 2012 by RWS (RWS, 2017),
illustrated that most years roughly are averages, and thus, the
2012-2013 years were not substantially different from the years
1977-1980. A few exceptions were 1979 (cold winter period) and 2013
(cold second half of March) (see also appendix D, Fig. D1).

Suspended (organic plus inorganic) matter contents varied highly and
increased from values around 20-30 mg 17! at the sea side to around
400-500 mg 17! at inner compartments (Fig. 4). Highest values were
found where the river Ems enters the Ems-Dollard area.

Light attenuation coefficients Kq varied from roughly 0.5 m™! (at the
seaward station 1) to values above 10 m™! at stations 4-6 (Fig. 4, ap-
pendix D Fig. D3). Since K4 depends on wind conditions, especially in
shallow areas, all measured values were snapshots (Table 3). As for
suspended matter, at station 4 (just there where the Ems rivers enters the
Ems-Dollard area) values generally were highest.

Nutrient concentrations (summarized in Table 3, and level plots in
Fig. D2, appendix D) showed a standard pattern throughout the year for
this part of the world: low concentrations of ortho-P and silicate were
found in spring (in this sequence) as a result of algae uptake. Nitrate
concentrations were lowest in (early) summer. For ammonium, values
were highest in winter months, due to a low biochemical oxidation rate
(Lohse et al., 1993; Herbert, 1999; Zheng et al., 2017).

Oxygen saturation (Fig. 5) usually was around 100%, and just a bit
lower at sites 4 and 5. Oxygen concentrations usually drop to lower
values in deeper areas as illustrate for the Ems-river by Talke and De
Swart (2011), but for the estuary, no additional data were available.

Chlorophyll-a concentrations fluctuated between 2 and 5 pg 17! in
winter periods and 40 pg 17! during blooms (Fig. 5). Highest concen-
trations were found around day 120 in 2013 at station 2 and somewhat
earlier in 2012 (Spring bloom) for stations 1-3. At the inner stations,
chlorophyll-a concentrations were lowest.

4.2. Photosynthetic parameters

The steepness of the production curve is represented by o® (Fig. 6 and
Fig. 7). Minimum values for of varied between 0.007 (station 6) and
0.018 (station 4) mg C (mg chla)’1 h! (E m~2 s’l)’l. (See Table A2
(appendix A) for conversion to values in mg C (g chla)™! Em !
-units.) Maximum values were three exceptional values of 0.8 (station 1,
16 Feb 2012) and 0.26 and 0.27 (station 4, 18 Jul 2013 and 14 Nov
2013), respectively. The mean value for of for all stations (excluding the
extreme outlier of 0.8) was 0.049 + 0.031 mg C (mg chla)™! h™! (uE
m~2s 1)L, There is some variation in the values of o® between stations,
with station 4 having the highest values for most of the year (Fig. 6 and
Fig. 7). Seasonality is not very obvious for most stations except for sta-
tion 4; here values in winter are lower than in the other seasons. The
spread around the median value is also largest at station 4 (Fig. 7).
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Fig. 10. Computed gross primary pelagic production (mg C m~2 day 1) for each station in 2012 and 2013, based on the derived photosynthetic parameters, observed
and interpolated chlorophyll-a values, extinction coefficients and temperatures plus actual solar radiation available on an hourly basis. Situation for the channels at
high water. Scales differ per station. “Rct_ IMA_2012 2013 _kd-fct_1” is a code used for the analysis.

The mean maximum productivity P2, ranged between 4.9 + 3.0 mg
C (mg chla) ! h~! (station 6) and 6.4 &+ 3.5 mg C (mg chla) ' h!
(station 3). Minimum values were 1.1 (station 5) and 1.4 (station 1 and
2) and maximum value reached 22.2 (station 3) and 19.6 mg C (mg
chla) ! h™! (station 2) (Fig. D4, appendix D). In 2012, the highest p[';ax
values for stations 1 and 2 were reached in summer around day 250, and
earlier (day 180-200) at stations 5 and 6. For stations 3 and 4 there is no
clear seasonal pattern. In 2013, the maximum values for all stations are
around day 180-200, thus earlier than in 2012 for stations 1 and 2
(Fig. 6, Fig. D4 in appendix D).
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4.3. Effects of temperature and nutrients

The steepness of the P—I curve (o) is supposed to be independent of
temperature, which is confirmed in this study (Fig. C2). The maximum
productivity P2, shows a positive relationship with temperature for the
inner (stations 5 + 6) and mid (station 3 + 4) regions, but for the outer
stations (1 + 2) this relationship shows a dip around 15 °C (Fig. 8).
Closer examination of the nutrient concentrations revealed that the lack
of a relation between P&, and temperature occurred in April-May and
coincided with low concentrations of Si, ortho-P as well as N (Fig. 9).
The dashed line connecting maximum values of PE.x vs T is included,
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Fig. 13. Averages of suspended matter concentrations (left) and of the light attenuation coefficient (K4) at all six stations, and averaged data by Colijn (1983) and
from Rijkswaterstaat monitoring in 1976-1980 (suspended solids only). Rijkswaterstaat monitoring only covered a few sites.

and where deviations from this line are most obvious, low concentra-
tions all nutrients were observed, supporting the idea of an existing
nutrient co-limitation during the April-May months. Furthermore, P,';ax
as function of temperature shows a significant variation, but next to the
nutrient shortage at stations 1 and 2, no explanation could be found.
Possible effects of phytoplankton species on PE.x and of could not be
analysed properly because of the too large variability of algae groups
present in the system.

The light intensity Inax at which Pﬁm is found also shows a positive
relationship with temperature (appendix C, Fig. C2).

4.4. System primary production

The maximum calculated gross pelagic primary production per day
ranged from 2500 mg C m ™2 for station 1 and 2, to 600-1000 mg C m 2
for the other stations (Fig. 10). These maximum daily production rates
are earlier in the year for stations 1-3 compared to stations 4-6 (Fig. 10).
Yearly gross primary pelagic production values at average high water
decrease from station 1 towards stations 4, with a roughly equal pro-
duction for stations 4,5 and 6 (Fig. 11, left). Taking low- and highwater
on the tidal flats and in the channels in compartment 1-6 into account,
as well as the size of each compartment, the gross primary production
for the whole estuary was computed (Fig. 11, right).

Details for production are in Fig. D4 and Fig. D5 (appendix D), as are
total production results per compartment. Some extra details are out-
lined in appendix D, Fig. D6.
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5. Discussion
5.1. State variables

Chlorophyll-a concentrations as reported in this study (Fig. 5) are
comparable to other coastal areas in the Netherlands. For the western
Wadden Sea, Beukema et al. (2002) reported year-averages around 8 pg
chla 17! for the 1980-2002 period at high water near the island of Texel.
Kromkamp and Van Engeland (2010) reported year-average values of
around 7 pg chla 17! at the sea side of the Western Scheldt area in the
southern part of the Netherlands for the 1985-2005 period. Very few
papers report year-average chla-values, since most publications focus on
(average) summer values. An analysis (Brinkman, 2008) of the monthly
RWS-monitoring data for the site Zuidoost-Lauwers (just west of Huibert
Gat, see Fig. 1) showed summer-average values between 16 and 18 pg
chla 171, with averages values of around 20 pg chla 17! for the
April-September period and average maximum of values 35-40 pg chla
171, thus similar to the values reported in the current study (Fig. 5).

To compare the chlorophyll-a concentrations found in this study
with the concentrations reported in Colijn (1983) for the 1978-1980-
period, the site data were grouped to outer, mid and inner region
(Fig. 12). While variations in the chlorophyll-a concentrations are high
especially for the data from Colijn, the median concentrations are lower
in 2012 and 2013 compared to 1978-1980 for the outwards stations (1
and 2), and comparable for the inner stations (5 and 6) except for 2012
when concentrations were higher. This reflects the overall system
changes: finishing discharges of potato starch and straw-board industry
waste water, plus a decreased eutrophication and thus lower contents of
phosphorus and nitrate in the outer region (Fig. B1, appendix B).

Suspended matter values reported by Colijn (1982) are plotted in
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Fig. 13. Especially at station 3 and 4, 2012-2013 values are considerably
higher (125 and 230% respectively) than the 1978-1980 values. Sta-
tions 1 and 2 are mainly influenced by North Sea water while stations 5
and 6 mainly reflect local processes (sedimentation and resuspension of
silt and sand). Conditions at stations 3 and 4 can be considered to be
partly influenced by the sea, but predominantly by input from the river
Ems. Using salinity as a proxy for sea and river input, no change in
salinity and thus the ratio between river-sea water input could be
detected. In the Dollard area itself with its standard high suspended silt
content, differences are about 9% lower in 2012-2013, which is
considered as not being significantly different.

Compared to the 1978-1980 results by Colijn (1982) it must be
concluded that in the outer area (stations 1) the light attenuation co-
efficients K4 values (0.95 m™?) are lower than the K4 reported by Colijn
(1.59 m™H) (Fig. 1313). For all other stations, the values in the present
study are similar or higher than those reported by Colijn: station 2 (1.63
vs1.73m 1), 3(3.62vs3.44m 1), 4 (7.26 vs 4.41 m 1), 5 (5.77 vs 5.88
m 1) and 6 (7.82 vs 6.67 m ). The differences are most pronounced at
station 4.

5.2. Photosynthetic parameters
5.2.1. Photosynthetic parameter o®

Values for o ranged in our study between 0.006 and 0.26 mg C (mng
chla)*1 h! (HE m~2 sfl)’l with the value of 0.80 at station 1, February

13

2012, considered as an outlier. Various authors consider 0.11 mg C (mg
chla)! h’l(pE m 2 s D! to be the theoretical maximum value for o®
(Bouman et al., 2018; Platt and Jassby, 1976; Falkowski, 1981; Lohrenz
et al., 1994). In the current study, values higher than this maximum
were recorded on 4 occasions (including the outlier). Other studies have
also reported higher values than 0.11 for «f (for the Wadden Sea area:
Loebl et al., 2007; Jacobs et al., 2020). Generally, high values for ob are
related to low chlorophyll-a concentrations. However, in the current
study the chlorophyll-a concentrations were not exceptionally low
(Fig. 5). The extreme oP-value of 0.8 could also be the result of an
erroneous light measurement inside the incubator flask. In addition, the
use of GF/F filters, with a 0.7 pm effective pore size, could result in loss
of the smallest phytoplankton fraction, e.g. cyanobacteria. A small loss
at times when the contribution of this group to the total chlorophyll-a
concentration is relatively large might also result in higher values for o®.

The other three high values (0.19, 0.26 and 0.27) are all at station 4,
where turbidity is highest as well.

Tillmann et al. (2000) found a range of 0.007 to 0.039 mg C (mg
chla)! h! (HE m—2 s’l)’1 for of at the Biisum Mole (a site in the
German Wadden Sea, Schleswig-Holstein), values well below our high-
est values.

The values Colijn (1983) presented for the Ems-Dollard area were
occasionally high as well with maximum values of 0.36, 0.17 and 0.14
mg C (mg chla) * h! (ME m—2 s’l)’l. Colijns minimum value (Colijn,
1983) was 0.042 mg C (mg chla) ' h! (HE m~2 s’l)’l; almost 50% of
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our values are below that value. The mean values for a® per month in the
current study were always lower than the mean o reported by Colijn
(1983) (Fig. 14).

Values for o® in the current study showed seasonal variability. In
2012, highest values were found at the end of winter/ the beginning of
spring (station 1 and 3), in autumn (station 1 and 2) or summer (station
4) (Fig. 1). High values in spring and autumn for o® correspond to a
general pattern reported for temperate coastal regions (Sathyendranath
etal., 1995; Bode and Varela, 1998). The high values for ofin spring and
low values in summer may be explained by adaptations of the phyto-
plankton community to increasing radiation in spring and constant high
radiation in summer (Bode and Varela, 1998). In 2013 there is no clear
seasonal pattern (stations 1-3 and 5-6) but high values of «® in July and
the end of November 2013 at station 4.

The value of of is said not be related to temperature, but previous
studies have found mixed results, with variations in «® being both in-
dependent (Post et al., 1985) and dependent on water temperature
(Lohrenz et al., 1994). In the present research, we could not detect a
temperature dependency. Estimates for o® have also been correlated
with irradiance (or irradiance average of three previous days) (Platt and
Jassby, 1976); in the current study this dependency was not analysed.

Behrenfeld et al. (2004), Claquin et al. (2010) and Mangoni et al.
(2009) state that photosynthetic parameters are higher in the absence of
nutrient stress and that o increases when light is limited (Behrenfeld
et al., 2004; Falkowski and Raven, 1997). In the UK-coast, despite high
SPM concentrations, a® remained low from April to August suggesting a
weak photo-acclimation by phytoplankton. Moreover, «° and DIN con-
centrations showed a similar pattern along the year in the UK-coast
(Napoléon et al., 2012). Thus, the capacity to respond to changing
light in the north of the transect in spring and summer might be affected
by the nutrient stress, and, if the case, being consistent with the results
showed by Behrenfeld et al. (2004) and Claquin et al. (2010).

This would imply that at the inner stations (relatively low light
conditions without nutrient stress) «® should show higher values than at
both outer stations. In the Ems-Dollard area, nutrient stress is not pre-
sent, except for a short period at the outer station(s). However, even
when considering stations 1 and 2 alone, the only two stations showing a
shortage of nutrients in months April and May, a relationship of of with
nutrient concentrations was not detected. The aforementioned rela-
tionship of a with turbidity does not seem to hold in the Ems-Dollard
area: despite higher turbidities now for most stations, we found lower
of -values compared to the 1976-1980-period.

Tillmann et al. (2000) showed for 10 diatom culture systems that o®-
values differed from 0.01 to almost 0.025 mg C (mg chla) 'h! (LE m 2
s 1)L, Variations in the value of o® might thus also be related to changes
in species composition (Coté and Platt, 1983). In our case, phyto-
plankton data were too varying, and the number of observations too low,
to detect any relationship of o® with phytoplankton species composition.

5.2.2. Photosynthetic parameter P2

Values for P, were within the theoretical range of 0.2 and 25 mg C
(mg chla) “Th! (Bouman et al., 2018; Platt and Jassby, 1976; Fal-
kowski, 1981; Lohrenz et al., 1994). For 1978-1980, Colijn (1983) re-
ported values for P2, ranging between 4.1 and 50 mg C (mg chla) ~!
h~!, although all his high values (>12 mg C (mg chla) ~! h™!) had large
uncertainties. Tillmann et al. (2000) arrived at a maximum values of 10
mg C (mg chla) "' h™! for the Biisum Mole in 1995-1996. These authors
also examined 10 diatom cultures and found P, -values ranging from 3
to almost 8 mg C (mg chla) “Th1,

In the current study, the highest values for PE2.x were found in
summer for all stations and in both years which is in line with other
studies (Sathyendranath et al., 1995; Sakshaug et al., 1997; Bode and
Varela, 1998). The seasonal effect could be due to a relation of Pgmx with
temperature as reported in other studies (e.g. Platt and Jassby, 1976;
Lohrenz et al., 1994).

Bouman et al. (2005) also recorded differences in the correlation
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between temperature and P, between regions and hypothesized that
the lack of such a relation might be due to the negative correlation be-
tween nutrients (nitrate) and temperature, in other words, in those
systems P2 is limited by the available nutrients in the water. In the
current study, P, might also be depressed at temperatures >10 °C due
to low nutrient concentrations, but rather than reported by Bouman
et al. (2005) there might be a combined effect of P, N and Si (for di-
atoms) limitation (Fig. 9).

5.2.3. Photosynthetic parameter Iy

The light intensity at which P2 .« was found increased with temper-
ature; the range of 70-700 pE m? s~! (530 averaged) found is not very
different from Colijns results (150-630 uE m~2 s~!, 365 averaged).
Lampert and Sommer (1993) mention circa 200-1000 pE m 25! as
usual range for I,,x; about 15% of our values are below this range, and
none above. Colijns values were all within this range.

5.3. System production

5.3.1. Vertical mixing

For calculation of primary production at each station chlorophyll-a
concentrations and temperatures were assumed constant over depth.
Vertical profiles were not measured in this study, and although it has
been shown that gradients in temperature, chlorophyll-a and suspended
solids can occur under calm weather conditions (in Brinkman et al.,
2014), we think that it is justified to assume a vertically well-mixed
situation since the average wind velocity in the Ems-Dollard areas is
7 m s~' (KNMI, 2021). Suspended solid concentrations will increase
with depth for most weather conditions. But, as a result of the relatively
high light attenuation values, only the upper part of the water column is
important for the gross primary production, and higher concentrations
of suspended matter in deeper parts of the system will have only a minor
effect on our results.

5.3.2. Gross pelagic primary production

Unfortunately, despite many data on chlorophyll-a, integral gross
pelagic primary production values for the Wadden Sea area are scarce.
In most cases, values for single stations are available. Cadée and
Hegeman (1974) came to maximum values of 3000 mg C m~2d7! for the
Marsdiep area (the western-most area of the Dutch Wadden Sea) in
1974. 1t should be noted that sampling always took place at high water,
therefore representing the North Sea coastal water rather than the
Wadden Sea. Tillmann et al. (2000) reported maximum values of 2000
mg C m 2 d! for the Biisum Mole (Schleswig-Holstein, Germany) in
1995-1996.

Colijn (1983) calculated daily production values up to about 6000
mg C m~2 d! for the most productive outer areas, mostly in early
summer 1979 and 1980, which is definitely higher than the maximum
values of about 3000 mg C m™2 d~! found in the current research
(Fig. 10).

Annual gross pelagic primary production was reported between 200
and 400 g Cm 2 y~! for the Marsdiep area based on chlorophyll-a and
solar radiation data for the period 1980-1992 (Bot and Colijn, 1996) and
somewhat higher (between 300 and 400 g C m~2 y~ 1) for the same site
and same period (Cadée and Hegeman, 1993) albeit based on a some-
what different procedure (Cadée and Hegeman, 1974). Thus, these
production estimates are considerably higher than the values of
200-220 g Cm 2 y~! found for both outer Ems-Dollard stations in 2012
and 2013. But at Biisum Mole, also a seaward station as part of the
German Wadden Sea Tillmann et al. (2000) arrived at an annual gross
production of 124 (1995) and 176 (1996) g C m~2 y’l.

The whole Ems-Dollard system production of about 120 g Cm 2y ~!
(Fig. 9, right) is mainly determined by areas 1 and 2 (with stations 1 and
2, Fig. 1), a result of the highest production per m? and of the large size
of these areas. The lower gross primary production per m? at the inner
stations (Fig. 9, right) is caused by their much higher turbidity status.



A.G. Brinkman and P. Jacobs

For the Sylt-Rgmg area (the Wadden Sea part on the German-Danish
border), Asmus et al. (1998) found 101-140 g C m~2 y ™! for the
Konigshaven area (a part of the larger Sylt-Rgmg Wadden Sea area), and
estimated for the whole basin, which is deeper, 160 g C m 2 y ! as
annual gross production. The Sylt- Remg area is less turbid than the Ems-
Dollard and has a much lower fresh water inflow and consequently a
lower nutrient supply.

Fig. 15 illustrates the differences between the present gross primary
production rates and those from Colijn (1983), for each sampling station
and, conform Colijn, grouped into an outer (Fig. 1, area 1 and 2), mid (3
and 4) and inner region (5 and 6). In the highest productive outer region,
production decreased most, causing an overall lower primary produc-
tion. It underlines the importance of this outer region as supplier of food
for the whole area. This reduction most probably is nutrient steered
since nutrient concentrations during the phytoplankton bloom period
drops to low values. At stations 3-6, nutrient concentrations stay at a
(much) higher level, and light is the limiting factor. Especially at station
4, where the river Ems enters the main estuary, the difference between
the Colijn-period and our 2012-2013 results is striking. It is this station
where turbidity increased most (230%), as well as suspended solid
contents and light attenuation levels (Fig. 13).

In estuarine systems, concentrations of suspended solids can be high.
The inner parts usually are silty as a result of transport from rivers and
the sea (Postma, 1961; Groen, 1967; Wang et al., 2018) and as a result of
dredging activities to deepen harbours, rivers and channels. Dredging
activities are important in the area (Van Maren et al., 2016), with over
10 million m® y ! are dredged from inner compartments. Dredged ma-
terial is mostly transported to sites near the Ems-harbour (Fig. 1) within
the estuary, resulting in a transport of the sludge back to the inner parts
by the tides. Since the end of the 1970’s, the amount of sludge dredged
and transported hardly changed (Van Maren et al., 2016). Deepening of
the channel near the Emden harbour as well as the increased depth of the
Ems-river to allow large ships sail from the Meyer shipyard in Papenburg
seawards caused a drastic increase in suspended solid concentrations,
not only near the Emden harbour, but also upstream the Ems river, up to
surface concentration of 1000 mg 17! (Schuttelaars et al., 2013; De
Jonge et al., 2014). Consequently, it is near site 4, where the Ems river
enters the Ems-Dollard area, where the highest increase in suspended
solid levels is observed and, as a result, a substantial reduction in pri-
mary production takes place.

An important aspect not mentioned so far concerns effects of higher
trophic levels on the gross primary production. In management docu-
ments, nutrients often are depicted as the main steering factors for
chlorophyll-a concentrations and primary production. However, a large
and active population of grazers will highly affect phytoplankton (and
thus chlorophyll-a) concentrations and turnover rates, and by that even
reduce a possible nutrient deficiency. In a grazer-controlled system (or
period), chlorophyll-a concentrations will become more and more in-
dependent from nutrient concentrations. Such a situation will not occur
throughout the year, but most pronounced after the spring bloom and
depends on the development rate of grazers which will be different
depending whether it concerns zooplankton (fast) or zoobenthos like
shellfish (occurs mostly in summer and takes longer to develop). We
sketched such a characteristic picture of nutrients, phytoplankton and
grazers in Fig. 16. However, reliable data on grazing activities are
lacking in the Ems-Dollard system, and thus cannot help to understand
the differences between the 2012-2013 period and the late seventies
(Fig. 15). What is known is that in the mid and inner compartments
benthic grazers as Blue Mussels (Mytilus edulis) and Common Cockles
(Cerastoderma edule) are almost completely absent (Van den Ende et al.,
2012; Van Asch et al., 2015; Compton et al., 2013), implying that low
production values there can only be attributed to high turbidity values.
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6. Conclusion

The Ems-Dollard estuary is, like any estuary, a system with relatively
clear water at the sea side, and very turbid water in the inner side.
Partly, since the 1970’s, water quality has improved a lot since organic
waste water discharges have disappeared almost completely. Oxygen
concentration at the surface of the estuarine water is close to saturation.
Also, concentrations of dissolved nutrients decreased a lot, especially the
concentrations of ortho-phosphorus and nitrate (both over 50% at sta-
tion 1, Huibert Gat Oost). However, several man-made changes such as
deepening channel parts and thus constantly maintaining an un-natural
morphologic system, cause extreme turbidity in parts of the system with,
among others, a very light limited and low gross primary production as a
result. At the sea-side of the estuary, primary production is similar to
what can be found at other sites in the Dutch or German Wadden Sea,
and much lower now than thirty years ago. At the inner sides, gross
pelagic primary production is low, also somewhat lower than thirty
years ago. Together with high contents of suspended silt, unfavourable
conditions for grazers might exist. The most turbid area is found there
where the Ems-river enters the main part of the estuary, a result of the
extremely high contents of suspended matter in the river itself.
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Appendix A. Sampling times, variables, parameters, units

Table A1
Dates of visits and whether nutrient sampling (N) and/or '*C-incubations (C) took place. Not all sampling or *C-incubations could be completed successfully for all
visits.

Date/Site Nutrient analysis 14C-incubations

1 2 3 4 5 6 1 2 3 4 5 6
2012-02-16 C C C
2012-03-06 N N N N N N C C C C C C
2012-03-20 N N N N N N C C C C C C
2012-04-03 N N N N N N C C C C C C
2012-04-17 N N N N N N C C C C C C
2012-05-03 N N N N N N C C C C C C
2012-05-15 N N N N N N C C C C C C
2012-06-01 N N N N N N C C C C C C
2012-06-14 N N N N N N C C C C C C
2012-07-02 N N N N N N C C C C C C
2012-07-16 N N N N N N C C C C C C
2012-07-31 N N N N N N C C C C C C
2012-08-13 N N N N N N C C C C C C
2012-08-28 N N N N N N C C C C C C
2012-09-12 N N N N N N C C C C C C
2012-09-26 N N N N N N C C C C C C
2012-10-11 N N N N N N C C C C C C
2012-10-25 N N N N N N C C C C C C
2012-11-29 N N N N N N
2012-12-11 N N N N N N C C C C C C
2013-01-22 N N N N C C C C
2013-02-21 N N N N N N C C C C C C
2013-03-07 N N N N N N C C C C C C
2013-03-25 N N N N N N C C C C C C
2013-04-04 N N N N N N C C C C C C
2013-04-18 N N N N N N C C C C C C
2013-05-02 N N N N N N C C C C C C
2013-05-22 N N N N N N C C C C C C
2013-06-04 N N N N N N C C C C C C
2013-06-19 N N N N N N C C C C C C
2013-07-03 N N N N N N C C C C C C
2013-07-17 N N N N N N C C C C C C
2013-08-01 N N N N N N C C C C C C
2013-08-15 N N N N N N C C C C C C
2013-08-29 N N N N N N
2013-09-16 N N N N N N C C C C C C
2013-10-15 N N N N N N C C C C C C
2013-11-14 N N N N N N C C C C C C
2013-12-12 N C C C C c
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Table A2
Units of state variables and parameters.

Variables and parameters Mnemonic Unit
General
1 Depth (as quantity) H m
2 Depth (as variable) Z m
3 Area A m?
Nutrients, solids, temperature
4 Ortho-phosphate P pmol P 171
5 Nitrate NO; pmol N 171
6 Ammonium NH; pmol N 171
7 Silicate Si pmol Si 171
8 Dissolved inorganic C DIC pmol C 17!
9 Oxygen Oy mg 0,171
10 Oxygen saturation O_sat %
11 Chlorophyll-a chla pg chla 17!
12 Suspended solids SS mg DW 17}
13 Turbidity FTU
14 Conductivity mS cm™!
15 Salinity gkg™!
16 Temperature Temp °C
Light
17 Solar radiation 10 Wm2
18 Photosynthetic active radiation PAR Wm2
19 Incubation light I uEm~2s7!
15 - > 16 conversion factor *0.5 )
15 - > 17 conversion factor * 4,76 RE m2gs?! W m’z)’1 = pmol J1
16 - > 17 conversion factor *2.52 pEm 257! (Wm™2)~! = pmol J*
20 Extinction coefficient Kd m!
Production
21 HG-activity (disintegration rate per unit volume) DPM Mbq ml~?
22 Carbon fixation rate (@ mgClth!
23 Productivity as fie of light PP(D) mg C (mg chla) ' h!
24 Maximum value of PP(I) Pﬁm mg C (mg chla)’1 h!
25 Water column production at each depth Prod(z) mg C m3h!
26 Water column production ProdSite mgCm2h!
27 Compartment production ProdComp mg Cm 2h-1
Yearly compartment production ProdCompY gCm2y1
28 Yearly system production ProdSyst gCm2y1
Productivity parameters
29 a a
30 b b
31 c c
32 Steepness of P—I curve incubations alfa mg C (mg chla) ! h™! (umol photons m 2 s~ 1)~?
equals *1= mg C (mg chla) 'h™! GEm2s)~!
or * 278 = mg C (mg chla) ! (Em 27!

Appendix B. Eutrophication status

In Fig. Bl, data for dissolved inorganic phosphorus, nitrate+nitrite, total-phosphorus and total-nitrogen are summarized for the two main
inflowing rivers (Ems, 1987-2016, and Westerwoldse Aa, 1978-2015), the Eems-canal (the main canal from Groningen to Delfzijl, 1978-2015) at
Farnsum Bridge, and at Huibert Gat Oost (in the northern part of the estuary, 1971-2014). All sites are mentioned in Fig. 1. Note that the Y-axes differ
largely; especially those for the Westerwoldse Aa where concentrations of P and N initially were extremely high. Around 1990 a big drop can be
observed for three components, except nitrate-+nitrite, which is a consequence of the switch from ammonium as main N-component (the river had
very low oxygen concentrations before that time) to nitrate + nitrite.

In the Eems-canal, ortho-P and (NO3 + NO3) contents declined a bit after 1978, but already were rather low by then. In the Ems-river, the observed
concentrations for nitrate+nitrite are similar to those in the Eems-canal at Farnsum Bridge, but total-P concentrations tend to increase a lot. This is to
be assigned to the increasing suspended matter content in the water, including silt and humus compounds.
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Fig. B1. Concentrations of (nitrate-+nitrite), total-N, ortho-phosphate and total-P for Huibert Gat Oost (HUIBGOT, northern estuary part), Farnsum Bridge
(FARNSM_BRG, the Eems-canal from Groningen to Delfzijl, and thus the estuary), Nieuwstatenzijl (NIEUWSTTZL, Westerwoldse Aa river) and Ems-river at Leer
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Appendix C. Analyses

C.1. Analysis of state variables

Nutrients: at each station, 250 ml of water was filtered over 0.45 pm Polydisc filters and stored at 4 °C until further processing by Rijkswaterstaat

according to RWS-MWTL analysis procedures (see RWS, 2017). Results are available for dissolved inorganic phosphorus (ortho-P), ammonium (NHy),
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nitrate (NO3), nitrite (NO3) and dissolved Si.

Chlorophyll-a: depending on the station, between 50- and 400-ml water sample was filtrated over a GF/F filter (effective pore size 0.7 pm). Samples
were taken in duplicate. Filters were wrapped in labelled aluminum foil and kept between —20 and — 80 °C until further processing. Acetone (90%)
was added to the filters to extract phytoplankton pigments. Phytoplankton cells on filters were destroyed (using a CO2-cooled homogeniser with glass
beads) to facilitate extraction. Samples were centrifuged and supernatant was analysed using a PAM (Pulse Amplitude Modulation) fluorescence
meter. Chlorophyll-a from spinach (Sigma) was used a reference. The method is described in more detail in Holm-Hansen et al. (1965).

Suspended solids: depending on the station, between 400 and 50 ml of water was filtrated over a GF/C pre-weighted filter (effective pore size 1.2
pm). Samples were taken in duplicate. Filters were placed in petri-discs and stored at 4 °C until further processing. Back in the laboratory on Texel the
filters were dried (50 °C, min 16 h) and weighted. As control, two filters with reference material were also part of the analysis. The described procedure
is in accordance with the MWTL analysis procedure (RWS, 2017).

Conductivity/salinity: measured with an “IntelliCAL”-probe (Hach, 2012a). Salinity is computed by the instrument from the conductivity data.

Oxygen concentration: measured with an IntelliCAL™ LDO101 Rugged Luminescent/Optical Dissolved Oxygen (LDO) meter with a Lumiphore
sensor. Sensitivity range 0.05 to 20.00 mg 1~! (Hach, 2012b).

Temperature: included with oxygen and conductivity measurements.

C.2. Pocket Box measurements

The PocketBox (4h-Jena Engineering, 2021) was equipped with a couple of sensors, sampling took place by a pressure pump, sampling at 1 m
depth. Data were stored every minute.

Conductivity: measured by an AADI 3919A 1 W inductive conductivity sensor, ranging 0-75 mS cm ™' (AANDERAA, Norway; http://www.aadi.
no).

Oxygen: measured through an AADI 3835 optode sensor (optical fluorescence quenching technique, see e.g. http://en.wikipedia.org/wiki/Optode
), ranging from 0 to 500 pmol O 17! &~ 16 mg 05 171). Manufactured by AANDERAA, Norway (http://www.aadi.no).

Light attenuation: the PocketBox was equipped with two C-Star light attenuation sensors, (WETLabs, Oregon, USA; Wetlabs, 2012), with light
paths of 25 and 10 cm, respectively. The light source operates at 470, 530 and 650 nm wavelength. It appeared that in the most turbid regions, even the
10 cm pathway was too long.

Temperature: measured by several sensors. One is separately mounted in the PocketBox, a second sensor is combined with the Optode-oxygen
sensor. The type of sensors is not specified.

Coloured dissolved matter (CDOM): measured with a CYCLOPS-7 Submersible Fluorimeter (nr PN 21000-000), manufactured by Turner Designs
California, USA, see http://www.turnerdesigns.com/applications/dom-fluorometer-application-notes.

A Yellow Substance sensor is part of the AOA-equipment (“Algae OnlineAnalyser™). It is also a fluorometric analysis and should cover more or less
the same components as the CDOM-analyser does.

Next to coloured dissolved organic matter, the CYCLOPS-7 Submersible Fluorometer also measures chlorophyll-a. It is a separate sensor in the
PocketBox, measuring range 0-500 pg 171, lower detection limit 0.025 pg 171, The fluorometer was in vivo calibrated using Skeletonema costatum
monocultures. See also http://www.turnerdesigns.com/applications/dom-fluorometer-application-notes.

C.3. Under-water light climate
Vertical light profiles (I, (LE m~2 s versus depth z (m)) were assessed using two Licor underwater quantum sensors (Licor, 2022); one sensor

measuring the atmospheric radiation level and the second measuring the light level at each depth. Data were analysed using Lambert-Beer’s equation.

I, = Ipexp(— Ky 2) (/tE m s") (CD

where Iy is the light intensity right below the water surface and Kg the light attenuation coefficient (m ™). Iy does not equal solar irradiation I (uE m 2
s~1) because of reflection at the surface of about 5-10%, which depends on the solar angle and weather conditions (cloudy or clear sky, see e.g. Kirk,
1994). Also, the position of the underwater measurements close to the water surface is uncertain due to waves. Both phenomena are described by a
factor (1-p):

Ih=1e(1—p) (MEm’2 s") (Cla)

Estimation of Ky, together with p, was performed with a non-linear analysis on the data (I ~ z). The minimum of

LSQ = Z (I.- 1) (C1b)
z=0

must be found, with I, as the computed light intensity at each depth z, and H the total depth at that site. By this approach, errors at high values of I,
(close to the surface) are crucial. Although the sensor values have the same absolute error (and thus, the necessary condition of normality of the
residues for applying eq. (C1b) is met), large variations appear from time to time, especially with increasing wave height. In eq. (C1), the correct value
of Iy is important. The more usual approach of estimating Ky after a log-transformation of eq. (C1) is sensitive to uncertainties at large depths.
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Estimation of K4 and p were performed using R (R Core Team, 2021) and its NLS-routine (Bates and Chambers, 1992). Sometimes errors in I, for
small z (close to the water surface) can be large, and therefore all analyses were also performed after omitting the first 10 and 20 cm-values,
respectively. Thus, for each data set, three values for K4 and p are obtained. If these values are not the same for all three data sets, an inspection ‘by eye’
was done and a best value was selected. An example is presented in Fig. C1 for one measurement at station 6, in the turbid and shallow Dollard-area.
Especially in shallow situations where light attenuation is high, omitting the first 10 or 20 cm observations may alter the result for the attenuation
coefficient. In more clear and deeper water this effect is less pronounced.

o
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Fig. C1. Under water light climate analysis: three attempts without and with dropping part of the upper water column data. In the middle and right graph, the first
10 and 20 cm, respectively, have been omitted. Both left analyses give 7.23 m ™' as extinction value, the right one results in 6.66 m ' as final value. Close ex-
amination of the data reveals that in the right graph values around a depth of 0.4 m are much better represented by the result than in both the middle and left graph.
Data for station 6 (the turbid Dollard area) at 2012-dec-16.

C.4. Eilers-Peeters equation

Productivity-light (PI) curves for each sample were fitted using the model by Eilers and Peeters (Eilers and Peeters, 1988):

P = m (mg C (mg chla)71 h! ) (C2)
with I for the actual light intensity (uE m~2 s™1).

Parameters a, b and c are computed using a non-linear least squares -routine (NLS) (Bates and Chambers, 1992) from the R-library (R Core Team,
2021).

These parameters a, b and c are nothing more than model parameters. The a-parameter allows for an optimum in the PI-curve, and the c-parameter
determines the initial slope of the PI-curve. At I-> 0, the denominator equals c, and thus if follows that.

1
PP=-=q" I(mgC (mgchla) ' h™") (C2a)
c

And thus, the initial slope is 1/c (or: of) (mg C (mg chla) 'h! (HE m2 s’l)’l), or 278 times (10%/3600) this value when in mg C (mol photon)’1
-1
s

Both parameters a and b determine, together with c, the maximum potential photosynthetic production rate.

1
Py = 5———— Cmg ' chlah™
N (mg Cmg™' chlah™) (C3)

C.5. Conversion factors for light and productivity

Partly, light data in this research are in uE m~2s~! (incubation experiments, underwater light climate analysis) while others are in W m~2 (such as
the solar radiation data available from the Royal Netherlands Meteorological Institute (KNMI, 2021)).

A well-established conversion factor from W m~2 to pE m2s!is 4.76 (pmol Jh Langhans and Tibbitts, 1997). The conversion from total
available radiation to its photoactive part (PAR) is due to discussion. Golterman (1975) mentioned 0.5, as did Purchase et al. (2015). Miller (1981)
mentions a factor ranging from 0.42 for direct sunlight to 0.65 for diffuse radiation. From solar radiation (W m2) to PAR (in pE m2s )it implies a
factor of 1.99 to 3.09 (with as arithmetic average 2.54), and 2.38 if following Golterman (1975) and Purchase et al. (2015). Although Garcia-
Rodriguez et al. (2020) argued, based on open air spectral analysis, that this value is an overestimation, and should be 1.93 (pmol J -1, we used a
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conversion of 1 Wm ™2 ~ 2.52 pE m~2 s} (= pmol J™1), which is according to the previous values.

Productivity units may differ per publication. Generally, mg C (mg chla) ' h™ (uE m~2s™1) 7! is applied. It contains the dimension time twice; and
therefore, this can be eliminated and results then are expressed as mg C (mg chla) ' (E m~2) L. The conversion factor that applies is mg C (mg chla)
Em )1 =278 *mg C (mg chla) ' h™! Em 25171,

C.6. Effects of temperature and nutrients

The set-up of the study primarily focussed on the primary production of the Ems-Dollard system, and not finding a relationship between primary
productivity and nutrient concentrations or temperature. Nevertheless, we checked whether available nutrient and temperature data could give a
better idea of the role of temperature and nutrients.

We tested several possible relationships between of and P2, (steepness and maximum values of the PI-curves, respectively) and temperature (T),
nutrient concentrations [N] and combinations of these with algae group dominance. Consistent with literature (Lampert and Sommer, 1993), there
was no relationship of of with T. P2,y as well as Iy (the light intensity at which PE ., was found during the incubation experiments) showed an
increase with T, although with a high variability (Fig. 9). Attempts to find some significant relationship of of or P,‘iﬂax with [N] (whether P, Si or N)
failed; this can be attributed to the fact that nutrient limitation probably only occurs in a very few cases out of the roughly 230 data points.
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Fig. C2. FEilers-Peeters parameters related to temperature. Upper: of, steepness of P-I-curve at low light intensities, indicating no relationship. Four values are

considered as outliers, one of these, the large value (0.8 mg C (mg chla)’1 h! (pmol photons m 2 s’l)’l, at 1.1 °C, 2012-02-16, station 1) was considered an

experimental error. Lower: Iy, the light intensity (W m~2) at which P2, was found.

Appendix D. Details

D.1. Contour plots
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Fig. D1. Contour plots. Upper left: temperature (°C), upper right: salinity (PSU), lower left: turbidity (FTU), lower right: nitrate NO5-N (pmol N 171) in the estuary in
2012-2013 (lower to top) at 1 m depth. Stations are mentioned, as is the distance from the Ems-river weir at Herbrum.
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1 m depth. Stations are mentioned, as is the distance from the Ems-river weir at Herbrum.
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Fig. D3. Light attenuation coefficients Kq (m ™) in 2012-2013 at all six stations (Fig. 1). A moving average interpolation method was applied for data interpolation.
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D.2. Light attenuation values for all stations

D.2.1. Production details per station and per compartment
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Fig. D4. Productivity results for 2012-2013 (as mg C (mg chla) ! m~2 d™1), for each station. Based on ambient temperatures and solar radiation plus the photo-
synthetic parameters as found during the incubation experiments. Depth and light attenuation conditions are not accounted for.
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Fig. D5. Compartment integrated productivity results for 2012-2013 (as 1000 kg C comp~! d~1), based on the photosynthetic parameters as found during the
incubation experiments plus ambient temperatures, solar radiation, depth and light attenuation conditions.
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D.2.2. Production summary for tidal flats and for channels
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Fig. D6. Production results for 2012-2013 (as g C m 2 y 1), based on ambient temperatures, solar radiation and field chlorophyll-a data, plus the photosynthetic
parameters as found during the incubation experiments. Results are for tidal flats (left) and channels (right), during high and low water, and as average. Different

scales for channels and tidal flats.
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