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CHAPTER 6 

Across-channel distribution of flounder larvae 
(Platichthys flesus L.) in the Ems-Dollard estuary 
and its effects on larval transport estimates 

Zwanette Jager 

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



ABSTRACT 
Estimates of larval transport of the flounder (Platichthys flesus L.) in the Ems-Dollard were 

based on the assumption of homogeneous concentrations across the width of the tidal 

channel. This needed further investigation, because there were indications from other 

studies that flatfish larvae are heterogeneously distributed across a tidal channel. The 

opportunity of a large-scale water flow measurement in the middle part of the Ems-

Dollard, involving many ships, was seized to study the larval distribution of flounder 

across the tidal channel and to test the assumption of homogeneous concentrations. In 

addition, larval concentrations were measured on two positions on another cross-section 

which was situated deeper into the Dollard, and which was the sampling location of 

extensive studies of larval flounder by Jager (Chapter 2, 1998, subm.). The effects of a 

heterogeneous distribution on larval transport estimates are evaluated. 

The hypothesis that larval concentrations are homogeneous across the width of the 

channel was rejected by the present study. Larval concentrations showed heterogeneous 

tidal variations at the different positions on the cross-sections in the middle part of the 

estuary, and moreover, mean concentrations differed. Larvae tend to concentrate in the 

main stream. Given the large variability in larval concentrations, data were not sufficient 

to determine tidal patterns in the across-channel distribution. 

The accuracy of the estimates of overall transport through the channel section 

improved by increasing the number of sampling positions per cross-section. However, 

some of the individual sampling positions can provide transport estimates that approach 

the overall transport based on all four sampling positions. These are generally the 

positions in the centre of the channel with the largest water transport. 

In the cross-section deeper in the Dollard, tidal variations in larval concentrations were 

similar, and mean concentrations differed between the positions only during part of the 

tidal cycle. Concentrations tended to be higher in the flood-branch of the channel. The 

estimates of the net transport were affected in an unpredictable way, although 

measurements at the ebb-dominated position on the channel cross-section under

estimated both the flood and ebb transport of flounder larvae. The data do not allow a 

well-founded correction of larval transport estimates that are based on only one position 

per cross-section. 
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INTRODUCTION 
Estimates of larval transport of flounder (Platichthys flesus L.) in the Dollard 
were based on larval concentration measurements in the deepest part of a 
cross-section of the main tidal channel in the centre of this nursery area 
(Chapter 2, Jager 1998). The approach followed was based on the assumption 
that larval transport can be representatively estimated by measuring depth-
averaged larval concentrations and current velocity at one point on a cross-
section in the tidal channel. Larval transport estimates were obtained by 
multiplying the depth-averaged larval concentration at one point by the water 
flow through the cross-section. The water flow is derived by multiplying the wet 
area of the channel profile by the cross-sectional current velocity which in turn is 
derived from the current velocity at the sampling location by means of 
previously established linear regression equations (see Chapter 2). An under
lying assumption of using this method is, that larval concentrations are 
homogeneous in the cross-section. 

However, the water flow through the cross-section of a tidal channel is by no 
means homogeneous. Due to the particular geophysical location and structure, 
relatively more water may be transported through one side of the cross-section 
during flood, whereas the other side may show an ebb-surplus (De Jonge 1991). 
Heterogeneous larval concentrations of plaice {Pleuronectes platessa L.) across 
the cross-section of a tidal channel in the south-west Netherlands were observed 
by Rijnsdorp et al. (1985). Weinstein et al. (1980) found indications that larval 
concentrations of Paralichthys spp. were the highest in the flood branch of the 
channel during flood, and the highest in the ebb-branch during ebb. These 
studies indicate that the assumption of homogeneous distribution of larvae 
across the channel may not be justified, and needs further foundation. 

The opportunity of an international STROEDE survey (Dutch acronym of 
'STROommeting Eems-Dollard Estuarium'), involving a fleet of 10 ships per 
cross-section, was seized to measure larval concentrations across the main 
channel in the middle part of the Ems-Dollard estuary. This campaign, which 
took place in the middle of the larval immigration period of flounder {Platichthys 
flesus L ) , offered an unique opportunity to test the hypothesis that larval 
concentrations are homogeneously distributed over the width of a channel in the 
Ems-Dollard estuary. The present study also investigates whether a single 
station may provide an unbiased and reliable estimate of transported water and 
larvae. Implications for the method applied in Chapter 2 and 3 to estimate larval 
transport are evaluated and discussed. 
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Fig. 1 Study area, with (a) the Ems-Dollard estuary and (b) the sampled cross-sections 
Bocht van Watum/Gaatje Bocht, Termunten-Knock and Groote Gat (A), and the tidal 
gauges Paap, Delfzijl (D), Oterdum (O) and Knock (K). Dots represent the ship positions 
on the cross-sections. 

MATERIALS AND METHODS 
Large-scale water flow measurements have been made in the Ems estuary in 
1994 as part of an international STROEDE co-operation between 'Rijkswaterstaat 
(Directie Noord Nederland)' and the 'Wasser- und Schiffahrtamt Emden'. To 
accurately estimate the water transport in the middle part of the estuary, the 
water flow through two cross-sections, Bocht van Watum/Gaatje Bocht (GB) and 
Termunten-Knock (TK; Fig. 1), was measured on 26 and 28 April 1994, 
respectively. Measurements took place during a complete tidal cycle from one 
Low Water (LW) to the next simultaneously from 10 anchored ships per cross-
section, following standard procedures (Duits-Nederlandse Eemscommissie 
1996). The positions of the vessels on the cross-sections were carefully selected 
to representatively cover the width of the channel. 
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Fig. 2. Profiles of the sampled cross-sections, with mean low water (MLW) and mean sea 
level (MSL) indicated, (a) GB, (b) TK. The numbers indicate the selected positions at 
which larval concentrations were measured. Physical variables were measured at positions 
indicated by * 

In addition to the water flow measurements, plankton samples were taken 
simultaneously on 5 (26 April) or 4 (28 April) of the 10 positions in each cross-
section (Fig. 2) by the National Institute for Coastal and Marine Management / 
RIKZ. Larval sampling was accompanied by measurements of water 
temperature, salinity (WTW-conductivity meter) and turbidity (Partech meter) 
on 2 positions per cross-section only. 

During an additional survey in 1995, two positions in the cross-section A (8 
and 9; Fig. l ) were sampled simultaneously on 20 and 27 April following the 
same sampling procedures as described by Jager (1998). Plankton sampling in 
GB and TK differed slightly because the net was lowered and lifted only 1 to 2 
times for each sample. This adaptation was necessary to standardise sampling 
at the different positions within the cross-sections and because of the larger 
depth of the channels in the middle part of the estuary (about 15 m instead of 
only 5 m in the Dollard). 

The sampling positions will be referred to by the abbreviation of the cross-

section followed by the respective numbers as indicated in Figs. 1 and 2. 

Across-channel distribution 1 4 1 



m to MSL 

Fig. 3. Profile of the sampled cross-section A with mean low water (MLW) and mean 
sea level (MSL) indicated. The numbers indicate the positions at which larval 
concentrations were measured. Additional physical variables were measured at the 
position indicated by *. 

Gaatje Bocht 

Cross-section GB has a width of 3000 m, and a maximum depth of 16 m below 
mean sea level (MSL) at position GB7.(Fig. 2a). The outflow of the Dollard via 
Kerkeriet and Groote Gat may be largely expected at GB7 and GB9, whereas 
GBn will largely reflect the outflow of the river Ems. Current velocities at GB3 

were very low, resulting in very incomplete plankton sampling. Therefore, GB3 

was excluded from the analyses. 

Termunten-Knock 

In the cross-section TK, width 3000 m, the outflow channels of the Kerkeriet 

(TK3), the Groote Gat (TK5, TK6) and the river Ems (TK8) can clearly be 

discerned (Fig. 2b). Maximum depth is 10 m below MSL at position TK8. 

Groote Gat 

During the additional survey on 20 and 27 April 1995, two positions (8 and 9) at 
a mutual distance of 200 m were sampled simultaneously in the channel Groote 
Gat (cross-section A, Fig. 3), which is located deeper into the estuary. In this 
cross-section extensive studies of larval flounder have been performed at 
position 8 during surveys in 1993, 1994 and 1995 (Chapter 2, Jager 1998, Jager 
subm.). A8 is the deepest point on the 1000 m wide cross-section and situated 
in the ebb-dominated part of the channel. 
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Data t reatment 

The current velocity measurements were processed with the VIMET 
(Rijkswaterstaat 1980) computer programme to estimate the water flow. The 
programme VIVIAN (Ariaans and Boorsma 1993) was applied to process, 
interprète and present the results of the VIMET analyses. Multiplying the local 
(i.e. at the sampling position) instantaneous (i.e. at each sampling time) depth-
averaged current velocity by the instantaneous depth of the water column gives 
the local instantaneous water flow per unit width (m3 s"1 m"1). The water level 
was continuously registrated by the tidal gauges of Delfzijl, Paap, Oterdum and 
Knock (Fig. 1). Integration of the local instantaneous water flow over the tidal 
period gives the local water transport (m2 per tide). The overall tidal water 
transport through the STROEDE cross-sections (m3) is obtained by linear 
interpolation of the local water transports over the width of the channel. See 
Duits-Nederlandse Eemscommissie (1996) or Kiezebrink (1996) for a more 
extensive description of the hydrographical methods used. 

The local instantaneous larval flux (n s"1 m"1) was calculated by multiplying 
the local depth-averaged larval concentration (n m"3) by the local instantaneous 
water flow (m2 s"1). Integration over the tidal period, excluding slack-periods, 
resulted in a flood and ebb larval transport for each sampled location on the 
cross-section (n m"1 per tide). Estimates of the larval tidal transport through the 
entire cross-section (n) were derived in two ways: 
1. by linear interpolation of the local larval transports and extrapolation to a 

zero-transport at the channel borders, which are arbitrarily set (about msl) at 
0-3000 m (GB), 500-3500 m (TK) and 250-1000 m (A). 

2. by multiplying the local instantaneous larval concentration by the cross-
sectional water flow (m3 s"1), followed by integration over the tidal period. 
The cross-sectional flow can be obtained from the local water flow 
a) either by means of the regression equations in Table 1 and 2, or 
b) by linear interpolation over the width of the channel. 
To evaluate method 2a, generally applied by Jager (1998, Chapter 2), the 

transport estimates obtained by the different methods are compared with 
method 1, which is considered the best available estimate. 

Statistical analyses 

Multifactor ANOVA was applied to In-transformed depth-averaged larval 
(concentrations + 1) and depth-averaged current velocity, to investigate 
temporal and local patterns in those variables. A sensitivity analysis of the 
overall larval transport estimates obtained by method 1, based on N (varying 
from 1 to 4) sampling positions, was done for GB and TK to assess the effect of 
the number of sampling locations on the overall transport estimate. 
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Table 1. Regression parameters used to calculate the water flow during flood and ebb by 
sample location on the cross-sections GB and TK, based on extensive measurements on 
26 and 28 April 1994. Regression equation Y = a*X, where Y = water flow (m3 s'1) 
through the cross-section, X = absolute value of the water flow (m2 s'1) at the sampling 
point, a = slope, regression forced through the origin, R2 = correlation coefficient; 
P<0.001 for all locations. 

Flood Ebb 
Location a R2 n a R2 n 
GB3 311 0.98 24 341 0.99 17 
GB5 3622 0.98 20 3487 0.98 22 
G By 975 0.99 20 1200 0.99 22 
GB9 2382 0.99 20 1879 0.99 22 
GBii 3305 0.98 20 3478 0.96 22 
TK3 3882 0.98 20 3751 0.99 22 
TKs 1730 0.99 20 2275 0.99 22 
TK6 1481 0.99 20 1804 0.99 22 
TK8 1512 0.99 20 1329 0.92 22 

Table 2. Regression parameters used to calculate water flow during flood and ebb of two 
sampling positions on cross-section A, based on extensive measurements in December 
1992. 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) of the sampling 
position, a = slope, b = intercept; R2 = correlation coefficient. 

Location 
Flood 

a 
(n = 19) 

b R2 
Ebb 

a 
(n = 18) 

b R2 

As 
A9 

0.840 
0.845 

0.0053 
0.0089 

0.97 
0.98 

0.741 
0.787 

0.0006 
0.0375 

0.99 
0.99 

RESULTS 

Gaatje Bocht and Termunten-Knock 

Depth-averaged current velocity showed parallel tidal variations at the sampling 
locations in both cross-sections (Table 3), the interaction of tidal phase by 
position not being significant. Mean velocity was significantly lower at GB5 than 
at the other positions in this cross-section, and was significantly higher at GBu 
than at GB7. In cross-section TK, the mean depth-averaged velocity was 
significantly lower at TK3 than at all other sampling positions. 

Table 3. Multifactor ANOVA of depth-averaged current velocity for (a) GB and (b) TK. 

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

MAIN EFFECTS 
tidal phase 79836 5 13.68 0.000 *** 
position 22548 3 29.06 0.000 *** 

INTERACTIONS 
tidal phase*position 12240 15 1.49 0.12 n.s. 

RESIDUAL 63734 116 
TOTAL (corrected) 179198 139 
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(b) SS Df F-ratio P-value Siqn. 
MAIN EFFECTS 

tidal phase 57114 5 23.30 0.000 *** 
position 12373 3 8.41 0.000 ** * 

INTERACTIONS 
tidal phase*position 7556 15 1.03 0.43 n.s. 

RESIDUAL 54912 112 
TOTAL (corrected) 131825 135 

During flood, the largest water transport took place through the deepest 
point of the westerly cross-section (GB7), and more or less proportional to the 
topography of the channel bed through the cross-section TK (Table 4, Fig. 4). 
During ebb, relatively more water was transported through the northern part of 
both cross-sections. Both GB and TK were estimated to have an overall flood 
surplus in water transport, of 3-4%, respectively. Nevertheless, some points on 
the cross-section were characterised by an ebb surplus (GB6, GB9, TK2 and TK8; 
Table 4, Fig. 4). GB7, TK5 and TK6 had a flood surplus. 

Table 4. Local (n m'1) and overall (n) transport per tide, of water (103 m3) and larvae 
(103), through the cross-sections GB and TK. Overall transport according to method 1. 

Flood Ebb 
Location Water Larvae Water Larvae 
GB3 1.2 (18.6) 25.0 (11.9) 
GB5 76.8 132.1 70.3 50.3 
G By 277.4 1027.9 207.9 375.3 
GB9 111.6 350.6 133.5 115.9 
GBu 80.6 86.2 73.3 68.4 
Overall GB 275342 839666 266583 318951 
TK3 70.4 363.8 67.3 131.0 
TK5 158.2 653.8 112.4 234.2 
TK6 184.2 1113.6 140.4 373.6 
TK8 176.5 618.5 198.9 265.0 
Overall TK 287463 1459115 275619 546903 

Larval transport at GSj (in parentheses) is not reliable. 

The largest larval transport occurred at the deepest point on cross-section GB 
(Table 4). On the other cross-section, the highest larval transport was measured 
at TK6. All sample locations on both cross-sections showed a flood surplus in 
larval transport (Fig. 4), which reached a maximum at GB7 on the westerly and 
at TK6 on the easterly cross-section. 

On both cross-sections, larval concentrations showed different variations 
during the tidal cycle at the different sampling positions, indicated by a 
significant interaction of position on the cross-section by tidal phase (Table 5). 
However, the common pattern consisted of high concentrations at the beginning 
of the flood, followed by a decrease toward HW slack and an increase towards 
the end of the ebb (Fig. 5). 
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Fig. 4. Tidal (flood, ebb) water transport (m3, dotted line) and local larval 
transport (n, square markers) through the cross-sections (a) GB and (b) TK, and 
residual (i.e. net) transport of water and larvae through the cross-sections (c) GB 
and (d) TK. Left axis: depth of the channel profile; right axis: transport. 
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Table 5. Multifactor ANOVA of In-transformed (larval concentrations+1) for the cross-
sections (a) GB and (b) TK. 

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

MAIN EFFECTS 
tidal phase 14.60 5 21.50 0.000 *** 
position 3.79 3 9.30 0.000 *** 

INTERACTIONS 
tidal phase*position 5.34 15 2.62 0.002 ** 

RESIDUAL 13.59 100 
TOTAL (corrected) 39.22 123 

(b ) SS Df F-ratio P-value Sign. 

MAIN EFFECTS 
tidal phase 22.61 5 16.10 0.000 * ** 
position 7.15 3 8.49 0.000 * ** 

INTERACTIONS 
tidal phase*position 13.00 15 3.09 0.000 *** 

RESIDUAL 27.25 97 
TOTAL (corrected) 72.78 120 

During flood (Table 6), the temporal concentration pattern of GB differed 
among positions, and thus allowed no conclusion about differences in mean 
concentrations. During ebb, concentrations across GB varied in a similar way 
(interaction of tidal phase by position not significant). The differences between 
positions were not significant (p=0.07), though mean concentration at GB7 

appeared to be higher than at GB5 with intermediate values at GB9 and G B n . 

Table 6. Multifactor ANOVA of In-transformed (larval concentrations+1), flood and ebb 
separately, for the cross-sections (a) GB and (b) TK. 

Flood Ebb 

(a ) Df F-ratio P-value Sign. Df F-ratio P-value Sign. 

MAIN EFFECTS 
tidal phase 2 22.54 0.000 *** 2 20.80 0.000 *** 
position 3 11.14 0.000 *** 3 2.49 0.070 n.s. 

INTERACTIONS 
tidal phase*pos tion 6 3.52 

SS 
0.006 ** 6 1.20 

SS 
0.320 n.s. 

RESIDUAL 50 6.69 50 6.89 
TOTAL (corrected) 61 20.94 61 15.31 

(b ) Df F-ratio P-value Df F-ratio P-value 

MAIN EFFECTS 

tidal phase 2 10.93 <0.001 *** 2 22.27 0.000 *** 
position 3 5.25 0.003 ** 3 3.60 0.020 * 

INTERACTIONS 
tidal phase*pos ition 6 3.29 

SS 
0.008 ** 6 4.40 

SS 
0.001 ** 

RESIDUAL 50 16.59 47 10.65 
TOTAL (corrected) 61 37.62 58 30.04 TOTAL (corrected) 
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Fig. 5. Concentrations (n m'3) of flounder larvae at the different positions 
(numbers are indicated in the Fig.) on the cross-section of (a) GB and (b)TK. 

Across TK, concentration patterns differed among positions during both tidal 
phases, which complicates discrimination between positions of differences in 
mean concentrations. TK8 tended to have lower mean concentrations than all 
other positions. 

An analysis of the effect of the number of positions on the overall transport 
estimate (Table 7) indicated that the mean generally increased with increasing 
number of positions and that the standard deviations converged. 

Table 7. Average overall larval transport (106; avg.) and standard deviation (106; s.d.), 
calculated by method 1 from a variable number of sampling positions (N) on the cross-
sections (a) GB and (b) TK. n is the number of observations, whereas min. and max. are 
the limits of the standard-error (s.e.) interval around the mean. 

(a) 
N 

Flood Ebb 
N n avg. s.d. min. max. avg. s.d. min. max. 
1 
2 
3 
4 

4 599 
6 851 
4 914 
1 840 

652 
505 
367 

273 
645 
730 

925 
1057 
1097 

229 
318 
343 
319 

227 
182 
136 

115 
244 
275 

342 
393 
411 

(b) 
1 
2 
3 
4 

4 1031 
6 1345 
4 1444 
1 1459 

468 
272 
141 

797 
1235 
1374 

1265 
1456 
1514 

376 
491 
533 
547 

150 
81 
30 

302 
458 
518 

451 
524 
548 
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Referring to the investigations of Jager (in prep., 1998) in the Groote Gat, it 
is important to know whether one sampling position may produce reliable 
estimates of larval transport through the cross-section. For GB and TK, the 
cross-sectional transport was calculated, based on each of the four sampled 
positions following methods 2a and 2b. The obtained larval transport estimate 
was compared with the overall larval transport (GB, TK), based on all sampling 
positions per cross-section according to method 1 (Table 8). The estimates 
ranged from 15% of the overall net (landward) transport, but in seaward 
(negative) direction, to 1 4 1 % of the overall (ebb) transport. Using either 
method of calculation (Table 8, a or b), the flood transport was most accurately 
estimated by position GB9, the ebb transport by G B n and the net larval 
transport by GB7. The flood and net transport of TK were best approached by 
TK3, the ebb transport by TK5. GB5, G B n (flood, net) and TK8 generally gave 
poor estimates of larval transport through the cross-section. 

Table 8. Estimated larval transport (106) through the cross-sections (GB„ TK/), based on 
larval concentration measurements on the different sample locations (i), (a) obtained by 
method 2a, (b) obtained by method 2b. Overall larval transport (10s) as in Table 4 
(method 1). 

_(al 
GB5 

GB7 

GB9 

Flood % Ebb % 
478 

1002 
835 
285 

57.0 
119.3 

99.4 
33.9 

175 
450 
218 
238 

55.0 
141.2 

68.3 
74.6 

Net 
303 
552 
617 

47 

% 
58.2 

106.0 
118.5 

9.0 
TK3 1412 96.8 491 89.8 921 101.0 
TK5 1131 77.5 533 97.4 599 65.6 
TK6 1649 113.0 674 123.2 975 106.9 
TK8 935 64.1 352 64.4 583 63.9 
(b) Flood % Ebb % Net % 
GBS 106 12.7 182 56.9 -75 -14.5 
GB7 979 116.6 432 135.3 547 105.1 
GB9 858 102.2 203 63.5 655 125.8 
GB n 295 35.1 275 86.4 19 3.7 
TK3 1437 98.5 507 92.7 930 102.0 
TK5 1114 76.3 527 96.3 587 64.4 
TK6 1642 112.5 626 114.4 1016 111.4 
TK8 952 65.3 319 58.4 633 69.4 
Overall GB 840 100.0 319 100.0 521 100.0 
Overall TK 1459 100.0 547 100.0 912 100.0 

Groote Gat 

Larval concentrations varied in a similar way at A8 and A9 during the tidal cycle, 
the interaction of position by tidal phase not being significant (Table 9). Mean 
concentrations were significantly higher at A9 than A8 during the beginning of the 
flood and the middle of the ebb period (Fig. 6). 
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Depth-averaged velocity did not differ between A8 and A9 (Table 9), and had 
a similar tidal pattern (interaction of position by tidal phase not significant): the 
highest values occurred during the middle of ebb, the lowest values around slack 
waters (Fig. 7). Larval transport calculations indicated more negative vaiues of 
the net transport at A9 than A8, although both the flood and ebb transport were 
higher at A9 than A8 (Table 10). On 20 April, larval flood and ebb transport were 
seriously underestimated by using measurements on A8, and overestimated 
using A9 as a basis (Table 11). The net transport was best estimated at A9. In 
contrast to the first date, on 27 April larval flood and ebb transport were 
approached quite well by calculations founded on A9. The net transport was 
underestimated by A9, but contrary to 20 April overestimated by A8. The 
variation between the dates is large. Nevertheless, it appears that the larval 
concentration measurements on A8 produce transport estimates that are too 
low. 

Table 9. Multifactor ANOVA of (a) In-transformed (larval concentrations + 1) and (b) 
depth-averaged velocity on cross-section A, sampled on 20 and 27 April 1995. 

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

tidal phase 2.18 5 2.61 0.030 * 
position 1.37 1 8.21 0.005 ** 

INTERACTIONS 
tidal phase*position 0.80 5 0.96 0.450 n.s. 

RESIDUAL 15.04 90 
TOTAL (corrected) 21.09 101 
(b ) velocity 
MAIN EFFECTS 

tidal phase 56629 5 25.65 0.000 *#* 
position 36 1 0.08 0.780 n.s. 

INTERACTIONS 
tidal phase*position 460 5 0.21 0.960 n.s. 

RESIDUAL 50346 114 

TOTAL (corrected) 107918 125 

Table 10. Local (n m'1) and overall (n; method 1) t ransport pe r tide throuq h cross-
section A of water (103 m3) and larvae (103 ) , on (a) 20 April, (b) 27 April 1995. 

Location 
(a ) 

Flood 
Water Larvae 

Ebb 
Water Larvae 

As 
A9 

Overall A 

64692 
60996 
29199 

32419 
99378 
34072 

61500 
49608 
25392 

56752 
144859 

51422 
( b ) 
As 
A9 

Overall A 

54312 
50724 
24377 

95422 
95910 
44748 

63972 
54408 
27205 

47789 
70349 
28715 
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Table 11. Estimated larval transport (103) through cross-section A, based on larval 
concentration measurements on sample position Aa or A9 multiplied by the cross-sectional 
water flow (method 2a). Overall transport (method 1) as in Table 10. 
(a) 20 April, (b) 27 April 1995. 

(a) Flood % Ebb % Net % 

A8 14153 41.5 21325 41.5 -7172 41.3 
A9 45068 132.3 62561 121.7 -17493 100.8 
Overall A 34072 100.0 51422 100.0 -17350 100.0 

(b) 

As 38108 85.2 16445 57.3 21663 135.1 
A9 42312 94.6 30384 105.8 11928 74.4 
Overall A 44748 100.0 28715 100.0 16033 100.0 

Fig. 6. Concentrations (n m'3) of flounder larvae at the two positions on cross-
section A (— A8, ... Ag) on (a) 20 April and (b) 27 April 1995. 
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Fig. 7. Depth-averaged velocity (cm s'1) at the two positions (numbers 
indicated in the Fig.) on cross-section A on 20 April (-.- and ...) and 27 April (— 
and—) 1995. 

DISCUSSION 
The estuary makes a sharp bend between the cross-sections GB and TK. The 
current profile over the cross-sections GB and TK indicates that the flood current 
tends to follow the most direct way. During ebb, the lateral current velocity 
profile is dictated by the topography of the channel bed, with the highest current 
velocity at the deepest locations (Duits-Nederlandse Eemscommissie 1996). 

Within cross-section GB, the largest volume was transported through the 
deepest point, whereas relatively much water was transported through the 
middle part of the cross-section TK probably due to the bend in the estuary. 
Cross-section GB showed 3 and TK 2 distinct cells of water circulation. The 
northern part of cross-section TK was characterised by a net ebb surplus, 
probably caused by the outflow of the river Ems. The middle channel, 
longitudinally connected with the Groote Gat (Dollard), showed a flood surplus 
that was partly balanced by the ebb surplus in a small but deep channel at the 
south of the cross-section. 

The overall water transport through the two cross-sections showed a flood 
surplus of 3 - 4 % . This is contrary to the expectation that estuaries generally 
have a net seaward discharge. Diel inequality of the tide or certain wind 
conditions can cause temporary raising of the water level and may in this way 
account for a flood surplus on some occasions. However, the observed surplus 
could not be explained by tidal or meteorological conditions (Duits-Nederlandse 
Eemscommissie 1996). The water may have been stored in the Dollard or Ems, 
but more likely is that the apparent flood surplus has been caused by 
measurement errors which are about 10% (Kiezebrink 1996). 
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The hypothesis that larval concentrations are homogeneous across the width 
of the channel has to be rejected on the basis of the results obtained. Larval 
concentrations showed heterogeneous tidal variations across the wide channels 
in the middle part of the Ems estuary and mean concentrations differed among 
the positions on a cross-section. The complex morphology of the channel bed, 
with large depth-variations over short distances, may lead to turbulent flow 
conditions and circulation patterns, which cause variability in larval 
concentrations. 

The largest larval flood surplus was found at the deepest point on cross-
section GB, but at the north-side of the middle channel of cross-section TK, 
which is not the deepest point but had the highest mean current velocity. 
Apparently, the larvae concentrate in the main stream. These results are in 
agreement with the suggestion by Weinstein er al. (1980), that larvae tend to 
concentrate in the flood branch during flood and in the ebb branch during ebb. 
However, conclusive evidence cannot be given due to the high variability in 
larval concentrations. 

Increasing the number of sampling positions on which the overall larval 
transport calculations are based increases the accuracy of the estimates. The 
standard error of the overall transport estimate (N=4) ranged between 3-5% 
(TK) and 21-22% (GB). However, the estimate by method 1 also depends on the 
width of the channel, which is not clearly defined. Therefore, the overall 
transport as estimated by interpolation of local transport over the width of the 
channel has shortcomings irrespective of the number of sampling positions. If 
only one position can be sampled, the best option seems to choose the one with 
the largest water transport, in the centre of the channel. The positions near the 
borders of the gully generally are less suitable. 

In the Groote Gat, where the channel is smaller and has a less complex 
morphology, tidal variations in larval concentrations were similar in the flood-
and ebb-dominated parts of the cross-section. Only at the beginning of the flood 
and the middle of the ebb were mean concentrations significantly higher in the 
flood-branch of the Groote Gat. Therefore, calculations based on samples taken 
in the ebb-dominated part of this channel underestimate larval transport by 
assuming homogeneous larval concentrations over the width of the channel. The 
estimate based on A8 may underestimate the overall flood transport by 15 to 
60%, the overall ebb transport by 40 to 60%, whereas the overall net transport 
may be underestimated by 60% or overestimated by 35%. Because 
concentrations at A8 are lower during both flood and ebb, the estimates of the 
net larval transport are apparently affected in an unpredictable way. The data do 
not allow a well-founded correction of larval transport estimates in the channel 
Groote Gat in the Dollard. 
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