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CHAPTER 4 

Selective tidal stream transport of 
flounder larvae (Platichthys flesus L.) 
in the Dollard (Ems estuary) 

Zwanette Jager 

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

Estuarine, Coastal & Shelf Science (submitted) 



ABSTRACT 
The vertical distribution of flounder larvae (Platichthys flesus L) was investigated in the 
Dollard (Ems estuary, Wadden Sea) in relation to tidal phase and physical variables in 
order to address the question whether larval migration into the nursery is accomplished 
by passive transport, or is influenced by active (swimming) behaviour. Larval 
concentrations were measured twice per hour simultaneously at three water depths from 
low water (LW) slack to LW slack. Physical variables were measured at the same time. 

Maximum concentrations of flounder larvae were 433 m"3 in 1994 and 40 m"3 in 1995. 
There were tidal variations in larval concentrations in all three water layers, and the 
vertical distribution varied as well. The highest larval concentrations were usually found 
near the surface during flood, and the lowest in the midwater layer during the ebb. In 
contrast to larval concentrations, turbidity was always highest near the bottom. The 
observation that larval vertical distributions deviate from those of suspended matter and 
vary in a different way led to the rejection of an entirely passive transport mechanism. 

The vertical distribution of larvae during flood supported the selective tidal stream 
transport hypothesis, but the relatively high number of flounder larvae in the surface layer 
during ebb was in contradiction with it. The high surface concentrations during ebb may 
have been caused by different origins of the water layers, and thus larvae, or by an 
inability of the metamorphosing larvae to resist the strong ebb currents. The data suggest 
that the transport process inside the nursery may favour retention. 

Keywords: flounder, Platichthys flesus, selective tidal stream transport, nursery, 
retention, Ems estuary 
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INTRODUCTION 
A nursery may be described as a restricted area where juveniles of a (fish) 
species spend a limited period of their lifetime, during which they are spatially 
and temporally separated from older conspecifics (Bergman er al. 1988). Its 
function would be to provide conditions for growth and survival of the young 
individuals, which have been proven to be 'better' in an evolutionary sense than 
other areas. Coastal waters and estuaries act as nursery areas for several 
flatfish species (Zijlstra 1972, 1978). The spatial separation of adults and 
juveniles implies that larvae have to be transported from spawning areas to 
nursery grounds. This transport gradually evolves from a merely passive larval 
drift process in the open sea, through a process that may be more actively 
influenced by the larvae once they enter the estuarine areas, to the final process 
of settlement in the nursery area (Boehlert and Mundy 1988). 

Mechanical transport, in combination with asymmetrical (flood dominated) 
tides, causes accumulation of suspended matter in estuaries (Postma 1961). The 
same processes might lead to estuarine larval retention without requiring active 
swimming (De Wolf 1973). Larvae are subject to advective tidal transport, they 
sink to the bottom in periods of low current velocity, and are redispersed in the 
water column by turbulent mixing when current velocities increase again. In a 
(partially) mixed estuary, the physical processes of longitudinal and lateral 
diffusion are relatively weak compared to longitudinal and lateral advection. 
Vertical diffusion, however, should not be neglected given the smaller scale of 
the vertical axis (Fortier and Leggett 1982). 

In addition to the processes described above, larvae may actively influence 
their transport by swimming. A combination of passive transport mechanisms 
and active dispersal may be expected to result in more effective inshore 
transport of fish larvae into nursery areas (Norcross and Shaw 1984). One 
particular hypothesis formulated by Creutzberg (1961) relates to the selective 
tidal stream transport (STST). Larvae are supposed to ascend actively in the 
water column during flood and return to the bottom when the tide turns, thus 
preventing being flushed back during ebb. Swimming velocities of larvae, in the 
order of one to several cm s"1, are small compared to current velocities often 
observed in estuaries. Because steep velocity gradients occur in the vertical 
plane, with virtually zero values near the bottom, the most effective migrations 
in terms of maximising distance displaced while minimising swimming energy 
will be those in the vertical direction (Miller 1988). 

Estuarine transport will be most effective if the vertical movements are in 
phase with the tidal cycle, which requires cues for timing (Hill 1995). A 
combination of physical variables characterised by directional gradients, for 
example water temperature, salinity, turbidity and hydrostatic pressure, could 
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act as synchronising cues in inducing circatidal rhythms during these vertical 
migrations (Boehlert and Mundy 1988). For example, larval plaice (Pleuronectes 
platessa L.) has been shown to exhibit this type of transport (Creutzberg et al. 
1978, Rijnsdorp era/ . 1985). 

Flounders {Platichthys flesus L.) spawn offshore in the southern North Sea. 
Highest concentrations of eggs have been 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 larvae drift to the coastal 
nurseries where they complete metamorphosis and settle in intertidal areas 
(Redeke 1908, Berghahn 1983, Van der Veer e ra / . 1991). The nursery areas of 
flounder extend from the brackish water regions of estuaries into freshwater 
habitats of rivers (Redeke 1908, Zijlstra 1978, Kerstan 1991). In the River Elbe, 
metamorphosing larvae have been found far upstream and also in tributary 
rivers in concentrations of 18 - 55 larvae per 100 m3 (Möller and Dieckwisch 
1991). How the upstream migration was accomplished by the larvae is not 
known (Campos er al. 1994). Because plaice and flounder are closely related, 
the transport mechanisms might be similar. However, flounder enter the nursery 
areas at a smaller size than plaice, and may therefore be less capable of 
manipulating their transport. Larval swimming speed (about 1 cm s"1) is small 
compared to the tidal currents (1-2 m s"1). 

The present study addresses the transport mechanism of flounder larvae 
within the nursery prior to settlement, at the transition stage from a pelagic to a 
benthic lifestyle. The objective was to test two hypotheses about larval transport 
mechanisms by determining larval concentrations at three depths simul
taneously during the tidal cycle. In the case of entirely passive transport, 
flounder vertical distributions would be expected to show similarities with 
suspended matter. Assuming negative buoyancy of the larvae, the vertical 
gradient in concentrations would be expected to be positive with increasing 
depth or at best be homogeneous under all conditions of turbulent vertical 
mixing. If the 'passive transport hypothesis' can be rejected, the 'STST 
hypothesis' that most larvae are expected in the water layers with highest 
current velocity during flood and in those with lowest current velocity during ebb 
is explored. 

MATERIALS AND METHODS 

Study area 

The length of the Ems estuary from the inlet between the islands Rottumeroog 
and Borkum to the town of Emden is 50 km (Fig. l a ) . The Dollard represents a 
rather isolated shallow tidal basin of the Ems estuary with a volume of about 
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120 ÎO6 m3 and an area of about 92 km2 , of which 85% emerges at low tide (De 
Jonge 1988). I t is bounded on the north by the Geiseleitdam, 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 (LW) is 171 cm below mean sea level (MSL), 
and mean high water (HW) is 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. The flooding water is 
guided into the Dollard by two main channels, Groote Gat and Kerkeriet. The 
muddy tidal flats are intersected with small gullies that drain water to the main 
channels during ebb. The tide has a period of 12h25', a tidal range of 3 - 3.5 m, 
and a mean tidal excursion in the Dollard of 12 km (De Jonge 1988). Location A 
(Fig. l c ) , in the centre of the settlement area, and the deepest point (about 5 m 
below MSL) in the selected cross-section (53°17'N, 07°09'E) in the Groote Gat 
was selected for this study. 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. 

Data collection 

Probing during flood tide in the Groote Gat showed the first presence of flounder 
larvae in the Dollard on 29 March in 1994 and 16 March in 1995, and these 
probes were followed by formal sampling programmes that continued until 25 
May in 1994 and 10 May in 1995 (Table 1). Sampling from anchored ships 
typically continued during a full tidal cycle (13 hours) starting at LW slack. In 
1994, two consecutive tidal cycles were sampled at three occasions. The 
plankton nets used (type Apstein, Hydro-Bios) had 500 urn mesh size, a 
diameter of 0.40 m, and a length of 1 m. The net was provided with a 0.2 m 
deep conus of synthetic material, with an opening diameter of 0.17 m. The 
sample was collected in a 1 litre removable jar attached to the end of the net. A 
flowmeter (General Oceanic R2030) mounted in the aperture enabled estimates 
of the volume of water filtered. This type of plankton net was chosen to allow 
sampling at different depths in shallow, turbid water during 20-30 minutes while 
maintaining high filtration efficiencies (Smith et al. 1968, Sournia 1978). 
Independent measurements of current velocities (see 'physical variables' 
section) allowed calculation of a filtration efficiency (F) for each sample (Smith 
et al. 1968): F = (volume of water filtered/volume of water encountered) *100 
(Table 1). Mean F was 100% in 1994 and 88% in 1995. Taking the high 
efficiencies into account, as well as the high turbidities encountered in the 
Dollard and current velocities up to 1.6 m s"1, active net avoidance by the larvae 
(8-10 mm total length) was assumed unlikely (Van der Veer 1985). 
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Fig. 1. Study area, with (a) location of the Dollard in the Dutch Wadden Sea, (b) position 
of sample location A, (c) cross-section of the sample location, with mean sea level (MSL), 
mean high water (MHW) and mean low water (MLW) levels indicated. Salt marshes 
indicated by shaded areas. 
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Table 1. Summary of sampling statistics per tidal cycle: total number of flounder larvae 
caught, number of samples (n), mean sampled volume (V, m3), mean filtration efficiency 
(F, %), mean temperature (T, °C), mean salinity (S) and their according standard 
deviations (s.d.). 

Date Larvae n V s.d. V F s.d. F T s.d. T S s.d. S 
1994 
11/04 5984 41 23.0 9.3 104.2 25.4 8.4 1.3 4.7 1.0 
12/04 5439 51 22.5 10.5 103.6 25.1 8.4 0.8 4.9 0.9 
18/04 3726 39 22.1 8.3 103.6 19.7 7.7 0.6 5.7 0.8 
19/04 5059 48 16.6 7.2 95.3 24.7 7.8 0.3 6.0 0.7 
03/05 5424 48 17.8 7.1 109.4 20.3 11.5 0.4 11.4 0.8 
10/05 1148 34 19.1 7.0 94.8 19.6 12.0 0.3 12.2 0.8 
11/05 1244 54 20.3 9.0 99.8 20.7 12.4 0.5 12.0 0.9 
16/05 121 52 20.5 9.8 97.4 19.5 14.9 0.3 13.1 1.1 
1995 
30/03 30 25 15.2 7.0 88.8 29.5 4.0 0.3 8.4 0.6 
06/04 25 48 19.8 9.4 92.4 31.8 8.7 0.7 7.0 0.9 
12/04 473 50 18.6 9.4 89.0 23.6 8.8 1.0 7.8 1.0 
18/04 888 42 20.9 9.1 95.0 29.8 8.6 0.2 10.5 1.2 
20/04 1414 50 18.1 8.6 84.5 27.5 8.1 0.4 10.0 1.0 
25/04 1876 50 14.4 7.0 86.3 29.2 12.5 1.1 8.5 0.5 
27/04 985 50 17.6 8.0 86.1 21.7 12.0 0.3 9.4 0.9 
03/05 392 48 17.2 7.6 83.7 23.4 14.3 1.4 11.4 0.9 
10/05 503 48 14.4 6.1 90.3 23.1 11.9 0.5 12.8 0.5 

Three of these nets were attached to a line that had a 50 kg (1994) or 100 
kg (1995) weight at the bottom end to prevent the nets from drifting with the 
strong tidal currents. The nets were lowered as quickly as possible until the 
weight rested on the sea floor and the line was tight. Sample duration was 20-
30 minutes. Each sample set ideally consisted of three samples: surface, 
midwater and near-bottom. The distances between the nets and the bottom 
were adjusted to the varying water depths (Fig. 2f) by changing the attachment 
of the nets to the line accordingly. In 1994, the bottom net was kept 0.5 to 1.5 
m from the bottom and the surface net between 0.5 and 1 m below the sea 
surface whereas the midwater net kept an equidistance between surface and 
bottom nets. The scheme was slightly adapted in 1995 by keeping the bottom 
net at a constant distance from the sea floor. The distance of 0.75 m initially 
chosen was increased to 1.00 m during the ebb of 20 April 1995 and on 
subsequent sampling dates because high near-bottom turbidities caused 
clogging of the net. On 3 May 1994, the surface net had actually fished in the 
midwater layer due to a malfunctioning crane. To correct for deficiencies in 
sampling procedures, the positions of the nets were arbitrarily categorised 
according to their absolute fishing positions relative to surface and bottom: 
'surface': <1.5 m below the surface; 'near-bottom': <1.5 m above the bottom; 
'midwater': all other sampling positions. On 10 May 1994, most of the ebb 
period was not sampled due to anchoring problems of the boat. 
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Fig. 2. Concentrations (n m'3) of flounder larvae (a), (b) velocity (cm s'1), (c) turbidity 
(%), (d) temperature (°C), (e) salinity (ppt), (f) water depth (m) and positions of the nets 
in the surface (—), midwater (—; and near-bottom layer ( ) during two 26-h 
sampling occasions (11/12 April and 18/19 April 1994). Actual samples indicated by solid 
squares in Fig. 2(f). Slack water indicated by LW or HW. Periods of darkness ('night') 
indicated by shaded areas. 
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Samples were taken twice per hour as soon as current velocities allowed 
sampling after LW slack. During a period of 1 - 2 h around slack waters, when 
current velocities dropped to virtually zero, fishing was not possible. Water 
volumes up to 50 m3 were filtered per sample (Table 1). Sampled volumes of 
less than 5 m3 were rejected (36 out of 778 samples) because sampling was 
considered to have been unsatisfactory due to low current velocities or clogging 
of the net. After flushing of the nets, the samples were collected and fixed in a 
3.8% neutralised phosphate-buffered formaldehyde solution for subsequent 
laboratory analysis. Larval concentrations were calculated by dividing the 
number of flounder by the filtered volume of water per sample, and were 
standardised to 10 m3. 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 were in the process of metamorphosis. 

Physical variables 

The following physical variables were measured every 20 minutes during 
plankton sampling: temperature and conductivity (WTW-conductivity meter), 
turbidity (Partech instrument calibrated at 2000 mg dm"3), current velocity and 
direction (calibrated Ott-meters). These measurements started at the bottom, 
and were taken consecutively at four to eight points in the vertical, depending 
on water depth. See De Jonge (1991) or Jager (1998) for an extensive 
description of the hydrographical methods used by Rijkswaterstaat. Wind speed 
and wind direction were monitored on board the ship every 30 minutes (Van 
Doorn anemometer and compass). Conductivity was transformed (applying 
temperature correction) to salinity, and expressed in the (dimensionless) 
Practical Salinity Scale. 

Data analyses 

Lowering of the nets usually took a couple of minutes to avoid entanglement but 
no precise recordings were made. Lifting the nets took less time than lowering, 
and variation was negligible. Larval concentrations in midwater and bottom layer 
were therefore corrected for the time that was needed to lower the nets into 
position. The average error was estimated at 2.5% (midwater) and 5% (bottom) 
of sample duration, and the corrected concentrations were calculated as follows: 

CCm= (nm-0.025*ns)/(Vm-0.025*V5) 
CCb= (nb-0.025*nm-0.025(1-0.025)*ns) / (Vb-0.025*Vm-0.025(l-0.025)*Vs) 

where CCm and CCb = corrected midwater, respectively bottom concentrations; 
ns, nmi nb = number of flounder larvae in the surface, midwater and bottom 
samples, respectively; Vs, Vm, Vb = sampled water volumes in the three strata. 
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Negative concentrations after correction were set at zero. 
The centre of mass of the larval distribution (zcm) relative to depth (indicated 

by *; dimensionless) was calculated according to equation 1: 

h 

\zc(z, t)dz 
* /f\ - Zcm(t) _ o , 

h(t) h(t) jc(z, t)dz 

where c is concentration, z is height above the bottom, r is time and h is water 
depth (Jagerand Mulder subm.). 

Time was standardised to HW-slack as measured at the sampling location. 
Within the tidal cycle, six two-hour periods were arbitrarily distinguished and 
treated as different tidal phases (e.g. tidal phase -5 is 6-4 h before HW; flood: -
5, -3, - 1 ; ebb: 1, 3, 5). Samples that were taken between half an hour after 
sunset and half an hour before sunrise got the assignment 'night', the other 
samples 'day'. Multifactor ANOVA was applied to In-transformed (larval 
concentrations + 1) and physical data. Transformation was necessary to 
normalise the residuals. The residuals from the multifactor ANOVA models for 
the different variables were correlated with each other (Spearman Rank 
Correlation) to detect possible relationships between larval concentrations and 
physical variables. On 16 May 1994, 30 March 1995 and 6 April 1995, larval 
concentrations were too low for statistical treatment (Table 1), and these data 
were excluded from the analyses. 

RESULTS 
Mean concentrations of flounder larvae were significantly higher in 1994 (3.75 
rrf3, s.d. 5.7) than in 1995 (0.96 rrf3, s.d. 2.1) (Kruskal-Wallis test statistic 
147.4; p=0) . Maximum concentrations per sample were 433 rrf3 in 1994 and 40 
m"3 in 1995. Patterns of larval concentrations during the tidal cycle were not 
significantly different between years, whereas the difference in vertical 
distribution was marginally significant across years (Table 2, interaction of year 
and tidal phase not significant; interaction of year and water layer P~0.05). In 
both years there were significant differences in mean larval concentrations 
among sampling dates (Fig. 3). The second order interaction was not significant, 
implying that the vertical distribution of larvae throughout the tidal cycle is 
similar across years. The ANOVA for corrected concentrations gave essentially 
similar results as for uncorrected concentrations (Table 2). 
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Table 2. Analysis of variance of In-transformed larval concentrations (1994 and 1995), 
and comparison of corrected and uncorrected values. The model In (cb*10+l)COrrected= M + 
year+water layer+tidal phase+tidal phase*water layer+e explained 44% of the variance. 
Indications of significance levels (sign.): *** P<0.001, ** P<0.01, * P<0.05, ~ P=0.05. 

MAIN EFFECTS 
year (yr) 
water layer 
tidal phase 

INTERACTIONS 
yr*water layer 
yr*t idal phase 
water layer*tidal phase 
yr*water layer*tidal phase 

RESIDUAL 
TOTAL 

Df 
Corrected 

F-rati o 
Uncorrected 

sign, F-ratio sign. 

1 171.90 * ** 180.34 *** 
2 12.90 *** 11.61 *** 
5 11.80 *** 12.24 * ** 

2 3.29 * 3.05 ~ 

5 1.54 n.s. 1.57 n.s. 

10 3.41 * * * 2.96 ** 
10 1.46 n.s. 1.49 n.s. 

Df SS SS 
586 581.59 555.18 

621 1045.33 1001.83 

10 1994 
a 
6 • 1 { f Ï i 

4 
2 s m 

11 12 18 19 03 10 11 16 date 
i April 1 May 1 

30 06 12 18 20 25 27 03 10 date 

^MarchH April 1—May-i 

Fig. 3. Temporal pattern of mean larval concentrations (n m3) in 1994 and 1995; 95% 
Confidence Intervals indicated by bars. The mean was calculated as the arithmetic mean 
of concentrations in all samples and water layers per tidal cycle (flood and ebb). 

The he igh t of the centre of mass of the larvae, ref lect ing the ver t ica l 

concen t ra t ion d i s t r i b tu t i on , was h igher dur ing flood t han dur ing ebb (Fig. 4 ) . 
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Fig. 4. Relative depth of the centre of mass of flounder larval distribution in the water 
column during the tidal cycle in 1994 (O) and 1995 (A). After Jager & Mulder (subm.). 

The centre of mass was even higher than 0.5 during flood, but also during part 
of the ebb in 1994. The change in vertical distribution of the larvae with tidal 
phase was also expressed in a significant contribution to the variance by the 
interaction of tidal phase and water layer (Table 3). 

Table 3. Analysis of variance of In-transformed corrected larval concentrations, and 
comparison of the years 1994 and 1995. Significance levels as Table 1. 

1994 1995 
Df F-ratio sign. F-ratio sign. 

MAIN EFFECTS 
date 6 30.40 *** 18.20 *** 
water layer 2 7.59 *** 22.23 *** 

tidal phase 5 14.28 *** 7.71 *** 
INTERACTIONS 

date*water layer 12 0.94 n.s. 3.35 *** 
water layer*tidal phase 10 2.91 ** 5.35 ##* 

Df SS Df SS 
RESIDUAL 270 166.33 280 174.21 
TOTAL 305 385.53 315 378.03 

At closer inspection, the near-bottom pattern in larval abundance during the 
tidal cycle deviated from the other two strata: both surface and midwater 
concentrations decreased after the beginning of flood and increased again after 
the middle of ebb (interaction of tidal phase and water layer not significant, 
Table 4a), whereas near-bottom concentrations increased rather suddenly after 
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HW slack to stay at a h igher level dur ing ebb (Fig. 5 ) . Larval concent ra t ions 

were s ign i f icant ly h igher in the surface layer t han in m i d w a t e r (Table 5) . 

Table 4. Analysis of variance of In-transformed corrected larval concentrations (1994), 
and comparison of different water layers; (a) bottom layer excluded; (b) flood, midwater 
layer excluded; (c) ebb, midwater layer excluded. Data for 16 May excluded. Significance 
levels as in Table 1. 

(a ) 
Df F-ratio sign. 

MAIN EFFECTS 
date 6 18.34 *** 
water layer 1 13.36 *** 
tidal phase 5 8.98 *** 

INTERACTIONS 
date*water layer 6 1.32 n.s. 
water layer*tidal phase 5 0.63 

SS 
n.s. 

RESIDUAL 179 100.77 
TOTAL 202 223.66 
(b ) 
MAIN EFFECTS 

date 6 13.31 *** 
water layer 1 18.99 *** 
tidal phase 2 11.73 *** 

INTERACTIONS 
date*water layer 6 1.43 n.s. 
water layer*tidal phase 2 5.44 

SS 
** 

RESIDUAL 77 46.45 
TOTAL 94 147.86 
f c ) 
MAIN EFFECTS 

date 6 5.75 *** 
water layer 1 0.32 n.s. 
tidal phase 2 13.06 *** 

INTERACTIONS 
date*water layer 6 1.78 n.s. 
water layer*tidal phase 2 1.53 

SS 
n.s. 

RESIDUAL 69 45.53 
TOTAL 86 103.75 

Table 5. Multiple range test (95% LSD) of In-transformed corrected larval concentrations 
(1994) by water layer, excluding the bottom layer. 

Count LS Mean Homogeneous groups 

WATER LAYER 
midwater 
surface 

CONTRAST 
midwater—surface 

124 3.03 
79 3.50 

Diff. + / - Limits 
0.46 0.21 
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F/g. 5. Interaction plot of In-transformed larval concentrations by tidal phase and water 
layer in 1994 (a) and 1995 (b); surface (—), midwater (—) and near-bottom ( ) . 
Slack water indicated by LW or HW. 

The concentration pattern of the surface and near-bottom layer were 
examined for flood and ebb separately (Table 4b, c). Concentrations at the 
surface increased during the middle of flood whereas near-bottom 
concentrations steadily decreased (significant interaction of tidal phase and 
water layer). During the middle of the flood period, larval concentrations were 
significantly higher in the surface layer than near-bottom (Kruskal-Wallis test 
statistic 13.93, p<0.001). During ebb, the surface and near-bottom 
concentrations followed the same pattern, increasing to the end of ebb (Table 
4c, interaction of water layer and tidal phase not significant). 

There were no significant day-night effects in larval concentration, nor was 
the day-night effect significantly different for the three water layers (Table 6). 
However, the interaction of day-night and tidal phase was significant. This 
suggests that, irrespective of the water layer, during day time larvae were less 
abundant at the end of the flood, and more abundant at the beginning of the 
ebb and around LW slack, than during the night (Fig. 6). 
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Table 6. Analysis of variance of day-night variations in In-transformed larval 
concentrations (corrected), based on the 26-h sampling occasions of 11/12 April and 
18/19 April 1994. The second-order interaction was excluded. Significance levels as in 
Table 1. 

MAIN EFFECTS 
tidal phase 
water layer 
day-night 

INTERACTIONS 
tidal phase*water layer 
tidal phase*day-night 
water layer*day-night 

RESIDUAL 
TOTAL 

Df F-ratio 

5 7.59 
2 5.42 
1 0.04 

10 3.15 
5 3.07 
2 0.38 

SS 
146 82.62 
171 152.52 

Sign. 

ln(10n+l) 10m 
5 

- 5 - 3 - 1 i 3 5 tidal phase 

Fig. 6. Interaction plot of In-transformed larval concentrations by tidal phase and day 
(—) or night (-) in 1994. Slack water indicated by LW or HW. Bars indicate 95% CI. 

The metamorphic stages 4b and 4b' were the most abundant. The stage-
frequency distribution varied during the tidal cycle (Fig. 7): the most developed 
stages (4b', 5) were more abundant around LW in all three water layers. There 
was a gradual shift in stage distribution from the surface to the near-bottom 
layer, the more developed stages being relatively more abundant in the latter. 

Turbidity showed a semi-tidal periodicity (Fig. 2c), always being highest 
near-bottom and lowest near the surface. The pattern during the tidal cycle was 
similar in all water layers in 1994 (Table 7, interaction of tidal phase and water 
layer not significant), but not in 1995 (p=0.02). There were significant 
differences in turbidity among sampling dates, and a significant interaction of 
sampling date and water layer. 

Generally, mean current velocities were higher during ebb than flood tides 
(Fig. 8). They varied among sampling dates (Table 7), but no significant 
differences were observed between 1994 and 1995. Current velocities were 
generally highest near the surface and lowest near the bottom. Only during 
short intervals at the end of the flood period highest velocities were sometimes 
observed in midwater (Fig. 2b). 
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Fig. 7. Tidal stage composition of flounder larvae in the surface, midwater and near-
bottom water layers on 11&12 April (left) and 18 April 1994 (right; Bies 1997). 

Mean water temperatures ranged from 7.7 to 14.9 °C in 1994 and from 4.0 -
14.3 °C in 1995 (Table 1). Temperature showed diel fluctuations in all three 
water layers (Fig. 2d), and did not differ between water layers (Table 8). During 
the sampling period salinity increased from 4.7 to 13.1 in 1994 and from 7.0 to 
12.8 in 1995 (Table 1). Maxima occurred around HW, and the lowest values 
were observed at the end of the ebb-period (Fig. 2e). Salinity differences 
between water layers were significant and there was also a significant 
interaction of water layer and tidal phase in both years (Table 8), indicating 
some degree of stratification. 
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Fig. 8. Mean velocity (cm s'1) in the water column during flood ( D ) and ebb (0) in 1994 
and 1995; Standard Errors indicated by bars. 

Table 7. Analysis of variance in turbidity and depth-averaged current velocity by year. 
Significance levels as in Table 1. 

Turbidity Velocity 
1994 Df F-ratio sign. F-ratio sign. 
MAIN EFFECTS 

date 7 42.19 *** 11.98 *** 
water layer 2 58.42 *** 15.44 *** 
tidal phase 5 18.38 *** 79.02 *** 

INTERACTIONS 
date*water ayer 14 2.27 ** 0.77 n.s. 
water layer* tidal phase 10 0.62 

SS 
n.s. 1.45 

SS 
n.s. 

RESIDUAL 334 57918 111803 
TOTAL 372 169790 287793 
1995 Df F-ratiO sign. F-ratio sign. 
MAIN EFFECTS 

date 8 47.49 ** * 9.23 *** 
water layer 2 113.07 *** 26.02 *#* 
tidal phase 5 12.05 *** 63.84 *** 

INTERACTIONS 
date*water layer 16 5.15 *** 0.19 n.s. 
water layer* tidal phase 10 2.14 * 1.44 n.s. 

SS SS 
RESIDUAL 379 91647 161216 
TOTAL 420 295495 370350 
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Table 8. Analysis of variance of salinity and temperature by year. Significance levels as in 
Table 1. 

Salinity Temperature 

1994 Df F-ratio sign. F-ratio sign. 

MAIN EFFECTS 
date 7 2354.3 *** 769.32 *** 
water layer 2 12.92 #** 0.02 n.s. 
tidal phase 5 153.68 *** 1.97 n.s. 

INTERACTIONS 
date*water layer 14 0.65 n.s. 0.26 n.s. 
water layer*tidal phase 10 2.58 

SS 
** 0.06 

SS 
n.s. 

RESIDUAL 334 82.0 145.2 
TOTAL 372 4819.5 2575.4 

1995 Df F-ratio sign. F-ratio sign. 

MAIN EFFECTS 
date 8 508.40 *** 738.81 *** 
water layer 2 16.35 *** 2.14 n.s. 
tidal phase 5 103.44 ##* 33.32 *** 

INTERACTIONS 
date*water layer 16 0.48 n.s. 0.24 n.s. 
water layer*tidal phase 10 2.85 

SS 
** 0.25 

SS 
n.s. 

RESIDUAL 379 122.1 173.5 
TOTAL 420 1586.1 3105.1 

Because larval concentration, salinity, turbidity and velocity are all correlated 

to the tidal cycle and also vary with water layer and sampling date, the residuals 

that remain after removal of the variance by these factors (Table 3 and Table 7) 

were tested to investigate correlations among them (Table 9). There was no 

correlation between residuals of larval concentrations and those of current 

velocity or turbidity, whereas residuals of velocity and turbidity were positively 

correlated. 

Table 9. Spearman Rank Correlations between the residuals of the ANOVA models for 
Platichthys flesus (Table 2), and turbidity and velocity (Table 6), for 1994 (n=306) and 
1995 (n=316). 

RESIDUALS In(flounder) velocity turbidity 
In(flounder) 

velocity 
turbidity 

P=1.0 n.s. 1995 
P=0.9 n.s. 1995 

P=0.8 n.s. 1994 

p = Q r = 0.37 1995 

P=1.0 n.s. 1994 
P=0 r=0.25 1994 

DISCUSSION 
The larval concentrations observed in the present study (3 m"3 overall average 
of 1994 and 1995) were considerably higher than those published for flounder in 
the western Wadden Sea (mean flood abundance maximum of 0.037 m"3 in 
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1985, Van der Veer et al. 1991) or in the tributary rivers of the Elbe (0.55 m"3, 
Möller and Dieckwisch 1991; maximum 1.8 rrf3, Bos et al. 1995), which may be 
taken as an indication of accumulation of flounder larvae in the study area 
(Jager 1998). The assumptions made to correct the larval concentrations for 
lowering t ime of the net could not be verified, but did seldom lead to negative 
concentrations. The correction term contributed to the significance of differences 
in concentrations between water layers. At sample volumes >5 m3, there was no 
correlation between sample volume and larval concentration. Although the 
bottom net systematically fished smaller volumes than the other nets, as a 
result of the lower current velocities, there is no evidence that the volume 
sampled has affected the calculated larval concentrations. 

Differences in mean current velocities among sampling dates corresponded 
with the spring-neap cycle in tidal differences. The higher velocities during ebb 
than during flood indicate that currents at the sample location (on the west side 
of the channel) were ebb-dominated. This result is in agreement with 
observations of the Duits-Nederlandse Eemscommissie (1990) that flood 
currents are strongest at the east side of the channel while during ebb highest 
velocities are manifest at the west bank. 

Highest turbidities were always found near the bottom, caused by 
resuspension of sediments by bottom shear. Higher current velocities give rise 
to higher turbidity, which is also shown by the positive correlation of both 
variables after removal of the variation caused by tide, water layer and sampling 
date. Small differences in the net positions between 1994 and 1995 may have 
been responsible for relatively higher turbidity in the bottom layer in 1995 
because the bottom net was on average kept closer to the bottom in that year. 

The vertical distribution of larvae was not homogeneous, but generally 
showed the highest concentrations near the sea surface. This pattern was the 
inverse of that in turbidity. Flounder larvae are negatively buoyant in both fresh 
and salt water (Jager and Mulder subm.), and without swimming the highest 
concentrations would be expected near the bottom in an equilibrium flow 
situation. Even under turbulent mixing conditions, one might at best expect a 
homogeneous vertical distribution of larvae. In addition, the vertical distribution 
of larvae changed in a different way in the three strata during the tidal cycle, 
whereas the vertical profile in turbidity (representative of passive particles) 
remained constant. Furthermore, the residuals of larval concentrations were 
correlated with neither those of turbidity nor velocity. These results imply that 
the transport process is not entirely passive, and thus leads to rejection of the 
'passive transport' hypothesis. 

During flood, the vertical distribution of the larvae (as reflected in a centre of 
mass which was well above 0.5) supported selective use of the tidal currents, 
since the highest concentrations were found in the fast moving surface layer. 
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During ebb, concentrations in the bottom layer increased as expected, but on 
some dates there were still high concentrations of larvae present in the surface 
layer as well. Note therefore that the depth of the centre of larval distribution of 
about 0.5 does not mean that the larvae are homogeneously distributed in the 
vertical plane. The larvae in the surface layer during ebb may have a different 
origin than the near-bottom ones. A preliminary analysis of larval characteristics 
indicated that their morphometries are variable during the tidal cycle and 
between water layers, and indicate that larvae in the surface layer during ebb on 
18 April 1994 consisted of relatively early metamorphic stages (Bies 1997). 

The observed tidal variation in concentrations may have been caused by 
lateral transport of the larvae during high tide out of the channel, with the water 
that spreads to cover the tidal flats. Larvae that fail to settle during one flood 
tide will be drained with the ebbing tidal flat water, which is characterised by a 
somewhat lower salinity, therefore has a lower density, and tends to spread 
over the channel water (Postma 1982). Thus, a surface layer may form during 
ebb with dense larval concentrations returning from the tidal flats, whereas the 
larvae at the bottom may have stayed behind in the channel. This explanation is 
supported by the observed salinity differences in the vertical profiles, especially 
around HW, during ebb and before I_W slack. As soon as the flood water comes 
in, salinity stratification disappears. Under quiet wind conditions, there might be 
less mixing of the water from the flats with the channel water and the 
stratification may be stronger. This may explain the fluctuating patterns in larval 
concentrations during 18/19 April 1994 when, due to low mean wind speed and 
relatively low current velocities, there was probably less turbulent mixing. 

The high larval concentrations in the surface layer during ebb contradict the 
STST hypothesis, and would result in net seaward transport of the larvae. On 
the other hand, the observed vertical distribution may favour retention. The 
mean tidal excursion in the Dollard is over a distance of circa 12 km, and would 
carry the larvae back to the middle part of the Ems estuary. However, this is not 
necessarily the distance the larvae are transported because the conditions 
change continuously. Nevertheless, the larvae do not leave the nursery area and 
during the next flood tide they may be redistributed over the tidal flats for 
repeated settlement attempts, until finally they succeed, or perish. 

The proportion of unexplained variance in larval concentration was about 
50%, indicating that there are other factors contributing to the observed 
fluctuations. One of these may be wind (Rijnsdorp era / . 1985), which can cause 
considerable shear in shallow water on the tidal flats. Much longer time series 
analyses would be needed to demonstrate relations between wind and larval 
concentrations. Part of the variance may also have been caused by 
imperfections in the sampling method. 
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Contrary to plaice (Rijnsdorp et al. 1985) or flounder larvae in coastal waters 
(Campos 1996) no day-night differences were found in mean larval flounder 
concentrations or in their vertical distribution. Because the water in the Dollard 
is very turbid, even during daytime light does not penetrate far into the water 
column, and therefore this factor is not likely to influence the vertical 
distribution of the larvae in this area to a large extent. The interaction of day-
night and tidal phase had low significance and is not very meaningful, 
considering the low number of observations. 

Larval concentrations in the surface layer increased during the last two hours 
of the ebb, suggesting that the larvae are optimally positioned to achieve 
maximal transport to the tidal flats during the following flood period. The 
present data do not allow cross-correlations of concentrations with physical 
variables to reveal the cues that induce larvae to make their vertical migrations. 

It would be worthwhile to obtain detailed information on the (LW) slack 
periods, when changes in larval concentrations and salinity are most rapid. 
Although the slack water periods may not seem very important in terms of 
realised transport, these may represent the t ime, because current velocities are 
low, when active swimming in the vertical plane (downward during HW slack, 
upward during LW slack) can have a relatively large impact on net transport. In 
addition, internal physical mixing of different water layers may be relatively 
important during these periods as well, compared to external mixing by 
longitudinal advection (Abraham 1988). The generated advection will be 
directed downward during HW slack and upward during LW slack (pers. comm. 
K. Robaczewska), and may create a synergy with larval swimming. Other factors 
that affect buoyancy, like salinity (Burke er al. 1995) or feeding condition 
(Sclafani era/ . 1993) may also influence the transport process. 

Although larval transport in the nursery area appears to be largely 
determined by water circulation and the discharge of freshwater (Jager 1998), 
the results presented clearly demonstrate that flounder larvae are able to 
influence their transport by adjusting their vertical distribution in the water 
column. Active transport was also suspected (Grioche et al. 1997) or 
demonstrated (Bos er al. 1995, Campos 1996) with flounder larvae in other 
areas, and may be generally used by at least the more advanced metamorphic 
larval stages of this species to accomplish inshore migration. Quantifying the 
contribution of nonhomogeneous vertical distributions to the transport velocity 
(Jager and Mulder subm.) may allow to assess the effectiveness of larval 
transport of flounder in the Dollard. 
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