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CHAPTER 3 

Accumulation of flounder larvae 
(Platichthys flesus L.) in the Dollard 
(Ems estuary, Wadden Sea) 

Zwane t te Jager 

National Institute for Coastal and Marine Management / RIKZ 
P.O. Box 207, 9750 AE Haren NL 

Journal of Sea Research 40: 43-57 (1998) 



ABSTRACT 
In the context of an investigation of the importance of the Dollard as a nursery for 

flounder (Platichthys flesus L ) , the larval accumulation process was studied. The 

hypothesis was addressed that freshwater discharge is a steering factor in larval transport 

caused by a larval preference for low-salinity water. Flounder larvae were simultaneously 

sampled at three locations during five tidal cycles in combination with measurements of 

physical variables. One location was in the main channel, the other two were in more 

peripheral channels of the Dollard. One of those is directly connected to a sluice by which 

freshwater is discharged into the Dollard. 

Concentrations of larvae varied during the tidal cycle at all locations; high initial values 

dropped after the middle of the flood to lower levels to increase again at the end of ebb. 

In the channel connected to the sluice, significantly lower salinities were observed around 

low water than at the other locations, which coincided with significantly higher larval 

concentrations at the beginning of flood. Water transport as well as larval transport at this 

location showed a flood surplus on all sampling dates. Also, relatively more larvae were 

transported than expected according to the water transport compared to the other 

stations. Moreover, there was an ebb surplus in larval transport during some sampling 

dates at the other locations. 

The results indicated an accumulation of flounder larvae in the inner Dollard, and 

particularly in the area affected by the discharge of freshwater. Independent observations 

of settling flounder larvae in traps also indicated a concentration in the vicinity of the 

sluice. However, the sluice itself may form an effective barrier for flounder larvae that try 

to migrate to freshwater. 

Keywords: Platichthys flesus, flounder, accumulation, transport, nursery, Dollard 
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INTRODUCTION 
The flounder, Platichthys flesus L , is a euryhaline flatfish species (Pleuronecti-
dae) with a coastal distribution in the northeastern Atlantic, ranging from the 
Mediterranean and Black Sea in the south to the Baltic and White Sea in the 
north. Its ability to live in low-salinity water and its alleged preference for such 
environments are interesting features that do not occur in other European 
flatfish species to the same degree. 

In the North Sea, reproduction of flounder takes place in the marine 
environment (Redeke 1908, Ehrenbaum 1911, Rijnsdorp and Vethaak 1989). 
Highest concentrations of flounder eggs were observed in February west and 
northwest of the Dutch west coast, in the eastern English Channel and the area 
northwest of Helgoland (Van der Land 1991). The first bottom-living stages were 
caught by the end of April in brackish-water areas near river mouths. The 
juveniles either stay in the brackish environment or migrate further up the rivers 
(Redeke 1908). With growth, the juvenile flounders return to estuaries and 
gradually assume a more seaward distribution. 

The preference of juvenile flounder for fresh water was mentioned by Redeke 
(1908), based on the observation that these stages were most abundant in 
those areas of the former Zuiderzee where salinity was lowest. Juvenile plaice 
{Pleuronectes platessa L.) were absent in these areas. The Zuiderzee estuary 
was dammed in 1932 and is now a freshwater lake (Dsselmeer). As a 
consequence, flounder can only enter the Dsselmeer through the sluices in the 
dam (Rijnsdorp and Vethaak 1989). Van der Veer er al. (1991) suggested that 
initial settling of flounder larvae in the western Wadden Sea probably takes 
place close to the sluices where freswater is discharged from the Dsselmeer. 
Following adaptations in the sluice management in 1991 aimed at improving the 
possibilities for fish migration, the abundance of juvenile flounder in the lake 
increased by an order of magnitude in 1991 and 1992 (Dekker era / . 1992). The 
flounder population in the Dsselmeer has remained high since then (Dekker 
1994). These data indicate that the juveniles have a strong urge to migrate to 
fresh water. 

Kerstan (1991) stressed the importance of rivers as nurseries, and concludes 
that freshwater habitats are preferred by 0-group flounder. However, it is less 
evident whether this preference already exists during the larval stage, at 
metamorphosis, or if it develops after settlement. A few observations suggest 
that larvae also prefer freshwater. Flounder as small as 10 mm were observed in 
May near the flat banks of the river Elbe, and free-swimming metamorphosing 
larvae were caught in the upper water layers of the estuary (Ehrenbaum 1911). 
Hutchinson and Hawkins (1993) observed metamorphosing larvae moving 
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upstream with the advancing tide in the River Itchen in water of very low salinity 
(<2 ppt), where the freshwater layer was in contact with the substrate. 

During a pilot study (1992) within the framework of an investigation of the 
importance of the Ems-Dollard estuary as a nursery for flounder, large numbers 
of metamorphosing larvae were observed near the sluice of Nieuwe Statenzijl 
where freshwater from the river Westerwoldsche Aa is discharged into the 
Dollard (Fig. 1). Based on these observations the hypothesis was formulated 
that freshwater outflow is a steering factor in larval transport and retention, and 
that flounder larvae will accumulate in the part of the nursery area where 
salinity is lowest. 

The present study tests this hypothesis using measurements of water flow 
and larval concentrations obtained during simultaneous sampling at three 
stations in the Dollard over five complete tidal cycles. 

North Sea 

/x 
Za_ 

Ussel-
meer 

- f 
/ The Netherlands 

DOLLARD 

L ^ Niei/we 
Statenzijl 

Westerwoldsche 
Aa 

Fig. 1. Study area, with (a) position of the Ems-Dollard estuary in the Dutch Wadden Sea 
and (b) the Dollard with the sample locations (A, B, C), the locations of the buckets (D, E) 
and the tidal gauges 'Dollard-Noord' (F) and 'Maanplaat-Zuid'(G). Shaded: salt marshes. 
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MATERIAL AND METHODS 

Study area 

The Dollard is a brackish intertidal area in the Ems estuary (eastern Dutch 
Wadden Sea) that forms the transition between the river Ems and the North Sea 
(Fig. l a ) . I t has an area of about 92 km2 of which 85% emerges at low tide. 
Mean depth is 1.2 m, and the mean tidal volume about 120 .106 m3 (De Jonge 
1988). This tidal basin is bounded on the north by the Geiseleitdam (constructed 
in 1961), on the north-west by the Punt van Reide and on the other sides by 
dikes, fringed with 9 km2 of marshes (Fig. l b ) . Mean low water is 171 cm below 
mean sea level (MSL), mean high water 128 cm above MSL. With a height of 1 
m above MSL, the Geiseleitdam forms a partial separation between Dollard and 
Ems that allows some water exchange between the two systems, depending on 
the tide. 

Freshwater input to the area originates from the river Ems (annual mean 100 
m 3 s"1) and from the Westerwoldsche Aa (annual mean 12.5 m 3 s"1). The latter 
is discharged on ebbing tides through the sluice complex of Nieuwe Statenzijl. A 
decreasing NW-SE salinity gradient exists from the mouth of the Dollard to 
Nieuwe Statenzijl (De Jonge 1988). Mean salinity in the Dollard ranges from 
about S=6 in winter to S=25 in summer. Two main channels, Groote Gat and 
Kerkeriet, guide the flood water into the Dollard. The muddy tidal flats are 
intersected with small gullies that drain water to the main channels during ebb. 
The tidal cycle has a period of 12h25', a range of 3 - 3.5 m, and a mean 
excursion in the Dollard of 12 km (BOEDE 1983). There is a mean diel inequality 
in the tidal range of almost 0.3 m (0.2 m at HW and 0.08 m at LW; Dienst 
Getijdewateren 1993). 

Sample locations 

Based on extensive knowledge of the hydrology, morphology, and physical 
structure of the Dollard (Stratingh and Venema 1855, BOEDE 1983, Duits-
Nederlandse Eemscommissie 1990, De Jonge 1988, 1991), three stations (A, B 
and C) were selected along the salinity gradient (Fig. lb, Fig. 2). Location A is 
situated 2500 - 2750 m more seaward than B and C, respectively. Sample 
location A (depth about 5 m below MSL) is the deepest point on a cross-section 
of the Groote Gat. The channel has a north-south orientation and a mean tidal 
volume of 28 .106 m3, which is about 22% of the volume in the mouth of the 
Dollard (Duits-Nederlandse Eemscommissie 1990). Location B is situated in the 
channel Schanskerdiep, the extension of the main channel that ends at the 
sluice of Nieuwe Statenzijl. Location C was selected in a small channel, 
Oostfriesche Gat or Zurentjeriet (Stratingh and Venema 1855), that branches off 

Accumulation 6 9 



to the east between A and B and supplies the tidal flats Maanplaat and Oost-
friesche Plaat with flood water. 

Freshwater, discharged during the second part of the ebb at Nieuwe 
Statenzijl, flows seaward through the Schanskerdiep along locations B and A. 
Part of this ebb water is pushed back by the next flood into Oostfriesche Gat. 
Both B and C have depths of 3 m below MSL, but differ in the extent to which 
they are influenced by freshwater. 

Accumulation is defined as an increase in numbers of larvae over a period of 
t ime, as the result of net landward transport. Comparison of the larval transport 
with water transport at location A with those at locations B and C, will 
demonstrate if the larval transport at one point is conservative with water 
transport or if there is preferential transport, or accumulation, of larvae in one of 
the locations. Comparison of larval transport to B and C is expected to yield 
information on the role of discharged freshwater in the process of larval 
accumulation in the Dollard. 

m to MSL 

300 400 500 600 700 800 900 
m 

m to MSL 

Fig. 2. Cross-sections of the sample locations (A', B', C), with 
mean low water (MLW) and mean sea level (MSL) indicated. 
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Physical variables 

Five sampling dates were selected to cover the larval immigration period (April-
May), and reflected a compromise between available ships and other 
investigations in the same period. Ships were moored at each of the cross-
sections within 5 m of the actual sample locations (A, B, C) using a Hi-Fix 
positioning system (Decca, Racal, England). 

At all stations, the following physical variables were measured every 20 min 
simultaneously with plankton sampling: current velocity and direction (calibrated 
Ott-meters), temperature and salinity (WTW-conductivity meter), turbidity 
(Partech instrument, calibrated at 2000 mg dm"3). The profile measurements 
started at the bottom, and were taken consecutively at least at four depths: 0.2 
and 0.7 m below the water surface (near-surface) and 0.3 and 0.8 m above the 
channel bed (near-bottom). With increasing water depths intermediate points 
were added, to a maximum of 8 sampling depths. Each measurement lasted 30 
s at high current velocities to 60 s at low current velocities. See De Jonge 
(1991) for an extensive description of the standard hydrographical methods 
used by Rijkswaterstaat. 

At location B, on 14 April no temperature and salinity measurements were 
taken due to failure of the WTW-meter. The beginning of the flood period was 
missed at station B on 3 May and at A on 19 May. To calibrate the Partech-
readings, water samples were taken at regular intervals during the tidal cycle to 
determine the concentrations of suspended matter. Wind speed and direction 
were monitored on board the ship every 30 min by means of anemometer and 
compass, respectively. The times and volumes of freshwater discharge at 
Nieuwe Statenzijl were provided by the Water Board Dollardzijlvest. 

Plankton sampling 

Plankton samples were taken every 20 min from the anchored ships at the three 
locations simultaneously, during a complete tidal cycle starting after low water 
(LW) slack. The 500 urn mesh standard (conical) plankton net (Sournia 1978) 
had a 0.5-m2 opening and a length of 4.5 m. A removable 1-dm3 jar collected 
the fi l trate. A flow-meter (General Oceanics 2030R) in the net opening 
measured the volume of filtered water. The net was attached by 3 bridles to a 
winch cable 0.9 m above a 100-kg weight that kept the cable in a vertical 
position even at high current velocities. The net was lowered and lifted several 
times at a constant slow speed between surface and bottom for 1 to 3 min, 
depending on water depth and current velocities. At mean profile current 
velocities below 30 cm s"1 fishing was impossible because the net dropped to a 
vertical position. Therefore, no samples could be taken for 1 to 2 h around slack 
waters. The samples were fixed in a 3.8% neutralised phosphate-buffered 
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formaldehyde solution for subsequent analysis in the laboratory. 
All larvae caught, with total lengths of 8 to lO mm, were in the process of 

metamorphosis, and the development stages IVb and IVb' (Ryland 1966) were 
the most abundant ones in the plankton samples. In each sample, a larval 
concentration (n m"3) was calculated by dividing the number of flounder by the 
filtered volume, assuming 100% net efficiency and no mesh selection. Sample 
volumes ranged between 6.8 and 116.0 m3 (mean 35 m3 , standard deviation 
13.6). 

Trap sampling 

In addition to planktonic samples, semi-quantitative data on settling flounder 
larvae were obtained at locations D and E (Fig. l b ) on the tidal flats by trap 
sampling on 14 and 21 April and 16 May. Given the general water circulation 
pattern (De Jonge 1991), location D is considered as hydrographically linked to, 
and indicative of the larval concentrations at location C, and location E as linked 
to location B. At each location ten traps, consisting of 5-dm3 buckets (opening 
diameter 0.17 m), were dug in the sediment with the rims at the same level as 
the surface and filled with water to resist the upward pressure by the sediment. 
They were placed at mutual distances of around 0.5 m during LW and collected 
after one tidal cycle. The sieved contents of the buckets were fixed in a 3.8% 
formaldehyde solution, the number of flounder were counted in the laboratory, 
and the mean number per trap was calculated. Sampling failed at E on 14 April. 

Data t reatment 

The sample locations are indicated by capitals (A, B, C), whereas references to 
the entire cross-section will be indicated by capitals with apostrophes (A', B', C ) . 
Time is expressed as hours relative to the moment of high water (HW; turn of 
the tide) as measured at the locations during sampling. Within the tidal cycle, 
six 2-h periods were arbitrarily created and treated as different tidal phases, 
whereas 'tide' refers to flood/ebb. 

Measurements of water velocity at the sample locations were orthogonised 
and integrated over depth by means of the VIMET computer programme 
(Rijkswaterstaat 1980). Extrapolation from the point measurements at the 
actual sampling station to the entire cross-section of the channel was based on 
previously established regression formulas for the three cross-sections by means 
of multiple ships for flood and ebb separately (Table 1). The depth-averaged 
velocity of the cross-section of the channel (m s"1) was multiplied by the area of 
the wet profile (m2) at each point in t ime to obtain the water flow (m3 s"1). 
Information on water level was obtained from the tidal gauges "Dollard-Noord" 
and "Maanplaat-Zuid" (Fig. l b ) . The water flow estimates for every 20-min 
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period ( m 3 s"1) were integrated over time to produce the water transport during 
flood and ebb (m3) . These values do not necessarily balance each other. There is 
usually a clockwise residual water circulation with flood surplus in the Groote Gat 
and ebb surplus in the Kerkeriet, but this circulation may be modified or even 
reversed by wind influence (De Jonge 1991). 

A water budget was calculated for each sampling date. Part of the water 
transport at A' continues and will be encountered at B' and C'. The rest of the 
water fills the channel to the HW level, and at some point starts to spill over the 
tidal flats. The volume of water needed to fill the channel section between A' and 
B'/C' was estimated by the product of the tidal difference in the mean area of 
the wet profile of A' and B'+C', and the mean length of the section between A' 
and B'/C'. The lateral boundaries of the channel were set artificially by the 
computer programme. 

Larval fluxes (n s"1) were calculated by multiplying concentrations with the 
water flow during each 20 min period, implicitly assuming homogeneous 
distributions of larvae across the channel. Integration over time resulted in the 
landward (flood-) or seaward (ebb-) transport of flounder. The difference 
between flood- and ebb-transport provides the net transport (n) of larvae per 
tidal cycle. Transport during the hours of slack tide was assumed to be negligible 
and therefore data were not interpolated over these periods. 

Table 1. Regression formulas used to calculate water flow during flood and ebb, by 
sample location. Y: depth-averaged velocity (cm s'1) of the channel profile; X: depth-
averaged velocity (cm s'1) of the sampling point. 

Location Tide Regression formula 9? Date established  
A Flood Y = 0.840*X + 0.00526 0.973 December 1992 

Ebb Y = 0.741*X + 0.00064 0.988 December 1992 
B Flood Y = 1.097*X + 2.411 0.981 September 1995 

Ebb Y = 1.277*X - 5.641 0.968 September 1995 
C Flood Y = 1.291*X - 0.816 0.979 September 1995 

Ebb Y = 1.322*X - 2.535 0.947 September 1995 

Statistical analyses 

The missing salinity data of 14 April (location B) were interpolated by using a 

multiple regression derived from the salinity measurements on the other 

sampling dates at the three locations: 

salinityB = 0.132 + 0.733*salinityc + 0.265*salinityA + e 

(n = 66, R2
Adj. = 99.2%). 

Multifactor ANOVA was applied to salinity and In-transformed suspended matter 
data and a multifactor ANCOVA to the In-transformed (concentrations + 1) to 
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compare larval concentrations among locations during the tidal cycle. The latter 
was limited to the sampling on 14 and 21 April and 3 May; samples taken on 16 
and 19 May were excluded from the ANCOVA because concentrations were too 
low. 

RESULTS 

Physical variables 

Mean water temperatures increased from 6.9 °C to 14.6 °C over the sampling 
period (Table 2). The differences between locations were less than 0.8 °C. 
Variations within the tidal cycle and among locations were so small that the 
temperature is not expected to play a significant role in the accumulation 
process. 

Mean salinity increased during the sampling period from S=5.7 to S=11.8. 
There were significant differences among sampling dates, locations and 
flood/ebb (Table 3). The interaction of location and tide was significant. Location 
A had significantly higher mean salinities than location B and C during flood and 
ebb on all sampling dates. A SNK-multiple range test indicated that mean 
salinities at B and C did not differ significantly during flood, but were 
significantly lower at B than at C during ebb. 

Mean depth-averaged values of suspended matter varied from 200 to 800 mg 
dm"3 across the sampling dates, with maxima of up to 1500 mg dm"3 on 14 April 
(Table 2). There were significant differences in suspended matter concentrations 
among sampling dates and locations (Table 3). Suspended matter was higher on 
the last two sampling dates at location B than at A and C, which had similar 
concentration patterns. The interaction of location and tide indicated that 
suspended matter was significantly higher during flood than ebb at A and C, but 
the opposite at location B. Furthermore these tidal differences in suspended 
matter did not vary in entirely the same way at the three stations between the 
sampling dates. 

Table 2. Mean depth-averaged water temperature (°C), salinity (ppt) and suspended 
matter (mg dm'3) by sampling date (all stations combined). 

Date Temp. Salinity Susp. 
1994 s.d. n sJLdJ n matter s.d. n_ 
14 April 6.9 0.4 77 6.0 0.8 99 ' 769 316 117 
21 April 9.0 0.8 119 5.7 1.7 118 196 89 118 
03 May 11.6 0.4 113 10.4 1.8 113 325 172 113 
16 May 14.6 0.4 120 11.8 2.3 120 350 201 119 
19 May 14.1 0.2 120 11.1 2.2 120 229 146 119 

vincl. 21 estimated values of salinity. 
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Table 3. Multifactor ANOVA of (a) salinity (including slack water periods and estimated 
values for 14 April 1994) and (b) In (suspended matter). F-ratios are based on the 
residual mean square error. 

( a ) SS Df F-ratio P-value Sign. 
MAIN EFFECTS 

date 3687 4 328 0.00 ** * 
location 209 2 37 0.00 *** 
tide 73 1 26 0.00 *** 

INTERACTIONS 
date*location 41 8 1.8 0.07 n.s. 
date*tide 12 4 1.0 0.39 n.s. 
location*tide 46 2 8.2 0.00 *** 
date*tide*location 36 8 1.6 0.12 n.s. 

RESIDUAL 1518 540 
TOTAL (corrected) 5866 569 
(b ) 
MAIN EFFECTS 

date 134.3 4 119.0 0.00 * ** 
location 3.6 2 6.3 0.002 ** 
tide 1.2 1 4.3 0.04 * 

INTERACTIONS 
date*location 5.7 8 2.5 0.01 * 
date*t ide 0.4 4 0.4 0.84 n.s. 
location*tide 7.8 2 13.8 0.00 *** 
date*tide*location 4.7 8 2.1 0.03 * 

RESIDUAL 157 556 
TOTAL (corrected) 317 585 

Water flow 

Water budgets for the five sampling dates are shown in Fig. 3. There was 
considerable variation in water transport among sampling dates, which is related 
to variations in tide and wind conditions (Table 4). The exceptionally low values 
of flood transport at B' on 3 May and at A' on 19 May are considered unreliable 
because part of the cycle was missed in the measurements. 

Table 4. Tide, water levels (m to MSL) and wind direction and speed (m s'1), as well as 
the standard deviation (s.d.) and number of observations (n), by sampling date. 

Date Tide Water Water Mean Mean 
1994 level max. level min. wind 

direction 
wind 

speed 
s.d. n 

14 April spring 1.83 -1.67 NW 6.9 2.2 26 
21 April neap 0.98 -1.95 SW 5.0 1.0 30 
03 May neap 0.85 -2.44 SE 12.3 3.4 27 
16 May in-between 1.53 -2.07 N 3.3 1.5 26 
19 May neap 1.37 -1.97 NE 5.5 2.2 27 
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Fig. 3. Water budget (in 106 m3) of the cross-sections at locations A, B and C, during 
flood (left) and ebb (right). The channel sections are schematically represented by 
rectangles. The area outside of the rectangle represents the tidal flats. Continuous 
arrows and plain numbers indicate the measured water transport, dotted arrows are 
estimated values. Values between square brackets are calculated, whereas values 
between round brackets are estimated to balance the water budget. * Measurement 
slightly underestimated due to late start of the sampling. 

The mean flood transports of cross-sections A', B' and C', excluding the 
estimates given above, were 24, 8, and 5 .106 m3, respectively. The mean water 
flow of A' was slightly lower than the value of 28 ,106 m3 mentioned in the 
literature (Duits-Nederlandse Eemscommissie 1990). This is undoubtedly caused 
by the variability in water flow and the low number of tidal cycles measured. 

The highest water level was recorded on 14 April during a spring tide in 
combination with a strong NW wind (Table 4) and corresponded with the date 
with the largest water flow. The lowest water level was observed on 3 May, 
caused by a combination of neap tide and a very strong southeasterly wind that 
blew water out of the area. These conditions resulted in a relatively large flood 
surplus of water at A' due to a below-average ebb transport. 

Of the water transported through A' during flood, approximately half was 
used to fill the channel (30%) and to flood the flats (20%). The remaining 50% 
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continued through the channel and passed B' and C'. The flood water was 
divided over B' and C' approximately in proportion to the water storage capacity 
of both channels, on average 30% and 20%, respectively. The mean ebb 
transports at cross-sections A', B' and C' were 2 1 , 5 and 5 .106 m3, respectively. 
During ebb, part of the water flows seaward to the mouth of the Dollard over the 
tidal flats, and part of it is drained to the tidal channels. Of the water that was 
transported through A', on average 45% appears to have passed B' and C'. In 
contrast to the flood situation, B' and C' transported almost equal volumes of 
water during ebb. The volume of freshwater discharge amounted 4 to 12% of 
the water transport through B' during ebb. 

The net water transport showed a substantial flood surplus at cross-section B' 
on all sampling dates. On most sampling dates, the net water transport of A' and 
C' showed a flood surplus of less than 10% of the estimated water transport. 
Because this is in the order of the assumed accuracy of the estimates, the 
difference is probably insignificant. Only the net water transport of 3 May 
showed a flood surplus on all three locations. 

Table 5. Larva 1 transport (10 0J per tide (fi ood, ebb), ai id net transp •ort (italic; b\ / location. 

Location Tide 14 April 21 April 03 May 16 May 19 May 

A Flood 
Ebb 
Net 

Flood 
Ebb 
Net 

117.0 
172.5 
-55.5 

67.8 
121.4 
-53.6 

239.7 
92.4 

147.3 

2.9 
2.1 
0.8 

2.9 
1.1 
1.8 

B 

Flood 
Ebb 
Net 

Flood 
Ebb 
Net 

68.7 
40.8 
27.9 

55.2 
13.7 
41.5 

100.2 
31.6 
68.6 

3.6 
1.3 
2.3 

2.3 
0.4 
1.9 

C Flood 
Ebb 
Net 

34.8 
83.2 

-48.4 

13.5 
17.9 
-4.4 

55.0 
11.5 
43.5 

1.2 
0.5 
0.7 

0.4 
0.9 

-0.5 

Larval transport 

Larval transport varied considerably between sampling dates and locations 
(Table 5). B' was always characterised by a net flood transport of flounder 
larvae, in contrast with A' and C', where the net larval transport showed an ebb-
surplus on 14 and 21 April (A', C) and 19 May (C) . The number of larvae 
transported to B' was 2 to 4 times higher than to C', whereas the water 
transport to B' was only 1.5 times higher than to C'. 

If the water transport and larval transport at A' during flood or ebb are 
presented as 100%, the transports at B' and C' may be expressed relative to 
those at A' (Table 6). On 21 April and 19 May, almost all of the flood larval 
transport of A' was calculated to have passed B' and C as well, and on 16 May 
the estimated larval transport of B' and C' combined was even higher than that 
of A'. This means that either the estimates are inaccurate, or that there is an 
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unknown source of larvae in the channel (e.g. larvae that were resting on the 
bottom), or that there is little, if any, loss of larvae to the tidal flats between 
locations A and B/C. 

During ebb, generally less than 100% (except on 19 May) of the larval 
transport of A' had been measured at B'/C'. Part of the larvae at A' may 
therefore have returned from the tidal flats, or originated from the channel 
section between A' and B'/C'. 

Table 6. Calculated water transport (W, %) and larval transport (L, %) at locations B and 
C and the rest (channel and tidal flats), relative to A (100%). 

A 
Flood Ebb 

Date A B C rest B C rest 
1994 W L W L W L W L W L W L 
14 April 100 34 59 18 30 48 11 22 23 22 48 57 28 
21 April 100 29 80 19 20 53 0 23 11 21 15 56 74 
03 May 100 *J24 *M2 26 23 50 35 23 34 23 12 54 54 
16 May 100 32 124 21 41 13 -65 22 62 23 24 55 14 
19 May *J100 36 79 23 14 31 7 22 36 21 82 57 -4 

*) value not reliable due to late start of the measurements 

Larval fluxes and concentrations 

Larval transport is the integration over t ime of larval fluxes, which are the 
product of water flow and larval concentrations at each sampling t ime (Fig. 4). 
The larval fluxes show a highly variable pattern during the tidal cycle, which is to 
a lesser extent caused by the variability in water flow than in larval 
concentrations. During a period of 1 to 2 hr around HW slack, no estimates of 
larval transport were available due to the limitations of sampling. The missed 
larval transport at the end of the flood comprises 15 to 20% of the total flood 
water transport, whereas the larval transport that was missed at the beginning 
of the ebb is 10 to 25% of the total ebb water transport. However, because the 
larval concentrations during these periods are unknown, the larval transport that 
is missed cannot reliably be estimated. Because the water transport varied 
relatively little across sampling dates, the larval concentrations will be 
considered in more detail. 

Fig. 5 compares the results of the simultaneous measurements of larval 
concentrations at the three locations and some physical variables on the first 
three sampling dates. One exceptionally high larval concentration of 920 m"3 

was observed at location B on 21 April ( l h40 ' M.E.T.) (Fig. 5). Mean current 
velocity was higher during ebb than during flood at all three locations. 
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12 14 16 18 2 0 2 2 24 

Fig. 4. Water flow (left panes, in 103 m3 s'1) and larval flux (right panes, in 103 n s'1) 
for the three locations (A —, B...., C-) by sampling date. The areas below the 
curves represent the time-integrated transports. 
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F/g. 5. Results of biological and physical data for the three locations (A — , B..., C-). 
From top to bottom: Ln(concentrations of flounder larvae+1) (n m'3), dept-averaged 
concentration of suspended matter (g dm'3), depth-averaged current velocity (cm s'1), 
and depth-averaged salinity (ppt) during three sampling dates in 1994 (14 April, 21 April, 
3 May). Shaded areas indicate periods of freshwater discharge at Nieuwe Statenzijl. 
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The turn of the tide at HW occurred 20 min later at B than A, whereas that 
moment varied at C relative to A. Timing of maximal current velocity varied 
during flood, whereas during ebb highest velocities were observed 
simultaneously at location A and B and with a time lag of 40 min at C. The peak 
in ebb current velocity at C coincided with a sharp increase in turbidity, as well 
as a peak in larval concentrations on the first two dates. These peaks at C were 
associated with the moment that the flats emerged and the last water was 
drained to the channel. 

At the beginning of the flood, the initially high concentrations of larvae 
rapidly dropped to lower levels, first at location A and, with a time lag varying 
from 20 to 100 min, also at locations C and B. After the HW slack period, a brief 
increase in concentration levels was noted at all three locations, followed by a 
dip and a sudden and steep rise at the end of the ebb period. The time lag 
observed during flood was mirrored during ebb, especially on 3 May. 

The passage of freshwater that was discharged at Nieuwe Statenzijl during 
ebb is clearly noticeable at location B by the sudden drop in salinity, and a steep 
increase in larval concentrations at the end of the ebb. At location A, the effect 
of the freshwater discharge could hardly be traced. 

A Multifactor ANCOVA model of In-transformed larval concentrations indicated 
that the factors sampling date, tidal phase and sampling location, as well as the 
first order interactions, contributed most to the variance (Table 7). Salinity was 
the most significant covariate in the model, although mean velocity and turbidity 
were also significant covariates. The model explained 73% of the variance in In-
transformed larval concentrations. However, the multicollinearity of 13% 
indicated significant linear correlations among the covariates. The tidal pattern 
in larval concentration differed among the three locations. The significance of 
the interaction between location and tidal phase was caused by the relatively 
high concentrations at A during the first phase of the ebb. Concentrations were 
significantly higher at A than at B and C, mainly around HW-slack. The 
concentrations of larvae were significantly higher at B than at C during the flood 
and the beginning of the ebb (Table 8). 

Trap sampling 

More flounder larvae were trapped at station E than D (Table 9). The highest 
numbers (7.5 and 80 per trap at D and E, respectively) were obtained on 21 
April. Up to 200 larvae were caught in one 5-dm3 bucket. The majority of the 
larvae were stage V (66%), at the end or completion of the metamorphosis. 
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Table 7. ANCOVA of In-transformed (larval concentrations + 1), using Type III - Sums of 
Squares. F-ratios are based on the residual mean square error. The interaction of 
sampling date*location and the 2nd order interaction had to be excluded. (Data for 16 
and 19 May were excluded.) 

SS Df F-ratio P-value Sign 
COVARIATES 

salinity 23.75 1 71.36 0.000 *#* 
mean velocity 2.00 1 5.99 0.016 * 
turbidity 1.29 1 3.88 0.051 ~ 
area of cross-section 0.15 1 0.46 0.500 n.s. 

MAIN EFFECTS 
date 33.15 2 49.82 0.000 *** 
tidal phase 3.70 5 2.22 0.055 ~ 
location 2.50 2 3.75 0.026 * 

INTERACTIONS 
date*tidal phase 23.27 10 6.99 0.000 *** 
tidal phase*location 22.15 10 6.66 0.000 *** 

Multicollinearity 24.87 
RESIDUAL 51.25 154 
TOTAL (corrected) 188.08 187 

Table 8. ANCOVA of In-transformed (larval concentrations + 1), using Type III - Sums of 
Squares. F-ratios are based on the residual mean square error. The interactions of 
sampling date*tidal phase, sample date*location and the 2nd order interaction had to be 
excluded. (Data for location A and 16 and 19 May were excluded.) 

SS Df F-ratio P-value Sign. 
COVARIATES 

salinity 17.60 1 45.40 0.000 *** 
mean velocity 4.50 1 11.62 0.001 ** 
turbidity 2.05 1 5.28 0.024 * 
area of cross-section 0.04 1 0.11 0.743 n.s. 

MAIN EFFECTS 
date 23.91 2 30.83 0.000 ** * 
tidal phase 6.30 5 3.25 0.010 ** 
location 2.30 1 5.92 0.017 * 

INTERACTIONS 
tidal phase*location 9.89 5 5.10 0.000 *** 

Multicollinearity 29.29 
RESIDUAL 35.29 91 
TOTAL (corrected) 131.17 108 

Table 9. Mean and standard deviation (s.d.) of the number of settling flounder per trap at 
locations D (Oostfriesche Plaat) and E (Nieuwe Statenzijl). n.a.= not available. 

Date Mean (D) s.d. Mean (E) s.d. 
14 April 1994 
21 April 1994 
16 May 1994  
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DISCUSSION 
Temperature differences between locations and within the tidal cycle were so 
small that this factor is not expected to play a significant role in the 
accumulation process of flounder larvae. The sampling period covered the 
transition from high winter discharges of freshwater to a low summer regime, 
which was reflected in a rapid increase in salinity during the sampling period. 
Differences in mean salinity among locations were 0.6 to 1.8. These may seem 
small and insignificant but may be ecologically meaningful. Standard deviations 
in salinities were relatively large, especially in the Schanskerdiep, indicating a 
weak vertical stratification during some tidal phases of the ebb. By the end of 
the ebb, salinity was sometimes 4.5 lower at location B than at the other 
stations, which was undoubtedly related to the freshwater discharges at Nieuwe 
Statenzijl (4 to 12% of the ebb transport at B'). Because fish are more buoyant 
in high-salinity than in freshwater, fish near the bottom would tend to rise 
during flood and sink during ebb (Miller 1988). In the Dollard, salinity was 
lowest at the end of the ebb. Therefore, the concentrations in the channel would 
be expected to decrease during those periods. Instead, a steep rise in larval 
concentrations was observed, which was most pronounced in the Schanskerdiep. 
Although the Ems-Dollard is generally considered to be a well-mixed estuary (De 
Jonge 1988), it may locally and temporarily be only partially mixed. The rapid 
decrease in salinity at the end of ebb indicates the passage of a front. Such a 
front of freshwater, in particular in the small channel of the Schanskerdiep, may 
lead to upward advection of water at mid-depth (Bowden 1980). However, it is 
unknown if this advection would be strong enough to mix fish larvae. 

The water storage area of the tidal flats supplied by A' was estimated at 3 
km2 . The calculated mean flood transport through the Groote Gat would yield 
mean water depths of 1.2 m, which agrees with the mean water depth observed 
in the Dollard and indicates that the calculated water budget was not unrealistic. 
The calculated larval transports have an inherent inaccuracy due to the 
sometimes patchy distribution of the larvae. De Wolf (1989) indicates that 
patchiness may lead to an inaccuracy in estimates of mean concentrations of 
±20%. Furthermore, larval concentrations across the cross-section of the 
channel may be heterogeneous (Rijnsdorp et al. 1985). Weinstein et al. (1980) 
found indications that larval catches were highest in the flood branch of the 
channel during flood, and highest in the ebb branch during ebb. Therefore, the 
larval concentrations at the sample location in the Groote Gat (in the ebb branch 
of the gully) may have been underestimated during flood and overestimated 
during ebb, which may account for part of the ebb surpluses in larval transport 
at some of the sampling dates and may also explain some of the gains in larval 
transport between Groote Gat and the two peripheral channels during flood. 
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Because of the smaller dimensions of the channels, sampling the deepest point 
of the Schanskerdiep and the Oostfriesche Gat is believed to be representative 
of the entire cross-section. The missing periods around slack waters make it 
difficult to compare water transport with larval transport. The current velocity 
generally dropped at an earlier stage of the tide in the Oostfriesche Gat than at 
the other locations, which complicated the comparison between them. 
Nevertheless, the data do indicate considerable differences between the 
estimated transports of water and larvae, and between the three channels. The 
differences in concentrations of flounder larvae between the stations B and C 
pointed to the highest accumulation in the channel that is directly connected to 
the sluice in Nieuwe Statenzijl. This study must be considered as a first attempt 
to make such a comparison of larval transport and water circulation in the 
Dollard. 

Passive transport by physical processes in combination with tidal asymmetry 
may lead to accumulation of particles in an estuary (Postma 1961). However, 
the transport of flounder larvae in the nursery is not entirely passive. During 
flood the highest larval concentrations were found in the surface layer (Chapter 
4, Bos et al. 1995), and this phenomenon could not be explained by physical 
processes only. During ebb, the vertical distribution of the larvae was more 
variable, suggesting a relatively stronger influence of physical forces (Chapters 4 
and 5). 

Generally, the highest concentrations were observed during the t ime around 
LW slack when the water has withdrawn from the tidal flats in the channels. This 
pattern was more pronounced in the peripheral channels compared to the main 
channel. This may be related to the larger proportion of channel water to water 
from the tidal flats in the latter (Jacobs 1968). Processes in the channels around 
low water slack seem to be crucial in the transport of flounder larvae. 
Unfortunately, the method of sampling used did not allow this phase to be 
studied in more detail. 

The sharp drop in larval concentrations after the beginning of flood might be 
associated with the moment of inundation of the tidal flats. However, the actual 
timing of this event is difficult to define. During ebb the sharp peak in mean 
velocity, turbidity and larval concentrations in the Oostfriesche Gat coincided 
with the moment that the last water drained from the tidal flats into the tidal 
channel. Apparently this causes turbulent mixing in the channel, which leads to 
high concentrations of both suspended matter and floundering larvae. 

Because the swimming capacity of flounder larvae is l imited, the water 
circulation in the nursery will to a large extent determine the larval transport. 
There was an accumulation of flounder larvae towards the fringes of the Dollard 
compared to the main channel, which coincides with a decrease in mean salinity. 
The preferential larval transport to the Schanskerdiep was partly caused by the 

8 4 Chapter 3 



water circulation which led to a flood surplus on all sampling dates. However, 
the water circulation could not entirely explain the stronger accumulation of 
larvae in this area. The most striking difference between the two peripheral 
channels was the sharp drop in salinities in the Schanskerdiep during ebb and 
the significantly higher larval concentrations at the beginning of f lood, even 
when the outlier of 920 larvae m"3 was omitted. The negative correlation 
between salinity and larval concentrations was strong and consistent. However, 
both salinity and larval concentrations are related to the tidal cycle and the 
correlation is not necessarily a causal one. 

Nevertheless, the data support the view that salinity in general and the 
discharge of freshwater in particular affect larval transport and may be held 
responsible for the relatively strong accumulation of flounder larvae in the 
channel Schanskerdiep. Independent observations of flounder larvae in traps 
also indicated higher numbers of larvae at the end of this channel near Nieuwe 
Statenzijl, and corroborated the observations that were made during the pilot 
study in 1992. 

Another explanation for the accumulation in the vicinity of the sluice of 
Nieuwe Statenzijl might be that the sluice acts as a barrier that prevents the 
larvae from continuing their migration to fresh water. During the discharges of 
freshwater, currents are most likely to be too strong for the larvae. To pass the 
barrier their only option would be to let themselves lock through the sluice with 
ships that move to and from the Westerwoldsche Aa. However, there are usually 
few ship passages in April and May (Table 10), and the volume of water that is 
exchanged in this way is relatively small. Furthermore, fewer ships go to the 
river than to the Dollard. Therefore, the sluice of Nieuwe Statenzijl may form an 
effective barrier for flounder larvae. 

Table 10. Number of in-going (to the river Westerwoldsche Aa) and out-going (to the 
Dollard) passages of ship through the lock of Nieuwe Statenzijl in April and May, 1992-
1995. 

Year Direction 1-15 April 16-30 April 1-15 May 16-•31 May Total 
1992 in 3 0 8 4 15 

out 5 7 12 6 30 
1993 in 3 2 5 10 20 

out 4 5 11 8 28 
1994 in 6 15 23 19 63 

out 7 14 11 18 50 
1995 in 3 4 2 2 11 

out 7 8 8 31 54 
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