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CHAPTER 5 

Transport velocity of flounder larvae 
{Platichthys flesus L.) in the Dollard 
(Ems estuary) 

Zwanette Jager, Herman P.J. Mulder 

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

Estuarine, Coastal & Shelf Science (submitted) 



ABSTRACT 
Larval concentrations of flounder (Platichthys flesus L ) , longitudinal current velocity, and 

physical variables were measured simultaneously in the Dollard to calculate the mass 

transport of the larvae, salinity and suspended matter. Transport velocities of the three 

substances (salinity, suspended matter and larvae) and of water were calculated and 

compared. The concept of larval velocity was extended to incorporate the effect of varying 

vertical larval distribution. The contributions of variations in vertical and temporal 

concentration to the transport velocity were calculated separately. The differences in 

velocity between the substances in relation to the vertical and temporal variation provide 

more insight in estuarine transport processes in the nursery. 

Temporal salinity variation dominated over vertical variation during flood, and 

indicated that longitudinal advection was important. Overall, during flood the transport 

velocity of salinity was 3% lower than that of water. During ebb, there was hardly any 

difference between the transport velocity of salinity and water. The contributions of 

temporal and vertical variation in suspended matter were each in the order of 10%, but of 

opposite signs. The net result is a transport velocity of suspended matter which is 3% 

(flood) or 4 % (ebb) higher than that of water. Erosion-deposition seemed the dominant 

process. During flood, transport velocity of larvae is 9% higher than that of water, which 

is mainly caused by vertical concentration variation (6%), while during ebb, larval 

transport velocity is 9% lower, which is almost exclusively due to the temporal 

concentration variation (8%). Swimming influences transport during flood, while during 

ebb it is not clear which process dominates. The results indicate that flounder larvae make 

use of selective tidal stream transport inside the nursery. 

Keywords: Platichthys flesus, flounder, transport velocity, nursery, retention 
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INTRODUCTION 
In a study of flounder {Platichthys flesus L.) in the Dollard, the hypothesis that 
larval transport in the nursery is entirely passive was rejected, because larvae 
were found to adjust their vertical distribution in the water column during the 
tidal cycle (Jager subm.). Tidal phases and the vertical distribution contributed 
most to the variance of larval concentrations on a single location inside a 
nursery area during the larval immigration period. However, larval transport 
appears also to be at least partly determined by the water circulation and 
affected by the discharge of freshwater (Jager 1998). This raises the question to 
what extent larvae are capable of influencing their transport in the nursery. 

While Jager {subm.) qualitatively analysed the factors that contributed to the 
variance in larval concentrations, the present paper attempts to make a 
quantitative analysis based on the same data set. The concept of 'larval velocity' 
(Rowe and Epifanio 1994), which quantifies the mean tidal transport velocity of 
fish larvae, was applied to the available data set and developed further. We use 
'transport velocity' instead of 'larval velocity', and define it as the ratio of the 
t ime- and/or depth-averaged mass transport and concentration. The transport 
velocity of the substance is compared with that of water. The difference between 
the two is called the relative transport velocity. 

The mass balance of dissolved or suspended material can be described by the 
three-dimensional advection-diffusion equation. An advection-diffusion approach 
is commonly used in the description of physical transport processes. Fortier and 
Leggett (1982) applied the same approach to the transport of fish larvae. This 
allows a comparison between the relative transport velocity of larvae and the 
relative transport velocity of salinity (as a 'tracer' of different water masses) and 
of suspended matter (as 'passive particles') to investigate whether there is an 
active component involved in larval transport. Such an active component in 
larval transport would, according to the selective tidal stream transport (STST) 
hypothesis (Creutzberg 1961, Creutzberg et al. 1978, Hill 1995), be mainly 
expressed in the vertical concentration variation. 

The acting physical (advection, turbulent diffusion, erosion-sedimentation) or 
biological (swimming) processes are expressed in temporal and vertical 
concentration variations, which determine the relative transport velocity of a 
substance. The objective of the present paper is to separate the contributions of 
inhomogeneous vertical distribution and of varying concentrations during the 
tidal cycle to the (larval) transport by calculating and analysing the (relative) 
transport velocity. Knowledge of the separate contributions of temporal and 
vertical concentration variations, on the basis of extensive data collected at one 
location in the Dollard nursery, will therefore give insight in the transport 
mechanism and the relative importance of larval activity during the immigration. 
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MATERIALS AND METHODS 

Study area 

The Dollard is a shallow tidal basin of about 100 km2 inside the Ems estuary. The 
sampling location is situated in the ebb-branch of the main channel, with a 
depth of 5 m below MSL. The tidal range is 3 to 3.5 m, and the mean tidal 
excursion is 12 km. For a detailed description of the study area and sample 
location (A) is referred to Jager (1998). 

Data collection 

The methods are extensively described in Jager {subm.). Larval concentrations 
were determined twice per hour by fishing with 500 urn meshed plankton nets 
(type Apstein, Hydro-Bios) at three depths (surface, midwater and near-bottom) 
simultaneously during 20-30 minutes. Sampling from anchored ships typically 
continued during a full tidal cycle (13 hours) starting at low water (LW) slack. 
During a period of 1 to 2 hours around slack waters, when current velocities 
dropped to virtually zero, fishing was not possible. In addition, physical 
parameters were measured three times per hour at 8 depths consecutively. 
Measuring one vertical profile took up to 15 minutes. A total of 17 tidal cycles 
has been sampled between early April and the end of May, of which 8 in 1994 
and 9 in 1995 (see Table 1). On one occasion the ebb was missed (10 May 
1994). 

Table 1. Parameters for the regression of suspended matter (mg dm'3) on turbidity (%). 

Date Slope Intercept P R2 n 
11/04/1994 11.57 -152.5 0.0015 0.694 11 
12/04/1994 11.57 -152.5 0.0015 0.694 11 
18/04/1994 8.78 -79.9 0.0002 0.776 12 
19/04/1994 8.78 -79.9 0.0002 0.776 12 
03/05/1994 15.03 15.9 0.0032 0.909 6 
10/05/1994 11.86 -60.6 0.0001 0.848 11 
11/05/1994 11.86 -60.6 0.0001 0.848 11 
16/05/1994 10.27 -20.5 0.0007 0.957 6 
12/04/1995 17.16 -117.1 0.0000 0.990 6 
18/04/1995 17.51 -229.4 0.0004 0.969 6 
20/04/1995 15.41 -105.1 0.0014 0.939 6 
25/04/1995 24.14 -184.1 0.0000 0.989 6 
27/04/1995 23.32 -171.4 0.0003 0.973 6 
03/05/1995 16.03 -41.2 0.0005 0.965 6 
10/05/1995 17.67 -81.9 0.0155 0.804 6 

Data t reatment 

Larval concentrations were corrected for the time needed to lower the plankton 
nets into position (Jager subm.). To calibrate the Partech turbidity meter, 6 
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water samples of 1 dm3 were taken at mid-depth during each tidal cycle. The 
fractions <53 jam and >53 urn were determined. A linear regression for total 
suspended matter concentration and turbidity was fitted for each sampling date 
(Table 1). 

The measured vertical profiles of larval concentration and physical variables 
were utilised to calculate the required transport quantities by means of the 
VIVECS program (Mulder 1998a) using the equations described in the section 
'parameter calculation'. To allow for integration over the entire water column, 
the measured vertical profiles of (corrected) larval concentrations and physical 
variables were extrapolated to the bottom and the surface. Larval 
concentrations at the bottom and the surface were set equal to the nearest 
measured value. Velocity at the surface was also set equal to the nearest 
measured value, while velocity at the bottom was set to zero. Values for 
suspended matter were extrapolated from an exponential function through the 
two nearest measured values because the vertical concentration distribution of 
passive substances characterised by a particular fall velocity is better 
approached by an exponential rather than by a linear function (e.g. Van Rijn 
1985). Salinity was linearly extrapolated. Occasionally, a bottom layer of fluid 
mud producing turbidity values >100% disturbed the conductivity 
measurements. In such cases, a correction was applied by taking the nearest 
reliable salinity value within the profile. 

To enable integration over t ime, the mid-point of the time interval required 
for measuring an entire profile was used. Integration was done for flood and ebb 
separately, because based on the STST hypothesis different processes were 
expected to be important during the different tidal phases. Discrimination 
between the tidal phases was based on histograms of all measured current 
directions during one cycle. Opposite signs were given to the current velocity 
during flood and ebb. The time of slack water was linearly interpolated between 
the times when the sign of the depth-averaged current velocity changed. 

Transport calculations require synchronous concentration and velocity data at 
the same depths. To synchronise the two, a velocity profile was constructed for 
the t ime of a larval concentration profile by interpolation of the nearest 
measured velocity profiles. These profiles were subsequently divided into a 
number of layers, and a value at the boundary of each layer was calculated from 
linear interpolation. The instantaneous local transport was then obtained by 
multiplying the velocity and concentration at each layer boundary. Subdivision of 
the water column in 20 layers proved to be sufficiently large to reach 
convergence of the estimates and therefore this number was applied 
throughout. 

Larval concentrations could not be measured during a period of 1 to 2 hr 
around slack tides, whereas for the physical variables information was on 
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average missing during 25 minutes only. Two alternative approaches were 
followed: one without integration over the slack time interval and one including 
the slack period. In the latter case, the data around the missing interval were 
linearly interpolated to the time of slack water when current velocity and 
transport were assumed to be zero. Only a selection of the results including 
slack periods will be presented for comparative purposes. 

Parameter calculation 

A summary of the used parameters and their dimensions is given in the 
Appendix. The vertical concentration distribution is reflected in the centre of 
mass (zcm) relative to depth (indicated by *; dimensionless ), which is defined as 

h 

J zc(z, t)dz 

z\m(t) = ^ - ; = -JL- 1 
h(t) "r 

h(t) \c(z, t)dz 
o 

where c is concentration, z is height above the bottom, r is time and h is water 
depth. The integral was solved by applying the trapezoidal rule to the values at 
the layer boundaries. 

The depth-averaged ( ) instantaneous concentration is given by 

c(t) = ——\c(z,t)dz i 

The time-averaged (< >) local concentration is given by 

T 

jc(z*,t)h(t)dt 
<c(z*)> = o__ 3 

jh(t)dt 
0 

where T is the integration period (flood or ebb). The mass-preserving method is 
applied here because water depth varies with t ime. Theoretically, at each level 
an infinitely small layer thickness (A) should be considered to enable mass-
calculations. With a constant number of water layers A is proportional to h, and 
therefore h is used in equation 3. The integral was solved by applying the 
trapezoidal rule to the values at the mean profile times. 

In equations 2 and 3, c can be substituted by current velocity (v) or transport 
(s = v x c), taking into account the two horizontal components of these vector 
quantities. In this way V (t), s (t) and < s(z* ) > are obtained. 
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The instantaneous depth-averaged transport velocity is defined as 

s(t) 
vst) = — 4 

C(t) 
Note that s± v x c and vs*v in case of a non-homogeneous vertical 
distribution of concentrations. 

The time-averaged transport velocity at a relative depth is defined as 

<s(z')> 
<Vs(z")> 

<c(z* )> 

This is the so-called 'larval velocity' {sensu Rowe and Epifanio 1994) if c 
represents the larval concentration, but we use the equation more generally 
here for concentrations of larvae, suspended matter and salinity. Note that <s> 
* <v> x <c> and <vs> * <v> if c is inhomogeneously distributed over t ime. 

The t ime- and depth-averaged transport velocity is 

T 

\s(t)h(t)dt 
_ 0 

< V, > 
7' 

jc(t)h(t)dt 
o 

If the concentration is constant over time and depth, the total transport velocity 

of a substance is equal to the t ime- and depth-averaged current velocity (< vs > 

= < v > ) . However, temporal (AK s ( ) and vertical (AF J Z ) concentration 

variations contribute to the total transport velocity, according to 

<VS> = <V> + AVSI + AVsa 7 

To determine the contribution of time-variation in concentration, we define a 

transport velocity without the contribution of inhomogeneous vertical 

distribution as 

< vs >' = < v > + AVSI 8 

where < v.. > ' can be calculated from 

\v(t)c(t)h(t)dt 

<Vs>' = — 

I' \c(t)h(t)dt 
0 

Note that the transport in Eq. 9 is based on the depth-averaged velocity and 

concentration, which is not equal to the transport (s ) used in Eq. 6. 
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Once <vs>, < v > and < v , >' are known, hVst and A K i r c a n be derived from 
Eq. 8 and 7. 

The difference between transport velocity and tidal current velocity is called 
the 'relative transport velocity', which is positive if a substance is transported 
faster than water. 

The tidal displacement (Ls ) of a substance is calculated by multiplying the 
transport velocity with the tidal period T (flood or ebb). The relative tidal 
displacement is the difference between displacement of a substance and of 
water caused by the temporal and vertical concentration variation during the 
tidal cycle. Calculations were performed for flood and ebb separately. 

Specific gravity 

A simple experiment was conducted with two metamorphosing flounder larvae, 
to determine whether their specific gravity was larger than or equal to water. 
The larvae were anaesthetised in MS222, and were then carefully released at the 
surface of an aquarium (50x40x40 cm) that was filled with water of 14 °C, and 
salinity 0.2 or 30. Each larva was repeatedly dropped in water of both salinities 
alternately, and was observed whether to float or sink. 

RESULTS 

Salinity 

The centre of mass of salinity is on average slightly lower than 0.5 during both 
flood and ebb and it was significantly lower during ebb than during flood, 
although the difference is very small (Table 2). 

Table 2. Mean centre of mass per tidal phase of salinity, suspended matter and flounder 
larvae, and corresponding standard errors (s.e.) and number of observations (n). 
(* = significantly different from 0.5 at p=0.05). 

SUBSTANCE year flood ebb S.e . flood S.e.ebb nfiood riebb 

Salinity 1994 
1995 

* 0.494 
* 0.498 

* 0.487 
* 0.493 

0.001 
0.0003 

0.018 
0.0007 

139 
122 

118 
125 

Suspended matter 1994 
1995 

* 0.375 
* 0.358 

* 0.402 
* 0.382 

0.007 
0.007 

0.007 
0.009 

139 
122 

118 
125 

Larvae 1994 
1995 

* 0.600 
* 0.659 

0.532 
0.482 

0.015 
0.015 

0.017 
0.020 

66 
58 

54 
56 

Relatively low values were observed during the ebb in 1994 which may indicate 
a salinity stratification. The time-averaged salinity profiles demonstrate slightly 
lower values at the surface and a tendency to increase with depth during both 
flood and ebb (Fig. 1). 
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Fig. 1. Time-averaged salinity profiles by sampling date in 1994 (top, A to H) and 1995 
(bottom, I to O). A=ll/04, B=12/04, C= 18/04, D=19/04, E=03/05, F=10/05, G=ll/05, 
H=16/05, 1=12/04, 3=18/04, K=20/04, L=25/04, M=27/04, N=03/05, 0 = 10/05. 
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0.02 

-4 -2 0 2 

hr after HW-slack 

0.02 
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Fig. 2. Relative depth-averaged transport velocity (m s'1) profiles of salinity by sampling 
date. Legend to the dates as in Fig. 1. 
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Fig. 3. Relative time-averaged transport velocity profiles of salinity by sampling date 
Legend to the dates as in Fig. 1. 
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Table 3. Absolute time- and depth-averaged transport velocities (< v >, m s'1) for 

salinity per tidal phase and sampling date, and contributions of current velocity (<v >), 

temporal (AVSI) and vertical (AVsJ concentration variation. Negative contributions of 

temporal and vertical variations in concentration indicate seaward landward directions 

during flood and ebb, respectively. The data have also been averaged over all sampling 

dates (mean) and expressed as percentages (%). 

(a) results excluding the slack period, (b) summary of data including the slack period. 

( a ) 
Date 

Flood 

< v. > < V > AV., AV 
Ebb 

< v. > < V > AV. AV. 
11/04/1994 0.519 0.532 -0.013 0.000 0.799 0.773 0.033 -0.007 
12/04/1994 0.443 0.488 -0.044 -0.001 0.737 0.743 0.001 -0.007 
18/04/1994 0.472 0.471 0.001 0.000 0.561 0.586 -0.020 -0.005 
19/04/1994 0.385 0.398 -0.013 0.000 0.523 0.518 0.011 -0.006 
03/05/1994 0.394 0.400 -0.006 0.000 0.506 0.497 0.012 -0.003 
10/05/1994 0.478 0.495 -0.017 0.000 
11/05/1994 0.452 0.466 -0.014 0.000 0.589 0.599 -0.007 -0.003 
16/05/1994 0.410 0.423 -0.013 0.000 0.769 0.748 0.024 -0.003 
12/04/1995 0.417 0.440 -0.023 0.000 0.731 0.737 -0.002 -0.004 
18/04/1995 0.485 0.512 -0.027 0.000 0.785 0.794 -0.006 -0.003 
20/04/1995 0.527 0.550 -0.024 0.001 0.684 0.684 0.007 -0.007 
25/04/1995 0.378 0.381 -0.003 0.000 0.536 0.534 0.003 -0.001 
27/04/1995 0.455 0.473 -0.018 0.000 0.621 0.628 -0.005 -0.002 
03/05/1995 0.486 0.506 -0.021 0.001 0.555 0.560 0.000 -0.005 
10/05/1995 0.382 0.386 -0.004 0.000 0.511 0.510 0.002 -0.001 

mean 
% 

0.446 
100 

0.461 
103.6 

-0.016 
-3.6 

0.000 
0.1 

0.636 
100 

0.637 
100.0 

0.004 
0.6 

-0.004 
-0.6 

(b ) 
mean 

% 
0.424 

100 
0.441 
103.9 

-0.017 
-4.0 

0.000 
0.1 

0.583 
100 

0.591 
101.4 

-0.004 
-0.7 

-0.004 
-0.7 

flood ebb 

3? 0 

-10 

30 

20 

10 -

-20 

-30 

£ 0 

-10 -

— 

1 I I 1 

* J, 1* 

• dc/dt<>0 !3dc/dz<>0 
* J, 1* — 5 — 3 V —é ~ — T F — 3 — * 0"!—ui—ni—4i—1 * J, 1* 

Fig. 4. Relative contribution (%) to the transport velocity of temporal (dc/dtoO = AV t) 

and vertical (dc/dz<>0 = AVs,) salinity variations, for flood and ebb separately for all 

sampling dates. 
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The relative depth-averaged transport velocity, reflecting the contribution of 
inhomogeneous vertical salinity distribution to the transport velocity, indicates 
that the largest stratification effects occurred around LW slack (transport 
velocity up to 0.06 m s"1 lower than the water velocity; Fig. 2). This effect was 
more pronounced in 1994 than in 1995. The transport velocity was also lower 
than water velocity (up to 0.025 m s"1) shortly after HW slack in both years. 

The relative time-averaged transport velocity profiles of salinity, reflecting 
temporal concentration variations, were negative during flood at all depths with 
absolute values up to 0.06 m s"1 (Fig. 3). During ebb, however, both negative 
and positive relative transport velocities were observed. Deviations from a 
straight vertical line indicate that the temporal changes follow different patterns 
at different depths. 

The contributions of temporal and vertical variation to the transport velocity 
(Table 3) are shown for each sampling date in Fig. 4. As might be expected for a 
dissolved substance, the t ime- and depth-averaged transport velocities of 
salinity were almost equal to those of water. Temporal variation has a larger 
effect than vertical variation. During flood, the contribution of temporal variation 
was consistently negative, and the contribution of vertical variation was only 
minor. During ebb, temporal variation resulted in positive effects, whereas 
vertical variation had a negative effect. Overall, the temporal salinity variation 
has a negative contribution of 3.6% to the transport velocity during flood, 
whereas the vertical variation contributes only 0 . 1 % (Table 3). During ebb, the 
net effect is considerably smaller than during flood: the temporal variation adds 
0.6% and the vertical variation subtracts 0.6%. Including slack periods in the 
time-integration leads to a small reduction of the transport velocity of water and 
salinity (Table 3b), but hardly affects the calculated contributions of temporal 
and vertical concentration variation to the transport velocity of salinity. Tidal 
displacements of salinity and water were almost equal, which is on average 12 
km (Table 6). 

Suspended matter 

The centre of mass of suspended matter was significantly lower than 0.5 during 
flood and ebb in both years, indicating that particles are concentrated in the 
lower part of the water column. This effect is more pronounced during flood than 
during ebb (Table 2). The time-averaged concentration profiles confirm these 
results: the highest concentrations occur near the bottom, and the vertical 
variations are larger during flood than during ebb (Fig. 5). 

The relative depth-averaged transport velocity was always negative with 
minimum values after HW slack (Fig. 6). This coincides with strongly increasing 
tidal current velocities (see Jager subm.), which lead to resuspension of 
suspended matter near the channel bed. 
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flood ebb 
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0 0.5 1 K1.5 2 2.5 3 
kg/m 3 

Fig. 5. Time-averaged suspended matter concentration profiles by sampling date. Legend 
to the dates as in Fig. 1. 
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Fig. 6. Relative depth-averaged transport velocity (m s'1) profiles of suspended matter by 
sampling date. Legend to the dates as in Fig. 1. 
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Fig. 7. Relative time-averaged transport velocity profiles of suspended matter by 
sampling date. Legend to the dates as in Fig. 1. 
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Table 4. Absolute time- and depth-averaged transport velocities (< vs >, m s'1) for 
suspended matter per tidal phase and sampling date, and contributions of current velocity 
(< v >), temporal (AVu) and vertical (/\v ) concentration variation. For legends see 
also Table 3. 
(a) results excluding the slack period, (b) summary of data including the slack period. 

(a) Flood Ebb 
Date < vs > < V > w» AVSZ < vs > < v > ^y,t AVsz 

11/04/1994 0.482 0.532 0.047 -0.097 0.686 0.773 -0.005 -0.082 
12/04/1994 0.518 0.488 0.099 -0.069 0.716 0.743 0.067 -0.094 
18/04/1994 0.448 0.471 0.011 -0.034 0.619 0.586 0.115 -0.082 
19/04/1994 0.404 0.398 0.037 -0.031 0.564 0.518 0.127 -0.081 
03/05/1994 0.355 0.400 0.025 -0.070 0.500 0.497 0.059 -0.056 
10/05/1994 0.560 0.495 0.101 -0.036 
11/05/1994 0.507 0.466 0.073 -0.032 0.635 0.599 0.082 -0.046 
16/05/1994 0.470 0.423 0.079 -0.032 0.807 0.748 0.106 -0.047 
12/04/1995 0.476 0.440 0.062 -0.026 0.787 0.737 0.126 -0.076 
18/04/1995 0.567 0.512 0.107 -0.052 0.773 0.794 0.090 -0.111 
20/04/1995 0.580 0.550 0.086 -0.056 0.668 0.684 0.120 -0.136 
25/04/1995 0.373 0.381 0.039 -0.047 0.589 0.534 0.095 -0.040 
27/04/1995 0.499 0.473 0.097 -0.071 0.758 0.628 0.183 -0.053 
03/05/1995 0.530 0.506 0.106 -0.082 0.535 0.560 0.137 -0.162 
10/05/1995 0.380 0.386 0.049 -0.055 0.611 0.510 0.179 -0.078 
mean 0.477 0.461 0.068 -0.053 0.661 0.637 0.106 -0.082 
% 100 96.8 14.2 -11.0 100 96.4 16.0 -12.4 
(b) 
mean 0.466 0.441 0.077 -0.052 0.640 0.591 0.129 -0.080 
% 100 94.6 16.4 -11.1 100 92.3 20.2 -12.5 

flood ebb 

y 0 

-20 

SS 0 

Fig. 8. Relative contribution (%) to the transport velocity of temporal (dc/dt<>0 =AVst) 
and vertical (dc/dz<>0 = nv ) suspended matter concentration variations, for flood and 
ebb separately for all sampling dates. 
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The relative time-averaged transport velocity was almost always positive, 
indicating that suspended matter is transported faster than water during both 
flood and ebb (Fig. 7) with values up to 0.3 m s"1. The profiles show highest 
values at the surface during flood and in midwater during ebb. However, the 
patterns were quite variable in both tidal phases and both years. 

The contribution of the temporal variation to the transport velocity of 
suspended matter (Table 4) was consistently opposite to that of the vertical 
variation and were in the same order of magnitude (Fig. 8). Overall, the 
temporal variation had a positive contribution of about 15% to the transport 
velocity, whereas the vertical variation subtracted 12% during both flood and 
ebb (Table 4). Including slack periods merely increases the contribution of the 
temporal concentration variation by a few percent (Table 4b). The net effect of 
both variations on the tidal displacement is landward during flood and seaward 
during ebb (Table 6). 

Larvae 

In water of 30 as well as 0.2 salinity, the two larvae sank fairly quickly to the 
bottom after release. The specific gravity of flounder larvae is thus larger than 
water in both saline and fresh water. The mean centre of mass of the larval 
distribution was higher than 0.5 during flood, and not significantly different from 
the midpoint during ebb (Table 2). The time-averaged larval concentration 
profiles (Fig. 9) indicate that relatively high concentrations were indeed 
consistently observed in the upper part of the water column during flood. During 
ebb, however, relatively high concentrations may occur in the surface or the 
near-bottom layer or even in both layers with relatively low concentrations in 
between (see also Jager subm.). Therefore, a value of 0.5 may not be 
interpreted as indicating a homogeneous distribution over the water column. 
These patterns were observed in both years, although the concentrations were 
generally higher in 1994. 

The vertical distribution of the larvae caused relative depth-averaged 
transport velocities that were positive during flood in both years, and highly 
variable during ebb, positive or negative, depending on date and time within a 
tidal cycle (Fig. 10). The difference between larval velocity and current velocity 
ranges from -0.2 to +0.2 m s"1. 

Larval time-averaged transport velocity (Fig. 11) during flood was on most 
dates higher than of water (up to 0.1 m s"1), with a few exceptions. The irregular 
vertical profiles again indicate different tidal variations at different relative 
depths in the water column. During ebb, patterns were much more variable. 
Particularly in the upper water layer, larvae travelled sometimes 0.2 m s"1 faster 
than water or 0.4 m s"1 slower. In the near-bottom layer, relative velocities were 
smaller and more frequently negative, especially in 1994. 
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Fig. 9. Time-averaged larval concentration profiles by sampling date. Legend to the dates 
as in Fig. 1. 
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Fig. 10. Relative depth-averaged transport velocity (m s'1) profiles of flounder larvae by 
sampling date. Legend to the dates as in Fig. 1. 
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Fig. 11. Relative time-averaged transport velocity profiles of flounder larvae by sampling 
date. Legend to the dates as in Fig. 1. 
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Table 5. Absolute time- and depth-averaged transport velocities (< vs•>, m s'1) for 

larvae per tidal phase and sampling date, and contributions of current velocity (< v > ) , 

temporal ( /\V sl) and vertical ( AV ) concentration variation. For legends see Table 3. 

(a) results excluding the slack period, (b) summary of data including the slack period. 

(a) Flood Ebb 
Date < v, > < v > M.* AVSZ < vs > < v > w» A Vs: 

11/04/1994 0.728 0.606 0.053 0.069 0.352 0.792 -0.390 -0.050 
12/04/1994 0.662 0.635 -0.009 0.036 0.660 0.868 -0.156 -0.052 
18/04/1994 0.600 0.587 -0.005 0.018 0.808 0.793 -0.002 0.017 
19/04/1994 0.472 0.469 -0.003 0.006 0.905 0.678 0.123 0.104 
03/05/1994 0.484 0.456 0.010 0.018 0.751 0.617 0.108 0.026 
10/05/1994 0.644 0.606 0.019 0.019 
11/05/1994 0.630 0.532 0.033 0.065 0.648 0.758 -0.157 0.047 
16/05/1994 0.674 0.541 0.049 0.084 0.729 0.846 -0.122 0.005 
12/04/1995 0.607 0.574 0.001 0.032 0.698 0.959 -0.232 -0.029 
18/04/1995 0.686 0.694 -0.037 0.029 0.944 0.969 0.022 -0.047 
20/04/1995 0.760 0.692 0.010 0.058 0.928 0.858 -0.059 0.129 
25/04/1995 0.540 0.475 0.026 0.039 0.694 0.678 0.015 0.001 
27/04/1995 0.674 0.607 0.042 0.025 0.681 0.837 -0.087 -0.069 
03/05/1995 0.744 0.643 0.058 0.043 0.712 0.775 0.028 -0.091 
10/05/1995 0.522 0.489 0.016 0.017 0.713 0.721 0.091 -0.099 
mean 0.628 0.574 0.018 0.037 0.730 0.796 -0.059 -0.008 
% 100 91.3 2.8 5.9 100 109.1 -8.0 -1.0 
(b) 
mean 0.549 0.484 0.033 0.033 0.606 0.624 -0.012 -0.007 
% 100 88.1 6.0 5.9 100 103.1 -2.0 -1.1 

flood ebb 
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Fig. 12. Relative contribution (%) to the transport velocity of temporal (dc/dt<>0 

= AV.t) and vertical (dc/dz<>0 = i\y ) larval concentration variations, for flood and 

ebb separately for all sampling dates. 
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Table 6. Duration of the flood and ebb period (T, min), relative time- and depth-averaged 
transport velocity C < V > = | < V S > | - | < V > \, m s'1), and displacement relative to 
water (Ls - L, km) of salinity, suspended matter and larvae, assuming that estimated 
transport velocities are valid also during the slack periods. Relative displacement in 
landward direction is positive during flood and negative during ebb. 

Salinity Susp. Larvae 
Date T < v r > Ls-L <vr> Ls-L < v r > Ls-L 

Flood 
11/04/1994 325 -0.013 -0.25 -0.050 -0.98 0.122 2.38 
12/04/1994 350 -0.045 -0.94 0.030 0.63 0.027 0.57 
18/04/1994 364 0.001 0.02 -0.023 -0.50 0.013 0.28 
19/04/1994 396 -0.013 -0.31 0.006 0.14 0.003 0.07 
03/05/1994 4 2 1 -0.006 -0.15 -0.045 -1.14 0.028 0.71 
10/05/1994 361 -0.017 -0.37 0.065 1.41 0.038 0.82 
11/05/1994 365 -0.014 -0.31 0.041 0.90 0.098 2.14 
16/05/1994 382 -0.013 -0.30 0.047 1.08 0.133 3.05 
12/04/1995 400 -0.023 -0.55 0.036 0.86 0.033 0.79 
18/04/1995 366 -0.027 -0.59 0.055 1.21 -0.008 -0.18 
20/04/1995 389 -0.023 -0.54 0.030 0.70 0.068 1.59 
25/04/1995 393 -0.003 -0.07 -0.008 -0.19 0.065 1.53 
27/04/1995 375 -0.018 -0.40 0.026 0.59 0.067 1.51 
03/05/1995 369 -0.020 -0.44 0.024 0.53 0.101 2.23 
10/05/1995 406 -0.004 -0.10 -0.006 -0.15 0.033 0.80 
mean 377 -0.016 -0.35 0.015 0.34 0.055 1.22 
s.d. 24 0.011 0.24 0.035 0.78 0.043 0.94 
Ebb 
11/04/1994 4 2 3 0.026 0.66 -0.087 -2.21 -0.440 -11.17 
12/04/1994 391 -0.006 -0.14 -0.027 -0.63 -0.208 -4.88 
18/04/1994 378 -0.025 -0.57 0.033 0.75 0.015 0.34 
19/04/1994 339 0.005 0.10 0.046 0.94 0.227 4.62 
03/05/1994 342 0.009 0.18 0.003 0.06 0.134 2.75 
10/05/1994 362 
11/05/1994 384 -0.010 -0.23 0.036 0.83 -0.110 -2.54 
16/05/1994 364 0.021 0.46 0.059 1.29 -0.117 -2.55 
12/04/1995 382 -0.006 -0.14 0.050 1.14 -0.261 -5.97 
18/04/1995 366 -0.009 -0.20 -0.021 -0.46 -0.025 -0.55 
20/04/1995 370 0.000 0.00 -0.016 -0.36 0.070 1.55 
25/04/1995 357 0.002 0.04 0.055 1.18 0.016 0.34 
27/04/1995 376 -0.007 -0.16 0.130 2.93 -0.156 -3.52 
03/05/1995 370 -0.005 -0.11 -0.025 -0.56 -0.063 -1.40 
10/05/1995 334 0.001 0.02 0.101 2.02 -0.008 -0.16 
mean 369 0.000 -0.01 0.024 0.49 -0.066 -1.65 
s.d. 22 0.013 0.30 0.057 1.29 0.169 3.97 

The contribution of the vertical variation was higher than of the temporal 
variation during flood and always positive (Fig. 12). In contrast, the temporal 
variation appears to dominate during ebb and, although highly variable, the 
contributions were generally negative. The contribution of the temporal variation 
ranges between -0.04 and 0.06 m s"1 during flood and between -0.39 and 0.12 
m s'1 during ebb, whereas the contribution of the vertical variation varies 
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between 0.01 and 0.08 m s"1 during flood and between -0.10 and 0.13 m s"1 

during ebb (Table 5). Overall (Table 5), transport velocity of larvae was 9% 
higher than of water during flood, mainly due to the vertical concentration 
variation (6%). During ebb, larval transport velocity was 9% lower than of 
water, but in this case almost exclusively due to the temporal concentration 
variation (8%). Including slack periods gives a substantial reduction of the 
transport velocities of water and larvae (Table 5b), an increase (flood) or 
decrease (ebb) of the contribution of the temporal concentration variation to the 
larval transport velocity, whereas the contribution of the vertical variation does 
not change. 

Taking the duration of the flood and ebb periods into account, the differences 
in transport velocity result in differential larval displacement compared to the 
tidal excursion of water. The relative displacement of larvae during flood was 
landward on most sampling dates (on average 1.2 km). During ebb, larval 
displacement remained on average 1.7 km behind, but a relative displacement 
seaward was observed on 5 out of 14 sampling dates (Table 6). 

DISCUSSION 

The centre of mass of a dissolved substance in a well-mixed water column lies 
theoretically halfway. Although the absolute differences observed were small, 
the centre of mass of salinity was significantly lower than 0.5, which may be 
taken as an indication of stratification. This was more so in 1994 than in 1995. 
Vertical variation was particularly pronounced around HW when relatively fresh 
water starts returning from the flats and intrudes at the surface (Postma 1982). 
Furthermore, a front of fresh water, discharged into the Dollard at Nieuwe 
Statenzijl (Dorrestein 1960, De Jonge 1988, Jager 1998), passes the sample 
location at the end of the ebb and causes temporary stratification with low 
surface salinity values followed by reduced salinities in the entire water column. 
Incomplete mixing does indeed occur in the vicinity of the sample location 
(Dorrestein 1960). However, the temporal variation due to the longitudinal 
salinity gradient in the channel, which is caused by the freshwater discharges, is 
far more important for the transport velocity than the short term vertical 
variations. The volume of the discharge is highly variable and depends largely on 
precipitation. The high transport velocity measured during ebb on April 11th and 
the low value during flood on April 12th 1994 (curves A and B in Fig. 3) are 
probably related to a relatively high discharge at Nieuwe Statenzijl. 

Both the temporal and vertical variations in suspended matter concentrations 
are influenced by the processes of advection, diffusion, erosion and deposition, 
although in different ways. 
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The temporal concentration variations will reflect the effects of lateral and 
longitudinal advection, but processes of erosion and deposition, which are 
current-related, dominate the temporal variation (Van Leussen 1991) and thus 
its contribution to the transport velocity. The erosion-deposition cycle results in 
temporal concentration variations which are more or less synchronous with the 
current velocity, leading to a positive contribution to the (time-averaged) 
transport velocity. 

The vertical concentration profile will exhibit increasing values towards the 
bottom as a result of erosion and deposition. Because the vertical current profile 
shows an opposite trend, the contribution of these profiles to the transport 
velocity will be negative. Turbulent diffusion is current-dependent, and results in 
a more homogeneous vertical distribution at higher velocities. However, the 
vertical redistribution, merely due to turbulent diffusion, also affects the 
temporal concentration variation at each depth. In the upper layer the temporal 
variation will be synchronous with the current speed, yielding a positive 
contribution to the time-averaged transport velocity, while near-bottom the 
opposite occurs. In theory, this would result in an S-shaped vertical profile of 
the time-averaged transport velocity. 

Under steady and uniform conditions a passive substance with a specific 
gravity larger than water may be expected to have its centre of mass in the 
lower half of the water column. Although these conditions are not met in the 
Dollard, the centre of mass of suspended matter was always significantly lower 
than 0.5. Higher current velocities, and consequently higher turbulent mixing, 
may explain the somewhat higher value during ebb than during flood. 

For suspended matter, temporal and vertical variation are both important 
and moreover they counteract. The high concentrations in the lower part of the 
water column, where current velocity is relatively low, cause a negative relative 
(time and) depth-averaged transport velocity. In contrast, the positive 
correlation between temporal variations in suspended matter and current 
velocities causes a positive relative transport velocity. The time-averaged 
transport velocity profiles do not show the theoretical S-shape (with positive 
values in the upper, and negative values in the lower water layers) that would 
be expected if merely turbulent diffusion was acting. Therefore, we deduce that 
the effects of turbulent diffusion are subordinate to those of current-dependent 
erosion-deposition. 

In addition, (stormy) wind conditions strongly influence the exchange of 
sediment between the flats and the channels (De Haas and Eisma 1993) and 
therefore may also affect temporal variation in suspended matter. The highest 
wind velocity observed during sampling was 12 m s"1 (Jager 1998), which is 6 on 
the scale of Beaufort, but on most sampling dates wind velocity was much less. 
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Different water masses can be expected to have different loads of suspended 
matter and therefore front conditions such as between fresh and estuarine water 
may also affect temporal variation. For example, the negative relative transport 
velocity of suspended matter in the lower half of the water column during the 
ebb of 11 April 1994 (curve A in Fig. 7) may express this phenomenon. Effects 
of both wind and front conditions are expected to be more important during the 
ebb, and would result in increased concentrations by advection rather than by 
local redistribution of sediment by erosion-deposition. However, the observed 
small differences between flood and ebb in the concentration profiles and in the 
relative contribution of the temporal variation do not indicate that either of the 
two processes has been very influential. The overall transport velocity of 
suspended matter is only slightly higher (on average 2.5 to 5%) than of water. 

The most important processes that determine the larval transport are the 
horizontal (longitudinal and lateral) advection by tidal currents, the vertical 
advection (expressing the effects of both gravity and swimming) and the vertical 
diffusion by turbulence. Theoretically, upward larval migration will have a similar 
effect as turbulent diffusion during increasing, and opposite effects during 
decreasing current velocities. The selective tidal stream transport hypothesis 
predicts a positive relative time-averaged transport velocity in the upper layers 
and negative values in the lower layers during flood, and vice versa during ebb, 
caused by vertical migration. 

The mean centre of mass of larvae differs significantly from those of salinity 
and suspended matter and can be much higher than 0.5. The centre of mass of 
the larval distribution was usually higher than of suspended matter, particularly 
during flood. In contrast, however, the larval centre of mass is lower during ebb 
than during flood. This indicates that the larvae are not only subject to physical 
forces but that an active component in the vertical direction is involved. 

For larvae, the vertical concentration variation has a large and positive effect 
on the transport velocity during flood. This is in contrast with suspended matter 
where the vertical variation has a large but negative effect. Because the flounder 
larvae have a positive fall velocity in both saline and fresh water their specific 
gravity would lead to a negative contribution to the transport velocity. The 
estimated positive contribution of vertical variation during flood (5.9%) can only 
be explained by upward swimming. Because the physical forces acting on the 
larvae have to be counteracted and overcome, upward swimming may in reality 
contribute even more than the estimated value. 

During ebb, the vertical concentration variations contribute on average 
negatively to the larval velocity, suggesting that larval swimming may be less 
important. The negative effects of temporal variations on the transport velocity 
are more pronounced during this phase. Although the larvae originate from the 
open sea, within the estuary a landward concentration gradient has been 
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observed (Jager 1998) causing decreasing larval concentrations during flood and 
increasing concentrations during ebb. In combination with the relatively high 
current velocities during the first half of the flood and ebb, this will lead to 
positive values of the relative time-averaged transport velocity during flood and 
negative values during ebb. This deviation from a (symmetrical) sinusoidal 
velocity curve is more pronounced during ebb than during flood and explains the 
higher contribution of temporal variation during the former tidal phase. 

The result of temporal variation in turbulent diffusion would be an S-shaped 
transport velocity profile with positive values in the upper half of the water 
column and negative values in the lower half, as observed on 18 April 1994 
(curve C in Fig. 11). Such a profile seems to be the exception rather than the 
rule and turbulent diffusion is therefore not believed to be of much influence on 
the larval transport velocity. Effects of vertical migration and longitudinal 
variation appear to be much more important. 

The number of larval concentration measurements in the vertical profile was 
in practice limited to 3 (a.o. by the small depth of the sample location at LW). 
Given the irregular distribution of flounder larvae, this should be considered as 
the minimum to apply the presented method. Increasing the number of 
concentration measurements in the vertical profile will increase the accuracy. 

In contrast to Rowe and Epifanio (1994), our approach explicitly adresses the 
influence of the vertical distribution of concentration and current speed on 
transport velocities. Assuming a homogeneous vertical distribution would have 
led to a 68% bias in the estimated relative transport velocity, or a 6% bias in 
the estimated transport velocity during flood. Another difference with Rowe and 
Epifanio (1994) is the use of relative depth in our calculations, which is 
necessary because in the Dollard the tidal difference (3 to 3.5 m) is large 
compared to the depth of the sample location (5 m below MSL). Applying the 
concept of transport velocity to suspended matter and salinity, beside larvae, is 
an interesting extension of our approach which allows a more detailed analysis 
of the processes underlying the estuarine transport. 

We made no attempt to calculate a tidally averaged residual transport 
velocity, because the applied Eulerian approach does not justify such estimates. 
Ridderinkhof and Zimmerman (1990) showed that the Lagrangian residual 
transport velocity of water differs appreciably from the Eulerian one in a non
uniform velocity field as typically present in the Dollard. A similar reasoning 
applies to estimates of displacement. The given estimates of the latter should 
therefore not be taken too literally, because they are based on extrapolations of 
current velocities measured at one particular location. 

Nevertheless, assuming a uniform velocity field in the entire estuary, it is 
tempting to make a rough calculation of the time required for flounder larvae to 
reach the Dollard after entering the estuary through the tidal inlet at Borkum. 
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The larvae appear to succeed in covering 1.2 km more than the average tidal 
excursion during flood. During ebb, their displacement is 1.7 km less seaward 
than that of water (Table 6). This would mean a net landward displacement per 
tidal cycle of about 3 km. To cover the distance between the tidal inlet at 
Borkum and the Dollard nursery (50 km), the larvae would require about 9 days. 
This t ime agrees with findings in the Elbe estuary, where flounder larvae were 
estimated to need two weeks to cover a distance of 79 km (Bos era/ . 1995). 

The results support the conclusion that the vertical distribution has a 
dominant effect on the larval velocity of flounder. The absolute contribution of at 
least 6% of active swimming to larval transport velocity may seem insignificant. 
Apparently, flounder larvae can only enhance or inhibit their transport to a 
limited extent, and their distribution inside the nursery area is largely 
determined by the water circulation. However, even with small differences in 
transport velocities between larvae and water, the cumulative effect of a 6% 
contribution during each subsequent tidal cycle will eventually lead to 
considerable differences in the residual displacement of flounder larvae in the 
Dollard. 

A P P E N D I X  
Symbol Description Dimension 

centre of mass relative to depth 

c(t) depth-averaged instantaneous concentration g kg ~\ kg 

< „f * \ > time-averaged local concentration (mass preserving) 

v n\ instantaneous depth-averaged transport velocity 

^ / * ) ̂  time-averaged transport velocity at relative depth ('larval 
"̂  V v ( z J > velocity') 
< y > time- and depth-averaged transport velocity 
Ay contribution of temporal concentration variation to 

*•' transport velocity 
Ay contribution of vertical concentration variation to 

s-z transport velocity 
< y > ' transport velocity without the contribution of vertical 

s concentration variation 
Ls tidal displacement of a substance 
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