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CHAPTER 2 

Transport and retention of flounder larvae 
(Platichthys flesus L ) in the Dollard nursery 
(Ems estuary) 

Zwanette Jager 

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



ABSTRACT 
Variability in tidal transport of larval flounder (Platichthys flesus L.) in the Dollard was 
investigated to estimate the quantity of larvae that are annually retained in the nursery 
based on simultaneous measurements of water transport and larval concentrations. 
Sampling was done at a frequency of three times per hour in the main channel in the 
Dollard, during 35 tidal cycles divided over 1993, 1994 and 1995. In 1993, additional 
sampling was carried out simultaneously during 8 tidal cycles in a subsidiary channel. 
Larval concentrations showed marked tidal variations at all time scales and indicated a 
patchy spatial distribution. The estimated net tidal transport of larvae was not correlated 
to the net tidal transport of water. However, a higher net water transport coincided with 
higher retention, defined as the percentage of net larval transport divided by the flood 
larval transport. Also, relatively longer duration of the flood than the ebb period (tidal 
asymmetry) was positively correlated with both net tidal water transport and larval 
retention. The wind direction significantly affected the net water transport at the cross-
section in the main channel, whereas wind speed was not significant. The flood transport, 
but not the ebb or net transport, was significantly higher at spring tide following full moon 
than at the other lunar phases. 

The net tidal transport of larvae was much more variable in 1994 than in 1993 and 
1995, resulting frequently in ebb surpluses in larval transport. Despite higher mean 
concentrations, the estimated net larval input was lower in 1994 than in 1993. This did 
not correspond with the observed abundance estimates of juvenile flounder in the Dollard 
in these two years, nor with the abundance index obtained from routine surveys. The total 
larval input better reflects the juvenile flounder abundance. Variability in water circulation, 
influenced by varying wind conditions, and its effect on larval transport and retention is an 
important source of variability in larval immigration in the nursery and is held responsible 
for a poor correlation between net larval input and juvenile abundance. 

Keywords: Platichthys flesus, flounder, nursery, transport, retention. 
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INTRODUCTION 
One factor that determines the importance of an area as a nursery is the input 
of fish larvae. The question arises whether a nursery is generally saturated with 
larvae or larval input determines variability in densities in the nursery areas 
(Baretta 1994). Before being able to answer that question, it is essential to 
obtain insight in the processes that determine the functioning of a nursery and 
to answer the question which are the key-factors. 

For plaice (Pleuronectes platessa L ) , intensive studies have demonstrated 
that year-class strength is correlated to larval input and that processes occurring 
in the nursery only result in fine-tuning of the numbers of recruits (Rauck and 
Zijlstra 1978, Van der Veer 1985, Zijlstra and Witte 1985). Van der Veer er al. 
(1991) draw a similar conclusion for flounder (Platichthys flesus L.) in the 
western Wadden Sea, but the year-to-year variability in the pelagic phase 
appeared to be much higher than in plaice. The depth distribution of flounder in 
the North Sea, which is closely associated with shallow water, and the relatively 
low adult abundance suggest that habitat availability for juvenile stages could be 
limiting population size (Gibson 1994, Rogers era/ . 1998). 

The transition of planktonic larvae to benthic juveniles in flatfish is a complex 
process associated with high mortalities. During the process of immigration and 
settlement, larvae may be distributed to less suitable habitats within the nursery 
and may fail to survive the prevailing abiotic conditions with respect to 
temperature, salinity, or UV-radiation (Berghahn et al. 1993). Prédation by 
shrimp (Van der Veer and Bergman 1987) and gulls (Berghahn 1983) adds to 
the settlement mortality. However, mortality during settlement is difficult to 
measure directly and remains largely unknown. 

The present study attempts to estimate the number of larval flounder that 
are transported into, and retained in the Dollard nursery, a shallow embayment 
in the inner part of the Ems estuary (Fig. l a ) . To quantify larval input, reliable 
estimates are required of larval concentrations and of the water flow in the tidal 
channels that supply the area. Therefore, these parameters were measured 
simultaneously in a main channel in 1993, 1994 and 1995 during a total of 35 
tidal cycles. Larval concentrations, transport and retention were calculated. 
Sources of variability in these processes are explored. The resulting number of 
larvae retained is compared with estimates of numbers of settled flounder in the 
Dollard during 1993 and 1994, to assess the order of magnitude of survival 
during settlement. 

The tidal concentration variations are investigated to better understand the 

processes of transport and retention. 
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Fig. 1. Study area, with (a) position of the Ems-Do/lard estuary in the Dutch 
Wadden Sea and (b) the Dollard with the sample locations (A, K), and the tidal 
gauges 'Dollard-Noord' (F) and 'Reide' (R). Salt marsh indicated by shaded areas. 
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MATERIAL AND METHODS 

Study area and sample locations 

The history of the Dollard goes probably back to the year 1287, when a 
sequence of storm surges caused a large transgression of the sea through the 
natural levee of the River Ems (Stratingh and Venema 1855, Dollardzijlvest 
1992). Because the hinterland consisted of low-lying peat-bog, the water could 
spread over a large area. The borders of the Dollard (Fig. 2) followed the line 
Termunten (1) - Noordbroek (2) - Scheemda (3) - Winschoten (4) - Bellingwolde 
(5) - Bunde (6) - Weenermoor (7) - Pogum (8) at the time of its maximum 
circumference in 1509. From that time onwards, successive land reclamations 
were undertaken by the population, until a final one in 1924 defined its present 
extent. The sluice at Nieuwe Statenzijl (9) was build in 1877 to regulate the 
discharges of the tributary river Westerwoldsche Aa, and was reconstructed in 
1990. 

At present, the Dollard is a brackish intertidal area of about 92 km2 , of which 
85% emerges at low tide, in the Ems estuary (eastern Dutch Wadden Sea) that 
forms the transition between the river Ems and the North Sea (Fig. la) . Mean 
depth is 1.2 m, and the mean tidal volume about 120 106 m3 (De Jonge 1988). 
The basin is bounded on the north by the Geiseleitdam (constructed 1875-
1968), 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. Msl is 7 cm above Dutch 
Ordnance Level (D.O.L.). 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 during high tides. The muddy 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 to 3.5 m, and a mean 
excursion in the Dollard of 12 km (BOEDE 1983). During the second half of the 
ebb, freshwater from the river Westerwoldsche Aa is regularly discharged at 
Nieuwe Statenzijl. More details are given in Jager (1998). 

Two channels, Groote Gat and Kerkeriet, guide the flood water into the 
Dollard. The large scale residual water circulation is characterised by two cells: 
Groote Gat normally shows a flood surplus, counteracted by the discharge of the 
river Westerwoldsche Aa, which is balanced by an ebb surplus in Kerkeriet 
(clockwise cell) and in the lower reach of the River Ems (anti-clockwise cell). 
Wind-driven water circulation may occasionally lead to a reversed direction of 
the residual water transport (De Jonge 1991). 
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Fig. 2. The Dollard at its maximum (shaded area) and present form (thick line) and the 
successive land reclamations (thin lines and year of formation). After Fig. 35, p. 130 in De 
Smet and Wiggers (1960). 

Because of the morphologically complex structure of the tidal channels, it 
was technically not possible to obtain representative estimates of the water flow 
entering and leaving the basin by measuring in the mouth of the Dollard with 
only one vessel available. Therefore, the measurements took place at a more 
inward position in the estuary. Originally (in 1993), one cross-section was 
selected in the main channel Groote Gat and one in the subsidiary channel 
Kerkeriet (Fig. l b ) . The actual sample locations A and K represent the deepest 
points on the two cross-sections and had mean depths at HW of 6 m and 5 m, 
respectively (Fig. 3). The sample locations are indicated by capitals (A, K), 
whereas references to the entire cross-section will be indicated by apostrophes 
(A', K'). The combination of these two was assumed to provide representative 
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measurements of the water transport. In 1994 and 1995, only location A was 
sampled, because the results obtained in 1993 indicated that the Groote Gat 
was the most important channel for larval transport. 

m to msl 

200 400 600 800 1000 1200 1400 
m 

m to msl 

800 m 

Fig. 3. Cross-sections of the sample locations (A', K'), with mean low water (MLW) and 
mean sea level (MSL) indicated. 

Plankton sampling 

Probing during flood tide in the Groote Gat showed the first presence of flounder 
larvae in the Dollard on 13 April 1993, 29 March 1994 and 16 March 1995. 
These probes were followed by formal sampling programmes that continued 
until 18 May 1993, 25 May 1994 and 10 May 1995, respectively. The 
immigration of flounder larvae was followed with a sampling frequency of 1 to 2 
tidal cycles per week. Over the three years, a total of 35 tidal cycles has been 
sampled at location A. At K, 8 tidal cycles were sampled simultaneously with 
Groote Gat in 1993. 
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Plankton samples were taken from an anchored ship every 20 minutes, 
simultaneous with measurements of current velocity and direction by means of 
calibrated Ott-meters, during a complete tidal cycle starting after LW slack. The 
500 urn meshed standard (conical) plankton net (Sournia 1978) had a 0.5 m2 

opening and a length of 4.5 m. A 1 litre jar at the end could be removed to 
collect the fi l trate. A calibrated flow-meter (General Oceanics 2030R) was placed 
in the net opening to measure 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. The position of the weight prevented that the net 
would sample too close to the bottom and become clogged by sediment and 
organic debris. A line from the headrope to the bow of the ship secured the 
vertical position of the cable at high current velocities. 

The net was lowered and lifted several times at a constant slow speed 
between surface and bottom during 1 to 3 minutes, depending on water depth 
and current velocities. This method ignores possible heterogeneous vertical 
larval distributions. Sample volumes ranged between 6 and 116 m3 (mean 38 
m3, s.d. 14). When water turbidity was very high, the outside of the net was 
flushed when the net surfaced during the sampling procedure, to reduce 
clogging of the net. At depth-averaged current velocities below 30 cm s"1 fishing 
was impossible because the net dropped to a vertical position. Therefore no 
samples could be taken during 1 to 2 hr around slack waters. The samples were 
fixed in a 3.8% neutralised phosphate-buffered formaldehyde solution for 
subsequent laboratory analysis. The stage-frequency distribution was 
determined for a limited number of samples. The development stages that 
Ryland (1966) described for plaice were slightly adapted to fit flounder (Bies 
1997, Jager and Kleef 1997). All larvae caught were in the process of 
metamorphosis, development stages IVb and IVb' (Ryland 1966) being the most 
abundant ones. 

Water flow and water transport 

Measurements of current velocity and direction started at the bottom, and were 
taken consecutively at a minimum of 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 levels intermediate points were added to a 
maximum of 8 depths in the vertical. Each of these measurements lasted 30 s at 
high current velocities to a maximum of 60 s at low current velocities. For a 
more extensive description of the standard hydrographical methods used by 
Rijkswaterstaat see also De Jonge (1991) and Jager (1998). 

The current velocity measurements were processed with the VIMET computer 
programme (Rijkswaterstaat 1980) to estimate the water flow. The measured 
vertical velocity profiles at the sample locations were orthogonized and 
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integrated over the depth range. Extrapolation from one measuring point to the 
entire cross-section of the channel was done by regression of current velocity at 
the sample location on current velocity in the cross-section for flood and ebb 
separately. The regression formulas were established in December 1992 by 
measuring water velocity through the cross-sections of the channels with 4 
vessels simultaneously (Table 1). The depth-averaged velocity of the cross-
section (m s"1) was multiplied by the area of the wet profile (m2) of the channel 
at each sampling time to obtain the instantaneous water flow (m3 s"1). 
Information on water level was obtained from two tidal gauges (Fig. l b ) . The 
instantaneous water flow was integrated over time according to the trapezoidal 
rule to produce the water transport (m3) per tidal phase (flood, ebb). These 
transports do not necessarily balance each other. Wind speed (m s"1) and 
direction (0° = N) were measured on board every 30 min, using a Van Doorn 
anemometer and compass. 

Table 1. Regression parameters to calculate the water flow during flood and ebb by 
sample location, based on extensive measurements in December 1992 (see text). 
Regression equation Y = a*X + b, where Y = depth-averaged current velocity (cm s'1) of 
the cross-section; X = depth-averaged current velocity (cm s'1) at the sampling position, 
a = slope, b = intercept, R2 = correlation coefficient, n = 18. 

Location 
Flood 

a b R2 
Ebb 

a b R2 

A 
K 

0.840 
0.942 

0.00526 
-0.09373 

0.973 
0.976 

0.741 
0.691 

0.00064 
0.04686 

0.988 
0.973 

Larval concentration, flux and transport 

Flounder larvae were sorted from the samples and counted without 
subsampling. The larval concentration (n m'3) in each sample was calculated by 
dividing the number of individuals by the sampled volume. The instantaneous 
larval flux (n s"1) was calculated by multiplying the depth-averaged concentra
tion by the instantaneous water flow through the cross-section, implicitly 
assuming a homogeneous distribution across the channel. Measurements, 
obtained at a depth-averaged current velocity of less than 30 cm s"1, were 
excluded because the net dropped to a vertical position and sampling was 
inaccurate. Integration over t ime, without interpolation over slack tides, resulted 
in a landward (flood-) and seaward (ebb-) transport of flounder per tidal cycle. 
The flood and ebb transport were each separated in two parts, divided by the 
time that the water level reached D.O.L. Below D.O.L. the tidal flats are 
emerged and almost all water is transported through the channel, whereas 
above D.O.L. a considerable volume of water and thus larval transport may take 
place over the tidal flats. The (net) tidal transport was integrated over the tides 
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that comprised the immigration period to assess the total (net) larval input in 
the nursery by year. 

Data t reatment and statistical analyses 

The mean wind speed per sampling date was expressed on the scale of Beaufort 
for statistical purposes. The main wind direction was categorised in quadrants (N 
to W, W to S, S to E and E to N). The lunar phase (Dienst Getijdewateren 1993, 
Rijksinstituut voor Kust en Zee 1994) was divided in quarters ( l = n e w moon, 
2=first quarter, 3=full moon, 4=last quarter), with the dates of spring and neap 
tide as medians. Spring tides are about 2 days after full moon or new moon. 
Tidal asymmetry was defined as the difference in duration of the flood and ebb 
period (in minutes). Larval retention was expressed as (net larval transport/ 
flood t ransport)*100%. An ANOVA of water and larval transport by the factors 
wind speed, wind direction and lunar phase was done. 

Post-larval density estimates 

Settled juvenile flounder were sampled in 1993 and 1994 by means of a 2-m 
modified NIOZ beam trawl, mesh size 5 mm (Kuipers 1975, Kuipers et al. 1992, 
Jager and Kleef 1997). A stratified random sampling strategy was applied to 
allow reliable abundance estimates of juvenile flatfish in the Dollard. An index of 
abundance of juvenile flounder in the Ems estuary was obtained from RIVO-DLO 
data of the Demersal Young Fish Survey (DYFS; for survey methods see 
Boddeke era/ . 1971). 

Table 2. Flood, ebb and net (flood - ebb) water flow (106 m3), flood, ebb and net larval 
transport (106), and larval retention (% of the flood transport) through A' (Groote Gat). 

Date Flood Ebb Net Flood Ebb Net % 
Water Water Water Larval Larval Larval Larval 

flow flow flow transport transport transport retention 
1993 
13/04 23.8 19.8 4.0 8.3 1.5 6.8 82.2 
15/04 16.9 14.7 2.2 12.2 5.7 6.5 53.5 
19/04 23.4 21.8 1.6 19.3 11.6 7.7 40.1 
22/04 27.3 22.6 4.7 68.8 30.7 38.1 55.4 
26/04 26.6 20.0 6.6 73.1 25.6 47.5 65.0 
29/04 23.6 21.4 2.2 56.5 30.2 26.3 46.5 
03/05 26.7 27.5 -0.8 44.8 14.6 30.2 67.4 
06/05 26.0 22.4 3.6 53.4 12.9 40.5 75.7 
11/05 27.0 21.5 5.5 30.3 18.6 11.7 38.5 
13/05 26.7 28.8 -2.1 10.7 19.6 -8.9 -83.2 
18/05 22.1 15.3 6.8 1.1 0.5 0.6 54.9 
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Table 2. (continued) 

Date Flood Ebb Net Flood Ebb Net % 
Water Water Water Larval Larval Larval Larval 

flow flow flow transport transport transport retention 
1994 
31/03 38.2 21.7 16.5 3.8 0.5 3.3 87.3 
05/04 27.1 22.7 4.4 9.7 1.4 8.3 85.9 
07/04 21.9 18.0 3.9 11.7 4.9 6.8 57.8 
U / 0 4 21.4 24.8 -3.4 102.8 99.2 3.6 3.5 
12/04 24.2 25.3 -1.1 113.4 75.7 37.7 33.2 
14/04 30.3 30.5 -0.2 101.3 157.6 -56.4 -55.7 
18/04 21.1 21.2 -0.1 154.8 106.5 48.3 31.2 
19/04 20.1 15.5 4.6 108.4 138.4 -30.0 -27.7 
21/04 20.1 16.4 3.7 67.8 121.4 -53.7 -79.2 
28/04 28.9 25.0 3.9 39.8 84.0 -44.2 -111.0 
03/05 21.1 14.0 7.1 229.8 90.6 139.2 60.6 
10/05 25.9 56.1 
U / 0 5 22.9 21.7 1.2 19.8 21.0 -1.2 -6.2 
16/05 24.5 24.5 0.0 2.8 2.0 0.8 28.4 
19/05 19.9 21.8 -1.9 2.9 1.0 1.9 64.8 
25/05 28.3 25.2 3.1 0.3 0.4 -0.1 -29.8 
1995 
30/03 1.1 
06/04 25.0 23.6 1.4 1.8 0.4 1.3 76.5 
12/04 22.2 26.8 -4.6 4.7 16.4 -11.7 -250.0 
18/04 26.4 28.7 -2.3 22.4 28.9 -6.5 -29.1 
20/04 28.2 22.4 5.8 14.2 21.3 -7.2 -50.7 
25/04 17.2 16.4 0.8 69.7 15.5 54.1 77.7 
27/04 22.0 22.0 0.0 38.0 16.4 21.5 56.7 
03/05 22.8 18.9 3.9 10.0 11.6 -1.6 -15.7 
10/05 18.6 15.5 3.1 20.8 3.9 16.9 81.3 

Table 3. Flood, ebb and net (flood - ebb) water flow (106 m3), flood, ebb and net larval 
transport (10e), and larval retention (as % of the flood transport) through K' (Kerkeriet), 

Date Flood Ebb Net Flood Ebb Net % 
Water Water Water Larval Larval Larval Larval 

flow flow flow transport transport transport retention 

1993 
13/04 
15/04 5.0 6.7 -1.7 1.8 1.1 0.7 40.9 
19/04 8.3 9.6 -1.3 3.4 1.4 2.0 58.6 
22/04 8.9 11.7 -2.8 8.6 2.3 6.2 72.8 
26/04 8.2 9.2 -1.0 3.9 3.4 0.4 10.7 
29/04 6.6 10.0 -3.4 9.4 9.1 0.3 3.1 

03/05 
06/05 7.4 9.7 -2.3 6.4 1.9 4.5 69.9 

11/05 6.6 10.0 -3.4 2.6 6.2 -3.6 -137.3 

13/05 
18/05 6.4 7.9 -1.5 0.3 0.04 0.2 85.9 
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RESULTS 

Water f low 

On average 24.2 106 
rrr (s.d. 4.1 106, n=35) of water entered the Dollard 

during flood through A' (Table 2), and 7.2 106 m3 (s.d. 1.2 106, n=8) through K' 
(Table 3). On most sampling dates, more water entered during flood than left 
during ebb through the Groote Gat, resulting in a flood surplus; Kerkeriet 
showed an ebb surplus on all sampling dates. The net water flow of A' is not 
entirely balanced by K' (Fig. 4). Generally, most of the flood surplus of A' 
returned by K', indicating a clock-wise water circulation. On 26 April and 18 May, 
a relatively large part of the flood surplus of A' returned by another route; this 
coincided with a south-easterly or south-westerly wind direction of moderate 
strength. 

A As 
••• 

14.7 16.9 
\ 

6.7 5.0 1.7 

S 1.9 

22.6 27.3 

11.7 8.9 2.8 

K 

A 

22/04/1993 

/1.2 

.•' 
21.4 23.6 ^ 

'-. 
10.0 6.6 * 3.4 

K 29/04/1993 

A 'Z1 

21.5 27.0 

10.0 6.6 3.4 

K 11/05/1993 

K 

A 

06/05/1993 

• 
5.3 

K 18/05/1993 

A ..•• U. J 

21.8 23.4 21.8 

9.6 8.3 9.6 

K 

A 

19/04/1993 

/ 5.5 

20.0 26.6 

fc * 1.0 9.2 8.2 * 1.0 

K 

A 

26/04/1993 

y 1.3 

22.4 26.0 22.4 

A 2.3 9.7 7.4 A 2.3 

•• 
15.3 22.1 

* 1.5 7.9 j 6.4 * 1.5 

Fig. 4. Water balance of Groote Gat (A) and Kerkeriet (K) on the 8 sampling dates in 
1993. The water volume (in 106 m3) and direction (to the right = flood, to the left = ebb) 
are indicated by figures and arrows. Dotted arrows and italic figures indicate the 
estimated volumes to balance the Dollard water circulation. The freshwater discharge at 
Nieuwe Statenzijl was negligible (0.3 ,10e m3 on 15, 19 and 22 April and 0 on the other 5 
sampling dates) 
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As expected, the flood and ebb transport of water within a tidal cycle at A' 
are closely related (Fig. 5). However, wind direction significantly influenced the 
intercept of the regression between flood and ebb transport (Table 4), and 
resulted in the following regression equation: 

E = 9.1 + 0.6 * F + a* wind, 

(parallel slopes were forced; P<0.01, R-squaredadj. = 0.553, n = 40) where E is 
the volume of ebb water (m3) , F the volume of flood water (m3) , a the intercept 
at different wind directions and wind (direction) is an indicator variable that 
takes the value 1 if true and 0 if false. 

Table 4. Values of the regression parameter a at different wind directions. 

wind a wind a wind a wind a 

N to W 0 W to S -3.5 S to E -6.1 E to N -2.1 

ebb transport 
S 3 

(10 m ) 

40 

30 

20 

10 -
a 

--. --ü 

10 20 30 
6 3 

flood transport (10 m ) 

40 

Fig. S. Comparison of regression lines between flood and ebb water transport (10e m3) at 
different wind directions (A drawn line = N to W, O striped line = W to S, 0 dotted line = S 
to E, striped & dotted line = E to N). 

At northerly to westerly winds, the ebb transport is higher compared to the 
flood transport than at southerly to easterly winds. In 1993, the most frequently 
observed wind direction was northerly to easterly, whereas northerly to westerly 
winds prevailed in 1994, and westerly to southerly winds in 1995 (Table 5). 
Wind speed was not a significant factor within the observed range. 

The net water flow at A' was also affected by the wind direction (Table 6a). 
Southerly winds result in a relatively large net flood surplus, whereas northerly 
winds may lead to smaller and even negative values (Fig. 6a). 

Tidal asymmetry is positively correlated with the net water flow (Table 7). 
Relatively longer flood than ebb duration occurred mainly at easterly to south
westerly wind directions (Table 5). Tidal asymmetry was significantly higher in 
1993 than in 1994 (Table 8), indicating relatively longer flood periods in the first 
year. 
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Table 5. Lunar phase, tidal asymmetry (flood - ebb duration in min), maximum and 
minimum water levels (in cm relative to Dutch Ordnance Level, which is 7 cm below 
m.s.l.), main wind direction (-> means: turning to), wind speed (m s'1), standard 
deviation (s.d.) and number of observations (n) at the sample location (A) in the Dollard. 

D a t e Max. Min. Main Mean 
Lunar Tidal Water Water Wind Wind 
phase asymm level level direction speed s.d. 

1993 
13/04 4 80 122 -200 E 6.5 0.6 29 
15/04 4 0 80 -180 NE 5.8 0.6 27 
19/04 1 280 130 -180 NNW 5.9 0.8 27 
22/04 1 180 150 -204 SE 3.4 2.2 29 
26/04 1 180 135 -200 E->SW 4.5 1.8 28 
29/04 2 220 130 -210 ENE 7.5 1.1 27 
03/05 2 -40 150 -175 NNW 9.4 1.4 27 
06/05 3 0 130 -240 NE 6.4 2.9 28 
11/05 3 0 130 -230 NE 8.9 1.3 29 
13/05 4 -60 155 -180 N 8.2 2.1 25 
18/05 4 120 100 -230 SE 5.5 2.8 29 
1994 
31/03 3 120 158 -240 SW 11.1 2.6 29 
05/04 4 40 143 -171 SW 9.0 2.9 29 
07/04 4 80 104 -205 S 2.5 0.9 28 
11/04 1 -100 119 -245 NE 12.0 1.5 26 
12/04 1 -60 136 -242 NE 10.5 1.8 27 
14/04 1 -120 193 -160 NW 6.8 2.2 27 
18/04 2 0 120 -213 NNW 4.6 1.4 26 
19/04 2 60 97 -213 WNW 3.5 1.0 25 
21/04 2 40 105 -202 SW 4.9 1.1 28 
28/04 3 -40 157 -230 SW 5.9 1.8 27 
03/05 4 80 93 -240 SE 12.1 3.4 28 
10/05 1 0 136 -208 N 2.7 1.5 26 
11/05 1 0 140 -216 N 5.7 0.7 27 
16/05 2 0 158 -199 N 3.3 1.5 26 
19/05 2 0 144 -186 NE 5.5 2.1 27 
25/05 3 0 172 -202 N-»W 4.7 1.3 27 
1995 

3 

30/03 1 123 -203 NW 3.2 1.0 13 
06/04 2 -20 165 -183 W 5.4 1.5 28 
12/04 2 20 152 -186 NW 7.9 2.9 28 
18/04 3 20 198 -188 W 10.1 2.6 26 
20/04 3 40 165 -223 SW 6.8 3.6 29 
25/04 4 60 94 -205 E 9.5 0.8 28 
27/04 4 20 144 -207 NW 7.5 1.1 29 
03/05 1 20 137 -218 SE 2.2 1.1 27 
10/05 2 100 108 -177 W 2.8 1.0 27 

The lunar cycle affected the flood transport, but neither ebb nor net transport 
(Table 9). Flood transport was significantly higher at springtides following full 
moon (Fig. 7). 
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Table 6. Multifactor ANOVA of net water transport (a) and (b) net larval transport. 

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

wind direction 151.73 3 4.87 0.007 ** 
wind speed (Bf) 76.86 5 1.48 0.225 n.s. 

RESIDUAL 322.28 31 
TOTAL (corrected) 634.60 39 
(b ) 

MAIN EFFECTS 
wind direction 9.97 1015 3 3.67 0.025 * 
wind speed (Bf) 6.22 1015 4 1.72 0.176 n.s. 

RESIDUAL 2.35 1016 26 
TOTAL (corrected) 4.00 1016 33 

The Interaction of wind direction and wind speed is a linear combination of other factors, 
and is excluded. 

Table 7. Spearman rank correlations between water transport, larval transport and 
retention, wind direction and tidal asymmetry. 

n=34 net water transport net larval transport larval retention 

wind direction n.s. P=0.02, r=0.42 P=0.02, r=0.40 
tidal asymmetry P<0.001, r=0.61 n.s. P=0.02, r=0.39 
net water transport n.s. n.s. 
net larval transport P<0.001, r=0.69 

Table 8. One-way ANOVA of tidal asymmetry (difference of flood and ebb duration) by 
year. 

SS Df F-Ratio P-value Sign. 

Between groups 
Within groups 
TOTAL (corrected) 

43074 
205543 
248617 

2 3.35 0.048 * 
32 
34 

Table 9. ANOVA of (a) flood-, (b) ebb- and (c) net water transport by lunar phase. 

Sum of 
Squares 

Df F-ratio P-value Sign, level 

(a ) 
Between groups 247.58 
Within groups 332.46 

TOTAL (corrected) 580.04 
(b ) 

Between groups 112.80 
Within groups 494.47 

TOTAL (corrected) 607.27 

(c) 
Between groups 
Within groups 

TOTAL (corrected) 

3 
31 
34 

7.70 0.0006 

3 
30 
33 

2.28 0.100 n.s. 

87.64 
415.00 
502.65 

3 
30 
33 

2.11 0.119 n.s. 
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Fig. 6. Net water (a) and larval (b) transport by wind direction. Bars indicate 95% 
confidence intervals (CI). 

new moon- first quarter- full moon- last quarter-
spring neap spring neap 

Fig. 7. Mean flood water transport (106 m3 ) by lunar phase. Bars indicate 95% CI. 

Larval concentrations 

The mean larval concentration per tidal cycle varied among sampling dates (Fig. 
8). Mean concentrations increased to a maximum within 14 days after the first 
sampling date, except in 1995 when it took about 3 weeks, and then gradually 
decreased. The mean concentrations on 11 April and 3 May 1994 seem 
exceptionally high and do not fit in the described pattern. 

Larval concentrations fluctuated widely from one sample to the next (20 min 
later) indicating a patchy distribution in the channel water (Fig. 13 in Appendix). 
At location A, peak-concentrations were often observed at the beginning of the 
flood, during the first 1 to 2 h after LW slack when the tidal flats are not flooded 
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yet. When the flats became inundated (around D.O.L. -0.5 m at A', and D.O.L -1 
m at K'), larval concentrations rapidly decreased. An increase in concentrations 
was observed during mid-flood, when current velocities are around their flood 
maximum. During ebb, a peak in larval concentrations sometimes coincided with 
the time of maximum velocity, e.g. on 19 April 1994, but otherwise concentra
tions were quite variable. At several dates a remarkable increase in larval 
concentrations was observed at the end of the ebb period. 

Given the large tidal fluctuations in concentrations, the arithmetic mean 
seems not very useful to compare dates or years. Nevertheless, mean 
concentrations indicated higher larval abundance in 1994 than in 1993 or 1995. 

15/04 19/04 22/04 26/04 29/04 06/05 11/05 16/05 

Groote Gat 1993 

13/04 19/04 26/04 03/05 11/05 18/05 
15/04 22/04 29/04 06/05 13/05 

Groote Gat 1994 

31/03 07/04 12/04 18/04 21/04 03/05 11/05 19/05 
05/04 11/04 14/04 19/04 28/04 10/05 16/05 25/05 

3 Groote Gat 1995 

u 
4 

3 

2 

1 

o L 
30/03 12/04 20/04 27/04 10/05 

06/04 18/04 25/04 03/05 

Fig. 8. Mean larval concentrations (n m'3) by sampling date at Kerkeriet (1993) and 
Groote Gat (1993-1995). Bars indicate 95% standard errors. 
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Fig. 9. Estimated flood transport (a = open bars, b = back-hatched bars) and ebb 
transport (c = grey bars, d = black bars) and net larval input (drawn line) per tidal cycle 
at A' and K' in 1993. The area under the drawn line represents the integrated net larval 
input during the entire immigration period. 

Larval transport and retention 

Flood transports were generally higher than ebb transports at both A' and K', 
resulting in net landward larval transports in 1993. However, in 1994 and 1995 
a larger ebb than flood transport was observed on 40 to 50% of the sampling 
occasions (Table 2 and Table 3, Fig. 9). 

The net tidal transport of flounder larvae at K' varied from 4 106 in seaward 
(negative) direction to 6 106 in landward (positive) direction (Table 3). The net 
transport at A' ranged from about -10 106 to +50 106 flounder larvae per tidal 
cycle in 1993 and 1995 (Table 2). In 1994, the largest net seaward transport 
(56 106) occurred on 14 April, whereas the largest net landward transport was 
realised on 3 May (139 106). 
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Fig. 9. (continued) Estimated flood transport and net larval input per tidal cycle at A' in 
1994 and 1995. 

The net larval transport at A' was not correlated to the net water transport 

(Table 7). Part of the variability in the net tidal transport at A' was accounted for 

by wind direction (Table 6b), with significantly higher but also more variable 

landward larval transport at southerly to easterly winds (Fig. 6b). 

Lunar phase did not affect larval transport. 
The mean larval retention at A' was 4 5 . 1 % , 9.5% and -6 .7% in 1993, 1994 

and 1995, respectively (Table 2), whereas it was 25.6% at K' in 1993 (Table 3). 
The larval retention was correlated to the wind direction (Table 7): the lowest 
retention corresponded with northerly to westerly wind directions and the 
highest with easterly to northerly winds. Larval retention was not correlated to 
the net water transport. However, there was a positive correlation between 
larval retention and tidal asymmetry (Table 7). 
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Larval input and post-larval abundance estimates 

The integrated flood transport ('total input') of larvae at A' in 1994 was 5 times 
higher than in 1995 and 2.6 times higher than in 1993 (Table 10). The net larval 
input at A', which is the difference of the flood and ebb transport integrated over 
the entire immigration period, ranged from nearly 400 106 (1995) to nearly 
1400 106 (1993). The net larval input at K' was about 5% of that at A' in 1993 
(Table 10). The overall retention (Table 10) was 25% at K' and varied at A' from 
10% (1994) to 55% (1993). 

The peak-numbers of settled flounder in the Dollard were estimated at 2.4 
106 in 1993 and 3.1 106 in 1994 (Table 10). The abundance index of juvenile 
flounder from the DYFS indicated that 1994 was by far the strongest of the three 
years, whereas 1993 and 1995 were comparatively weak (Table 10). 

The ratio of the peak abundance of settled flounder to the (net) larval input 
was 0.0009 (0.0017) in 1993 and 0.0005 (0.0046) in 1994. This roughly 
indicates the survival rate of the flounder larvae in the settlement process. 

Table 10. Overall retention (net larval input/total larval input), integrated (net) larval 
input (10e) excluding slack periods, peak abundance of settled flounder (10s) in June in 
the Dollard, and abundance index of 0-group flounder in September/October in the Ems-
Dollard from the Demersal Young Fish Survey (data RIVO-DLO). n.a.= no data available. 

Year Location Retention Net larval Total larval Settled DYFS 
input input flounder 0-group 

flounder 
1993 K' 0.250 78 310 
1993 A' 0.547 1387 2534 2.4 1.25 
1994 A' 0.100 677 6718 3.1 16.52 
1995 A' 0.287 388 1352 n.a. 0.95 

DISCUSSION 
The timing of first arrival of the larvae in the Dollard nursery varied between the 
years investigated from mid-March to mid-April and, analogous to plaice, 
probably depends on the timing of adult spawning in the North Sea as well as on 
the speed of coastal transport of eggs and larvae (Hovenkamp 1991, Van der 
Veer et al. 1998). The immigration had more or less ended by the second half of 
May in 1993 and 1994. In 1995, the survey was stopped relatively early, when 
substantial larval concentrations were still present. The year 1995 was 
characterised by the earliest immigration and also the smallest numbers, 
whereas the year with the latest larval immigration (1993) was the one with the 
highest net larval input and overall retention. 

The larval supply from the North Sea and its variation are unknown. The 
1993-data give a hint of a secondary larval peak in the beginning of May which 
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coincided with a changed frequency-distribution of metamorphic stages (Fig. 
10). I t is possible that the larvae that arrive in the Dollard originate from 
different spawning grounds, e.g. the Southern Bight and the German Bight. At 
least for plaice (Pleuronectes platessa L.) a different spawning origin of juveniles 
in the Dollard has been suggested (Karakiri era/ . 1991). 

Flood Ebb 

19/04 22/04 06/05 11/05 
date (1993) 

l4a04bB4b,D5 

100 

19/04 22/04 06/05 11/05 
date (1993) 

I4a04bll4b'a5 

Fig. 10. Relative frequency distribution of flounder metamorphic stages during flood and 
ebb on four sampling dates in 1993 in the Groote Gat (Fernandez 1993). 

Because the net larval transport was only poorly correlated with the net 
water transport, other factors must determine the rate of retention. One of 
these is the timing of tidal variations in larval concentrations relative to the time 
of maximum water flow. Fig. 11 was constructed to eliminate day-to-day 
variation. The initial peak after LW slack may be caused by larvae that start to 
move from the bottom as soon as the flood currents start running. Larval 
concentrations immediately decrease, which indicates the existence of a 
concentration gradient in the channel, with increasing concentrations from the 
mouth of the Dollard towards the sluice of Nieuwe Statenzijl. By sampling at one 
fixed position only, the passing water bodies may have different origins at 
different stages of the tide. This is a.o. reflected in the pattern of salinity during 
the tidal cycle (Fig. 11), which has its maximum around HW and is at a 
minimum around LW when discharged freshwater at Nieuwe Statenzijl reduces 
salinity. The spatial gradient in the channel may contribute to the observed 
irregular concentration patterns during the tidal cycle. Over several tides, the 
transport process leads to accumulation of larvae at the rims of the nursery, as 
was shown by Jager (1998). 
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Fig. 11. Normal deviates Z (Zar 1984; Z=(xrfi)/o) of (a) larval flounder concentrations, 
(b) salinity, (c) depth-averaged velocity, and (d) mean water level (m to D.O.L.) during 
the tidal cycle. * = Kerkeriet 1993, Groote Gat o = 1993, O = 1994, A = 1995. 
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When the tidal flats inundate, a further decrease in larval concentrations 
indicates that large numbers of larvae disappear from the channel. 
Subsequently, new larvae appear to be transported from the outer part of the 
estuary into the Dollard, resulting in a secondary peak. These concentrations are 
lower than the initial peak, suggesting that the incoming seawater contains 
relatively less larvae than had accumulated on the channel bottom. During ebb, 
part of these larvae return through the channel whereas part of them are 
retained on the flats in the nursery. Later during the ebb, when the tidal flats 
emerge, all larvae that did not settle flow back through the small gullies to 
finally collect in the main channel, where concentrations may form a late-ebb 

peak. 
The tidal stage-composition of the sampled larvae confirms the picture 

described above (Jager subm.): during the beginning of the flood, 40% of the 
more developed metamorphic stages 4b' and 5 are present. This percentage 
gradually decreases toward HW, when stage 5 may even be completely absent. 
The early metamorphic stage 4a is most frequent around HW. During ebb, 
frequencies return to the initial LW-situation. 

The vertical distribution of the larvae, although ignored in the present study, 
may enhance spreading over the flats if larvae are concentrated in the upper 
water layers (Jager and Mulder subm.). During flood, the centre of mass of 
larval distribution indeed lies in the upper half of the water column (Jager 
subm.). In 1995, the relative depth of the centre of mass dropped below 0.5 
during ebb, but not in 1994, when high near-surface larval concentrations 
resulted in relatively high ebb transport. 

Complex interactions of wind, spring-neap cycle, tide, water circulation and 
fresh water discharges most likely affect the process of larval transport. De 
Jonge (1991) indicates that the water circulation in the shallow Dollard is very 
sensitive to the wind direction. This is reflected in the water transport data 
obtained in the Groote Gat. Southerly to easterly, as well as westerly to 
southerly winds generally produced a larger flood surplus than the other wind 
directions. Under southerly to easterly wind conditions, a clockwise water 
circulation is enhanced: during the ebb probably more water is blown over the 
tidal flats and drained through the Kerkeriet channel, leading to flood surpluses 
in the Groote Gat. This wind direction coincided with relatively high, and more 
variable, landward net larval transport. On 26 April and 18 May 1993, the water 
circulation seemed reversed. A relatively large proportion of the Groote Gat 
flood water returned probably in north-easterly direction, and may have 
discharged over the Geiseleitdamm to the river Ems. During a north-westerly 
wind, flood water may indirectly enter the Dollard over the Geiseleitdamm from 
the river Ems and return through Groote Gat, which may lead to an ebb surplus 
in this channel (De Jonge 1991). 
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However, not all sampling dates with north-westerly winds showed an ebb 
surplus. Detailed information on (variability in) local water circulation is required 
to better understand the larval immigration and transport process. Favourable 
wind conditions during the immigration period may be critical for successful 
transport to and settlement of metamorphosing flounder larvae. 

The present analysis was based on the assumption of homogeneous larval 
distribution across the channel. However, Rijnsdorp et al. (1985) found 
heterogeneous larval concentrations across the cross-section of a tidal channel 
in the south-west Netherlands. Also, Weinstein et al. (1980) found indications 
that larval concentrations were the highest in the flood branch of the channel 
during flood, and the highest in the ebb-branch during ebb. If so, this may lead 
to overestimation of the ebb transport and may explain some but not all of the 
negative larval transports observed, because the sample site in the Groote Gat 
is known to be in the ebb-dominated part of the channel. Moreover, the residual 
water circulation within a cross-section of a channel may vary at different wind 
conditions (De Jonge 1991), and so may the larval distribution across the Groote 
Gat. No data are available to further substantiate this possibility. 

The integration of net larval transport over the immigration period will give 
unreliable results if the net transport per tidal cycle is very variable. In 1993 and 
1995, the seasonal pattern was fairly smooth, whereas in 1994 there were some 
irregularities. Although mean larval concentrations were much higher in 1994 
than in 1993, the difference in overall net larval input between these years is 
relatively small due to the frequent occasions of negative net tidal transport in 
1994. One cause of the negative net larval transport is the timing of relatively 
high concentrations just at the maximum of ebb on most of these dates. Larval 
retention was positively correlated with tidal asymmetry, and so was the net 
water transport, but the causal relation between them is unknown. Because the 
tidal asymmetry was significantly higher in 1993 than in 1994, this factor may 
partly explain the higher larval retention in the former year. 

The 1993-comparison showed that the overall net larval input via Kerkeriet 
was only 5% of that via Groote Gat and therefore is of minor importance. The 
estimates of larval input by measuring in the centre of the Dollard will 
underestimate the real input, because considerable numbers of larvae may have 
been transported to tidal flats north of the sampling location. The tidal volume 
measured at the sampled cross-section in the Groote Gat is (only) 20% of the 
water volume that is encountered in the mouth of the Dollard (De Jonge 1991). 

The ratio of settled flounder to total larval input was lower in 1994 than 
1993. According to the DYFS-abundance index in October, 1994 was a relatively 
strong year-class, which was (to a lesser extent) also indicated by the settled 
flounder data collected in the Dollard in June. Although the total larval input 
corroborates these observations, in contrast, the net larval input estimates 
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indicated 1993 and 1994 as equally strong years. Measuring the net larval input 
by the present method appears not to be a good predictor for year-class 
strength. The larval input (integrated flood transport) seems to correlate better 
with the DYFS-abundance index. 

Saturation of the nursery may have occurred in the Dollard in 1994, when 
larval concentrations were high. Assuming that the range of distribution expands 
in years of high population abundance (MacCall 1990), part of the juvenile 
flounder in the Dollard may have overflown to the more seaward parts of the 
Ems estuary. This option is sustained by the relatively high flounder abundance 
index of 1994 in the DYFS, which monitors the middle part of the estuary. The 
high discharge of the rivers Ems and Westerwoldsche Aa in March and April 1994 
(Fig. 12) created low-salinity conditions which may have been favourable for 
flounder. 

Fig. 12. Monthly averaged freshwater discharges of the river Ems (m3 s~') from January 
to June 1993 to 1995 (data obtained from Wasser- und Schiffahrtamt Emden), and 1941-
1986 average (dotted line; after Steen et al. (1990) p. 27). 

The present study demonstrates the complexity of the described transport 
and retention processes. The resulting variability in larval concentrations 
hampers accurate assessment of larval input in the nursery. Nevertheless it 
shows that mean larval concentration and the total larval input are correlated to 
the abundance of post-settlement and juvenile flounder in the estuary and may 
be used to indicate the year-class strength at an early stage. 
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APPENDIX 

t 10 12 14 f 16 18 20 

Fig. 13. Measured larval concentrations (n m'3, left axis; square markers) and water flow 
(m3 s'1, right axis; drawn lines) at the sample locations K (Kerkeriet) and A (Groote Gat) 
on the different sampling dates in 1993, 1994 and 1995. Dotted lines indicate interpolated 
values of larval concentrations. The arrows indicate the time at which the water level 
reached D.O.L. 
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Fig. 13. (continued) 
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Fig. 13, (continued) 
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Fig. 13. (continued) 
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Fig. 13. (continued) 
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