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CHAPTER 1 

Introduction and Synthesis 

Zwanette Jager 

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



Fig. 1. Metamorphic stages of flounder (Platichthys flesus). From top to bottom: stage 
4a, stage 4b (3x), stage 4b' and stage 5. Total length 8 to 10 mm. 
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INTRODUCTION 
Coastal waters and estuaries have a number of functions for the fish fauna 
(McHugh 1967, Zijlstra 1978, Elliott and Dewailly 1995). They provide living 
space for adults of some species (migration, spawning) and for juveniles of 
others (feeding, growth and survival: nursery function). At the same t ime, man's 
activities make demands on these waters and may threaten these natural 
functions. Interference with the nursery function may even affect the potential 
yield of f ish of the North Sea (Zijlstra 1972, Rauck and Zijlstra 1978). 

To analyse the processes and factors that determine a nursery, detailed and 
quantitative information is required which cannot be easily obtained over large 
areas and for many species at the same time. Therefore, a rather isolated area 
inside the Wadden Sea - the Ems-Dollard estuary (Fig. 2)- and a single flatfish 
species - the flounder Platichthys flesus (Linnaeus 1758) (Fig. 1) - have been 
selected to evaluate some of the processes that may be used to define the 
nursery function. 

This choice was partly inspired by a report of Stam (1984), in which he 

stated that the Dollard probably is important as a nursery for several flatfish 

species, and that directed investigations would be needed to prove this. One 

section'arousing curiosity concerned flounder. Despite year-round sampling, 

Stam caught 0-group flounder on the tidal flats only from July onwards, when 

they had reached an average length of 5 cm. 
Another intriguing remark about juvenile flounder by Van der Veer et al. 

(1991) concerned a 'missing month' between the observed arrival of flounder 
larvae in the planktonic environment and the recruitment to the demersal 
catches on the tidal flats of the Balgzand (western Wadden Sea). In contrast to 
plaice (Pleuronectes platessa L ) , it was suspected that settlement of flounder 
occurred in other areas, e.g. in the freshwater lake Dsselmeer (the former 

Zuiderzee). 
Given the area of interest of the National Institute for Coastal and Marine 

Management / RIKZ, which is the integrated management of tidal waters, 

investigating the nursery function of the Ems-Dollard for an estuarine flatfish 

species, the flounder, seemed particularly appropriate. 

In this Chapter, the concept of 'nursery' is introduced and the early life history of 

flounder is summarised. Following this, the layout of the investigations and of 

the thesis is exposed and a synthesis of the results is given, including the main 

conclusions. Chapter 1 concludes with addressing management implications of 

the collected knowledge on the nursery function. 
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NURSERY 
The Wadden Sea, stretching along the continental coast from the north of the 
Netherlands to Denmark, is partly closed off from the open North Sea by a range 
of sandy islands separated by deep inlets, which are shaped by strong tidal 
currents. The Wadden Sea appears as an area naturally rich in nutrients, mainly 
because of large freshwater discharges by rivers. The accumulation of suspended 
material plays an important role in this coastal water (Postma 1961). The rich 
evertebrate fauna, serving as a major food resource, sustains a multitude of 
waders during their migrations (Smit 1980), for which the area is considered one 
of the most important wetlands on the European continent (Mitsch era/ . 1994). In 
addition, the Wadden Sea has been identified as a nursery for a number of species 
which are of great economic importance to the fisheries in the southern and 
central North Sea, in particular flatfish and herring (Zijlstra 1972). The Wadden 
Sea covers about 33% (even nearly 50% for plaice) of the potential nurseries 
along the continental coasts of the North Sea, the Dutch part being about 12% 
(Van Beek era/ . 1989). The Ems-Dollard estuary is an integral part of the Wadden 
Sea and forms the eastern border of the Dutch Wadden Sea (Fig. 2). 

North Sea 

Fig. 2. The Dutch Wadden Sea and the Ems-Dollard estuary. 

A nursery may be defined as a restricted area in which juvenile individuals of a 
(fish) species spend a defined period of their lifetime, separated from older 
conspecifics (Bergman er al. 1988). The separation may be temporal (juveniles 
and adults utilising the area in different times of the year) as well as spatial (by 
using different habitats), but may be incomplete in some species (e.g. flounder P. 
flesus L ) . Thus, a single life stage of the fish is concentrated in a relatively small 
area that meets certain physical-morphological and biological constraints. Many 
flatfishes have very restricted distributions during their early juvenile phase 
(Gibson 1994, Beverton 1995). 

The nursery provides food, suitable abiotic conditions, and contains relatively 
few predators or offers the possibility to seek shelter from those. Estuarine 
conditions may be favourable for juvenile fish, because high turbidity reduces the 
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encounter rate with visual predators, the habitat structural complexity reduces 

predator efficiency, and relatively large predators are less common in shallow 

water (Miller era/. 1985). 
Nurseries ensure the persistence of populations, but at the same time, owing to 

their geographical localisation, their limited area and the possible competition 
between species, they constitute a limitation, and most probably a regulatory 
mechanism for stocks (Safran 1990, Beverton 1995). 

The geographical separation of mutually coherent spawning and nursery 
grounds must have evolved over long periods of time but requires some 
mechanism to transport the eggs and larvae from open sea to the coastal areas 
(Harden Jones 1968). Larval supply depends to some extent on the size of the 
spawning population and female fecundity, the location of the spawning sites 
relative to the dominant hydrographie features (Cushing 1990, Sinclair 1988), 
meteorological conditions at the time of egg- and larval dispersion, which affect 
residual currents and vertical mixing (Sinclair and lies 1985, Van der Veer er al. 
1998), and egg- and larval mortality (Leggett and Deblois 1994). These factors 
operate outside the nursery. Once the larvae reach the coastal waters, they enter 
the nurseries. 

The traditional approach of the nursery has been from the recruitment point 
of view, inspired by the commercial interest in the main North Sea fish stocks. 
Recruitment of juvenile fish to the adult population is the key-issue, and several 
classical models of fish population dynamics try to describe this stock-
recruitment relationship (Ricker 1954, Beverton and Holt 1957, Gulland 1983). 
The emphasis has been on survival of the larval stages, linked to starvation and 
prédation (see Leggett and Deblois (1994) for a review). However, the success 
of a particular larval cohort in reaching the nursery grounds will be affected not 
only by biotic but also by physical processes acting along the transit (Werner er 
a/. 1997). Recently, environmental variables have been incorporated in stock-
recruitment models, to explain part of the large variability that is inherent in the 
relationship (Fargo 1994, lies 1994, lies and Beverton 1998). However, this 
remains a 'black box' approach and does not explain the processes and acting 

mechanisms. 
An approach in which the processes and mechanisms that underly variation in 

recruitment are investigated, taking physical and spatial processes into account 

(hydrodynamic variability, morpho-dynamics, habitat structure), is gaining 

attention (Miller 1988, Sinclair 1988, Boehlert and Mundy 1988, Marchand 1991, 

Gibson 1994, Gibson 1997). 

The present study adopted the latter approach and attempts to identify the 

processes and understand the mechanisms that determine the functioning of a 

nursery area for flatfish. 
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Processes that act inside the nursery and determine its functioning are: 

Larval input and retention in the area 

The nursery receives input of larvae, the magnitude of which is already roughly 
determined by the factors mentioned above, as well as by the tidal prism and 
exchange coefficient of the coastal inlet (Bergman et al. 1989). Once inside the 
nursery, the efficiency of transport and synchronisation of migrations with the tidal 
cycle (Hill 1991) set the premises of retention {i.e. the ability to maintain self-
sustaining populations within a particular geographic space in the face of dispersal 
by diffusion; Sinclair 1988) and successful settlement. All flatfish larvae undergo a 
transformation, called metamorphosis, during which one of the eyes starts 
migrating to the other side of the head (Fig. 1). 

Settlement of flatfish larvae on the tidal flats 
At the completion of eye-migration, flatfish larvae are ready to adapt to the 
bottom dwelling life style that will be a characteristic during the rest of their life. 
This process, that establishes the spatial distribution of juvenile flatfish on the tidal 
flats, is called settlement. At settlement, a new potential for feeding and avoiding 
predators becomes available and gives a boost in growth (Osse and Van den 
Boogaart 1997). The huge morphological and behavioural transformations that are 
coupled with the transition from a pelagic to a benthic lifestyle require many 
adaptations and may make settlement a critical period in flatfish development: 
vital processes by which recruitment is established occur in a short time window 
just before and just after metamorphosis (Cushing 1990). Mortality during 
settlement may dampen variability in abundance if density-dependent processes 
are operative (Rauck and Zijlstra 1978, Zijlstra er al. 1982, Zijlstra and Witte 
1985, Van der Veer 1986). 

Spatial distribution, growth and mortality of settled flatfish 
Plaice and flounder settle in the (inter)tidal (Berghahn 1983), where they initially 
stay in tidal pools on the flats during low water. Some time after settlement, the 
juveniles evacuate the intertidal area and start to make tidal migrations to 
populate the flats only during flood (Van der Veer and Bergman 1986). The spatial 
distribution of 0-group flatfish is generally correlated with sediment composition 
(Jager er al. 1993, Gibson 1994, Moles and Norcross 1995). Food availability and 
temperature mainly determine growth, and mortality stabilises at reduced levels 
(Rauck and Zijlstra 1978, Van der Veer and Witte 1993, Jager étal. 1995). After a 
few months, juveniles gradually leave the nursery when temperatures decrease in 
autumn to remain in deeper waters during the winter months (see Gibson 1997 for 
a review). During their second year, juvenile flatfish still have a coastal distribution 
but occupy slightly different habitats than the 0-group (Gibson 1994). Flounder 
gradually assume a more saline distribution as they grow (Rijnsdorp and Vethaak 
1989). 
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Nursery parameters 

Once the specific preferences of a species are defined, suitable nursery habitats 
can be defined. The area of these habitats may be quantified in a specific estuary. 
However, not only the quantity of nursery habitat but also its quality is relevant 
(MacCall 1990, Gibson 1994; Fig. 3). Indices of nursery quality, a.o. abiotic con
ditions and prey availability, might be derived from the rates of growth and 
mortality of the juvenile population and condition indices, although these 
parameters are very difficult to estimate accurately. Moreover, nursery quality and 
'carrying capacity' (containing a population size corresponding with zero growth 
rate (K); MacCall 1990) are likely to vary annually. 

A. Uniform habitat 

LOCATION 

B. Complex habitat 

Fig. 3. Examples of MacCall's (1990) basin model, given by Gibson (1994), 
applied to two types of habitat. Habitat suitability (solid line) increases 
downward from 0 and changes horizontally with location. The 'basin' so formed 
is shown filled with two levels of population density (Dj and D2). At the higher 
density (D2) the population has to occupy areas of lower suitability. When 
habitat suitability is 0, the carrying capacity (K) of the habitat is reached. The 
habitat in A is relatively uniform whereas in B it is complex and areas of high 
suitability (H) are separated by areas of lower suitability (L). Location X is 
uninhabitable for any length of time. Locations H are likely nursery areas. 
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The significance of a nursery becomes clear only by defining its relative 
contribution of recruits to the adult population compared to other areas (Van Beek 
er al. 1989). This implicitly assumes good knowledge on juvenile and adult 
population size, and is therefore less suitable for non-commercial species of which 
stock-assessment data are generally lacking and less is known about the aut-
ecology and population dynamics. 

The number of species that use the estuary as a nursery may be a useful 
parameter for habitat conservation purposes, but has less relevance from the 
species' point of view. 

Flounder 

The flounder (Platichthys flesus L.) is an euryhaline flatfish species of the 
Pleuronectid family. I t has a coastal distribution in the north-eastern Atlantic, 
ranging from the Mediterranean and Black Sea in the south to the Baltic and 
White Sea in the north (Whitehead et al. 1986). Its ability to live in low-salinity 
water and its preference for such environments are features that do not occur in 
other European flatfish species to the same degree. In the Middle Ages flounder 
was caught in the upper course of the river Rhine (Redeke 1908). At the turn of 
the century, flounder was fished in the Netherlands in the lower course of the 
major rivers, the Zuiderzee (July-September), Lauwerszee, Dollard, and the 
coastal North Sea in winter (Redeke 1908). After the Zuiderzee was closed off by 
the Afsluitdijk to become the Usselmeer, catches decreased drastically (Havinga 
1954). 

Flounder reproduce in the marine environment in the North Sea (Redeke 1908, 
Ehrenbaum 1911) where the translucent eggs of 1 mm diameter develop in the 
pelagic. Highest concentrations of eggs were observed in February west and north
west of the Dutch west coast, in the eastern English Channel and the area north
west of Helgoland (Van der Land 1991). The larvae (length 2.25-3.30 mm) hatch 
after 5 to 7 days, depending on water temperature (Redeke 1908). High 
concentrations of larvae were found along the west Frisian coast and in the inner 
German Bight. Stage-specific distributions showed eastward advection of the 
centre of distribution along the west Frisian coast in late March and April, while the 
larvae were largely dispersed in the inner German Bight (Campos 1996). Whereas 
the distribution of early larval stages seems to be mainly determined by 
processes of advection and diffusion, the older larvae concentrate near the coast 
in the vicinity of estuaries (Grioche er al. 1997). Flounder as small as 10 mm 
were observed in May near the flat banks of the river Elbe, and free-swimming 
metamorphosing larvae were caught in the upper water layers of the estuary 
(Ehrenbaum 1911). Hutchinson and Hawkins (1993) observed metamorphosing 
larvae in the river Itchen moving upstream with the advancing tide in low-
salinity water, where the freshwater layer was in contact with the bottom. 
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Among the Pleuronectid flatfish, flounder settle at a relatively small size of 8-10 
mm (Osse and Van den Boogaart 1997). The first bottom-living stages were 
caught by the end of April in brackish-water areas near river mouths (Redeke 
1908). The juveniles either stay in the brackish environment or migrate further up 
the rivers. Kerstan (1991) stressed the importance of rivers as nurseries, and 
concludes that freshwater habitats are preferred by 0-group flounder. In the 
former Zuiderzee, massive concentrations of juvenile flounder were found near the 
outflow of the river Dssel, where salinity was lowest (Redeke 1908). The 
distribution was clearly distinct from juvenile plaice. Redeke raised the question of 
how the young flounder succeed in their passage from the North Sea to brackish 
water. Whether it is by attraction to low-salinity waters, the higher temperature of 
shallow coastal waters in general, or merely instinct: "Of this we still know next to 
nothing and it is only by continuing meticulous investigations that we may hope to 
answer these questions in the course of time." ["Wij weten hiervan nog zoo goed 
als niets en kunnen alleen door voortgezet nauwkeurig onderzoek, hopen wij, 
mettertijd op al deze vragen een antwoord geven" (Redeke 1908).] 

LAYOUT 
The original plan of the investigation comprised three main aspects of the 

nursery function: 

1. import of flounder larvae in the nursery 
2. settlement of larvae on the flats inside the nursery, and habitat use 
3. spatial distribution, growth and mortality of settled flatfish. 

While proceeding with the investigations, it became clear that each of the 
three issues might fill a thesis of its own. The decision was therefore made to 
focus the present work on the larval import, including mechanisms of transport 
and retention and processes of accumulation in the nursery (Fig. 4). 

Recommendations by Weinstein (1988), resulting from the American 
Fisheries Society Symposium, were taken into account in designing the sampling 
programme. An approach would be to first develop a model to describe the 
physical processes, with the assumption that the 'passive' organisms would be 
transferred entirely by hydrodynamic processes. The second step would be to 
undertake an intensive sampling program for larvae at a limited number of 
stations, with greater replication, to address background variability (Weinstein 
1988). Data that were collected in the investigation would be a first step to 
modelling of larval transport in the estuary. The hydrodynamic model of the 
estuary could be modified to account for larval behaviour, and the adjusted 
model could be run with and without the presence of interventions (e.g. jetties) 
to ascertain the impact on the recruitment process (Weinstein 1988). 
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Fig. 4. Conceptual model of the modulating larval transport process from 
open sea towards the coastal nursery (adapted after Boehlert and Mundy 
1988). Circles with arrows refer to vertical movements of the larvae in the 
water column. The shaded area represents the focus of the present study. 
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Fig. 5. Map of the Ems-Dollard estuary including the sampling locations 
(GB, TK, A, B, C, K, P; see Table 1) used in the investigations. 
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The extensive knowledge of the physical environment of the Ems-Dollard 
estuary that already existed (a.o. Stratingh and Venema 1855, Van Voorthuysen 
and Kuenen 1960, BOEDE 1983, Baretta and Ruardij 1988, Robaczewska 1990, 
Duits-Nederlandse Eemscommissie 1990, De Jonge 1992), offered a good 
starting point for the present investigations. 

Larval concentrations were measured simultaneous with physical variables in 
the centre of the main channel in the Dollard (A) during a total of 35 tidal cycles 
in 1993, 1994 and 1995 (Fig. 5, Table 1). Occasionally, measurements were 
done in the river Ems near Pogum (P), in a subsidiary channel in the Dollard (K), 
in two locations near the rims of the Dollard (B and C), and more seaward in the 
estuary (GB and TK on 26 and 28 April 1994, not in Table 1). 

Table 1. Survey plan of flounder larvae Investigations in the Ems-Dollard in 1993-1995 at 
sampling locations A (Groote Gat), B (Schanskerdiep), C (Oostfriesche Gat), K (Kerkeriet) 
and P (Pogum). A9 is situated 200 m to the east of A. Sampling methods included double 
oblique hauls (0) or stratified vertical sampling (=). 

Date Location Date Location Date Location 
1 9 9 3 A K P 1 9 9 4 A B C 1 9 9 5 A A9 

13 /04 ® ® 31 /03 ® 3 0 / 0 3 ® 
15 /04 ® ® ® 0 5 / 0 4 ® 0 6 / 0 4 = ® 
19 /04 ® ® ® 07 /04 ® 12 /04 = ® 
2 2 / 0 4 ® ® ® 11 /04 s ® 18 /04 = ® 
2 6 / 0 4 ® ® ® 12 /04 = ® 2 0 / 0 4 = ® ® 
2 9 / 0 4 ® ® ® 14 /04 ® ® ® 2 5 / 0 4 = ® 
0 3 / 0 5 ® ® 18 /04 = ® 2 7 / 0 4 = ® ® 
0 6 / 0 5 ® ® 19 /04 s ® 0 3 / 0 5 = ® 
11 /05 ® ® ® 21 /04 ® ® ® 10 /05 m ® 
13 /05 ® ® 2 6 / 0 4 
18 /05 ® ® 2 8 / 0 4 

0 3 / 0 5 
10 /05 
11 /05 
16 /05 
19/05 
25 /05 

® 
s ® 
= ® 
= ® 
= ® 

® 
® 

® 

® 
® 

® 

® 
® 

TOTAL 11 8 9 8 + 1 6 5 5 9 + 9 2 

The main objective in the first year (1993) was to obtain detailed descriptive 
knowledge of the larval immigration: when does it happen, in which quantities 
do larvae enter the nursery, and are the Dollard and Ems (which both discharge 
in the Ems estuary) equally supplied with larvae? 

It became soon obvious that conditions in the Ems river were adverse to the 
applied sampling method: the quality of the Ems-data was seriously affected by 
the high current velocities in combination with extremely high turbidities, which 
caused clogging of the net. Because there was no way to avoid these problems, 
the Ems location was excluded during the following years, and was not 
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incorporated in the thesis. The two main channels within the Dollard were 
initially sampled to estimate their relative importance. Because the 1993-data 
indicated a relatively small contribution of Kerkeriet to the larval transport, the 
attention of the investigations was subsequently focused on the Groote Gat. In 
1994, the issue of larval input, which had been addressed in 1993, was 
continued at sample location A. Moreover, the mechanism of larval transport 
was investigated by testing the premise of passive larvae. The process of 
accumulation was addressed by sampling over a longitudinal gradient in the 
Dollard (locations A, B, C). The last year, 1995, was used to obtain additional 
data on the larval transport processes in the Groote Gat (A). A site (A9), 200 m 
east of the regular sampling location, was sampled twice. A total number of 
285458 flounder larvae were collected. 

The data sets used in the different chapters are summarised in Table 2. 

Table 2. Overview of data sets used in the different Chapters. Symbols as in Table 1. 

Chapter Location Sampling 
Method 

Nr of tidal cycles Year 

2 A ® 35 1993, 1994, 1995 
3 A, B, C ® 15(=3*5) 1994 
4 A = 17(=8+9) 1994, 1995 
5 A = 17(=8+9) 1994,1995 
6 TK, GB, A, A9 ® 14(=2*5+2*2) 1994,1995 
7 A ® = 17 1994, 1995 

Transport and retention 

In Chapter 2, the annual input and retention of flounder larvae in the Dollard 
nursery are quantified by investigating the tidal transport. Immigration of 
metamorphosing larvae covered a period of about 6 weeks, starting between the 
end of March or the beginning of April, and reaching its maximum intensity 2 to 
3 weeks after observation of the first larvae. 

Because the pelagic flounder larvae are known to settle on the tidal flats, net 
landward larval transport during the tidal cycle was expected. The 1993-data 
met the expectations, but the high frequency of seaward net larval transport in 
1994 and 1995 was an unexpected result. 

The general tidal pattern in larval concentrations was that maxima were 
observed during the first hours of the flood, followed by a rapid decrease. A 
secondary peak in concentrations was observed during mid-flood. During ebb 
concentrations were often variable, but a remarkable increase at the end of the 
ebb period was a recurrent feature. Larval concentrations showed marked tidal 
variations at all time scales which resulted in very variable tidal transport and 
retention. 
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Since the morphology of the Dollard has not changed substantially within the 
time-span of 3 years (Kiezebrink 1996), other factors must be held responsible 
for the variability in larval transport and retention. The water circulation and 
asymmetric features of tidal parameters within a channel, such as current 
velocity, flood and ebb duration, and salinity, were explored. 

The net water transport was positively correlated to larval retention, but not 
to the net larval transport. A relatively longer flood than ebb duration was 
positively correlated to both net tidal water transport and larval retention. The 
wind direction significantly affected the net water transport at the cross-section 
in the main channel, as well as the net larval transport and retention. Wind 
conditions during the immigration period may affect transport and settlement of 
metamorphosing flounder larvae in the nursery. 

Because the net transport was so variable between sampling dates, it was 
not possible to accurately estimate the net larval input in the nursery. The flood 
transport appeared more reliable, and the estimates of total larval input (flood 
transport integrated over the immigration period) in the centre of the Dollard 
ranged between 1 and 7 .109 individuals during the years of the investigation. 
The mean larval concentration and the total larval input corresponded to a 
limited extent with abundance estimates of recently settled flounder in the Erms-
Dollard estuary. 

Accumulation 

The observed tidal concentration pattern of flounder larvae identified in the 
previous chapter indicated an increasing concentration gradient along the main 
channel of the Dollard towards the sluice of Nieuwe Statenzijl. 

The accumulation of larvae to the rim of the nursery, and the extent of the 
freshwater influence in this process, was investigated in Chapter 3. The 
hypothesis tested was that flounder larvae accumulate in the part of the nursery 
area where salinity is lowest because of the regulatory effect of freshwater 
outflow on transport and retention. The results demonstrated increasing 
concentrations of flounder larvae towards the fringes of the Dollard compared to 
the main channel, which coincided with a decrease in mean salinity. The highest 
larval concentrations were measured around low water (LW) in the channel 
Schanskerdiep, which is directly connected with the sluice in Nieuwe Statenzijl. 
The period around LW slack seems to be important, given the high larval 
concentrations and rapid changes that occur. 

The preferential larval transport to the Schanskerdiep could not entirely be 
explained by the water circulation. This result supports the view that discharge 
of freshwater affects larval transport of flounder and is responsible for a 
relatively strong accumulation in the low-salinity area near Nieuwe Statenzijl. 
The mechanism behind this process remains unknown. 
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However, the passage to freshwater is obstructed by the sluice which may act as 
a barrier for the larvae. Since they have limited swimming abilities, the cause of 
accumulation may simply be a physical one. 

Selective tidal stream transport 

The spatial separation of adults during spawning and juveniles at settlement 
implies that larvae must be transported from the spawning areas to the nursery 
grounds. Migration of flatfish from open sea to the coastal nursery is generally 
seen as a gradually modulating process (Fig. 4) , from entirely passive transport 
depending on physical factors only to an active participation of the larvae in the 
form of selective tidal stream transport (STST; Boehlert and Mundy 1988). STST 
requires directional swimming in the vertical plane in synchrony with the tidal 
cycle (Hill 1991). Though indications of STST were found in plaice (Creutzberg er 
al. 1978, Rijnsdorp er al. 1985), there was no information on flounder, which 
could elucidate whether this mechanism is a general feature in larval flatfish. 
The transport mechanism of flounder larvae was therefore investigated during 
1994 and 1995 by frequently measuring the vertical distribution of the larvae 
during the tidal cycle. ANOVA-techniques were used in Chapter 4 to determine 
the main factors responsible for variation in larval concentrations. 

Larval concentrations decreased after the LW slack and increased again at 
the end of the ebb in both the midwater and surface layer, but surface 
concentrations were significantly higher. Near-bottom concentrations showed a 
relatively strong increase during the ebb. No day-night differences could be 
detected. Because of the high surface concentrations and the varying vertical 
distribution of flounder larvae during the tidal cycle, the hypothesis of an 
entirely passive transport mechanism had to be rejected, and at least during 
flood there were strong indications of STST. During ebb, larvae concentrated not 
only in the near-bottom layer but also in the surface layer, which was not in 
accordance with predictions by the STST hypothesis. The larvae that concentrate 
in the surface layer during ebb may have been flushed back from the flats after 
an unsuccessful settlement attempt. The next flood tide will provide them with a 
new opportunity to colonise the tidal flats. 

Transport velocity 

Even though the STST mechanism was likely to occur in flounder larvae, the 
unresolved question was to what extent the larvae, when subjected to strong 
tidal currents and turbulence, might influence their transport by using STST. 
This question was addressed in Chapter 5, where the concept of 'larval velocity' 
(Rowe and Epifanio 1994) was applied to flounder larvae. In order to make 
comparisons with other substances in the water column, the concept was 
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broadened to a more generally applicable 'transport velocity' concept that could 
be used to calculate displacements of suspended matter (as passive particles) 
and salinity (as a dissolved substance and tracer of water masses). The 
transport velocity of a substance can be expressed relative to the mean tidal 
current velocity. Differences between the two are caused by variations in the 
temporal or vertical distribution of the substance, or a combination of both. 
Contributions of vertical and temporal concentration variations to the transport 
velocity were calculated separately. 

Theoretical knowledge about the influence of underlying physical processes 
on the concentration distribution, and hence transport velocity, was applied to 
get more insight in the estuarine transport processes. The relative transport 
velocity of flounder larvae, suspended matter and salinity showed different tidal 
patterns. In salinity, temporal variation was dominant over vertical variation, 
indicating that longitudinal advection was important. Contributions of temporal 
and vertical variation were equally important to the transport velocity of 
suspended matter, but of opposite signs. Erosion-deposition appears to be the 
dominant process. In flounder larvae, the vertical concentration variation was 
most important during flood, while the contribution of temporal variation 
dominated during ebb. This is a strong indication that larval activity (i.e. 
swimming) affects the transport process during flood, but less so during ebb. 

Swimming increases the larval transport velocity during flood by 6%. 
Although this may seem a small percentage in the absolute sense, one has to 
bear in mind that this contribution operates repeatedly during every tidal cycle 
and eventually leads to a cumulative effect on the residual displacement of 
flounder larvae in the Dollard. Moreover, the pattern that is observed with the 
larvae is remarkably different from the (negative) contribution of vertical 
variation which was observed in suspended matter. Thus, the 6% contribution of 
swimming is a resultant, which includes overcoming the negative contributions 
of physical processes to the transport velocity. The temporal variation during 
ebb is probably linked to the accumulation process, but the variability of the 
data hampers firm conclusions on the dominant processes during this tidal 
phase. 

Across-channel distribution 

The investigations described in the previous chapters were all based on 
measurements in the deepest point in a cross-section of the main channel in the 
centre of the Dollard, on the underlying assumption in the transport calculations 
that larval concentrations were homogeneous. This assumption is quite critical 
for the results and therefore needed foundation by investigating the larval 
distribution across the width of the channel (Chapter 6 ) . Ideally, the 
investigation would result in correction factors which could be applied in case 
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one sampling position is chosen as representative of a cross-section of the 
channel. Such investigations are costly because they require simultaneous 
measurements with multiple vessels. Therefore, the issue could only be explored 
to a limited extent by using ships of opportunity which were actually involved in 
a different project in the more seaward section of the estuary, where channel 
width is more extensive than in the central Dollard. 

The results convincingly showed that the assumption of homogeneous larval 
concentrations over the width of the cross-section was not justif ied. Moreover, 
tidal concentration variations differed between sampling positions. The largest 
transport was realised in the deeper, middle part of the cross-sections. Due to 
the high variability in concentrations and the limitations of the number of 
measurements it was not possible to derive correction factors. 

The larval transport on 28 April 1994 was considerably higher in the middle 
part of the estuary (1459 106 - flood, 547 106 - ebb) than in the Dollard (39 106 

- f lood, 84 105 - ebb) on the same date, which is largely caused by the larger 
water transport through the former cross-section. 

Methodical evaluation 

The larval (flood, ebb, residual) transport estimates, presented in Chapters 2 
and 3, are biased by several sources of error. For practical reasons, sampling 
took place from one ship on a cross-section in the Groote Gat, which served as a 
platform to measure larval concentrations and current velocity. Water flow and 
larval concentrations were extrapolated to the entire cross-section. A brief 
consideration of the applied methodology is due here, in an attempt to rate the 
larval transport estimates at their true value. 

Several sources of bias were identified in the different Chapters: 
1. The larval flux through the cross-section was derived by multiplying the local 

depth-averaged concentration by the water flow through the cross-section. 
Extrapolation of water flow was done by regression of the current velocity at 
the sampling position on that of the cross-section. Although the correlation 
coefficient of this regression equation was high (0.98), variation of unknown 
magnitude may occur due to the spring/neap cycle or wind conditions. 
Some other important assumptions underly the method: 

• larval concentrations are homogeneous over the depth of the water column. 
Chapters 4 and 5 showed that this is not the case. Ignoring the vertical 
stratification gives a 5% bias in the larval transport estimates. 

• larval concentrations are homogeneous over the width of the cross-section. 
This assumption does not hold either (Chapter 6), and may cause serious (up 
to 50%) under- or overestimation of the larval transport depending on the 
sampling position within the cross-section. 
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2. The Eulerian approach was taken in the investigations. This means that 
sampling was done at a fixed position and that during the tidal cycle different 
water masses were sampled. By sampling at one position in a cross-section, 
part of the water transport is missed in the measurements and the net 
(residual) transport becomes unreliable (Chapter 5). 

3. Type of net. The large-opening net that was used is sensitive to clogging 
which may have reduced fishing efficiency. The small-opening plankton net, 
equipped with a conus, was less sensitive to clogging but may have been 
more sensitive to net avoidance by the larvae, although these effects could 
not be demonstrated in the investigations. The mean concentrations obtained 
by both nets did not statistically differ, but when looking at the raw data, it 
appears that concentrations obtained by the large net tend to be slightly 
higher than those by the small nets (see Chapter 7). The patchy distribution 
of the larvae may have had a larger effect in sampling with the large net, 
whereas patchiness was leveled down by sampling with the small nets 
(sampling duration 20-30 min). The larval transport estimates by both 
methods differed up to 50% and were highest with the large net. Very high 
concentrations around LW slack, which were included or just missed, are 
mainly responsible for these differences. 

4. The calculations in Chapters 2 and 3 disregarded the slack periods because 
sampling was not possible during these time-intervals. Another option would 
have been to interpolate larval fluxes over slack periods. Including slack tides 
would lead to 5% (flood) to 10% (ebb) higher transport estimates, but does 
not significantly affect the estimated net transport. 

5. Day-to-day variation. Especially the 1994-data demonstrated that it can be 
considerable. It makes interpolation between sampling dates a tricky 
exercise. The magnitude of the error can not be estimated. 

The above summing up of sources of bias does not intend to be complete, but 
nevertheless leads to the conclusion that quantitative estimates of larval 
transport have a large intrinsic inaccuracy. The error that is introduced by 
ignoring the vertical distribution (by depth-averaged sampling) is small 
compared to the others and may be neglected. The sampling method, using the 
large net, seems most effective for the purpose of obtaining larval transport 
estimates. The largest error seems to be caused by the use of only one sampling 
position in a cross-section. A high number of replications may, however, reduce 
the error and eventually result in a figure which is at least correct in estimating 
the order of magnitude of the larval input and in establishing the direction 
(landward or seaward) of the residual transport. 
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Fig. 6. Conceptual model of the larval transport process inside the nursery area. Reading 
clockwise from bottom left to bottom right, the different stages of the tidal cycle are 
indicated by numbers that refer to the time (h) relative to the moment of HW slack. The 
cross-section of the sample location (A) is used as an example. The water level (....) and 
D.O.L(-) are indicated. Larval concentrations in the water column are indicated by dots. 
The relative stage composition of the flounder larvae is shown by histograms in the 
bottom right corner of each figure. The vertical scale represents 3 water layers (from top 
to bottom: surface, midwater and near-bottom), the horizontal scale ranges from 0-
100%. The metamorphic stages are indicated by shades of grey (4a=darkest grey, 
4b=middle gray, 4b'=light grey, 5=white). At stage 5, the metamorphosis is completed. 
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SYNTHESIS 
Larval transport is facilitated by using selective tidal transport during flood, a 
process which is concisely and adequately seized by 'floundering': to move 
around in an uncontrolled way, trying not to sink. During ebb, physical processes 
take over. All stages of metamorphosis are represented but the relative 
composition among flounder larvae varies during the tidal cycle as well as within 
the water column (Fig. 6). 

During LW slack waters, larvae rest on the channel bed. As soon as the 
current starts running, which is somehow perceived by the larvae, they rise 
upward in the water column and form dense pelagic concentrations (-6). Flood 
water enters, and brings in a fresh supply of larvae from the outer part of the 
estuary. These are generally in early stages of metamorphosis, and are less 
concentrated than the larvae that had accumulated on the channel bottom 
during previous tides. It causes an apparent dilution in larval concentrations 
during the early phase of the flood (-5). The water level rises continuously and 
water starts to spill over the tidal flats (-4). Larvae that are aggregated in the 
surface layer are carried along on its tidal excursion. The metamorphic stages 
4b' and 5 gradually disappear from the channel, and larval concentrations drop, 
especially in the surface layer (-3). The flood proceeds, still carrying on larvae (-
2), but at this t ime only a relatively small proportion of water is contained within 
the tidal channels. 

The turn of the tide is preceeded by a falling water level (-1,1). During HW 
slack, current velocity falling to zero, larvae sink out again (1). They either 
settle on the substratum of the flats where they will remain in the intertidal 
during ebb, or rest on the channel bed, where they will have to face the strong 
ebb current. In the case of unsuccessful settlement, due to an unknown variety 
of causes, the larvae will be carried back with the outflowing ebb water, and 
finally collect in the main channel where they form increasing concentrations 
during the later phase of the ebb. 

At the t ime of maximum current velocity (2) part of the larvae are swirled up 
from the channel bottom, unable to resist the vigorous turbulence. After the 
flats emerge (3), the tidal violence calms down and larvae sink again (4). The 
last unsettled larvae are flushed from the flats into the surface layer (5), and 
water containing near-bottom larval accumulations passes the cross-section at 
its return from nearshore parts of the Dollard. Midwater concentrations are 
relatively low. Finally, the current falls to zero and the flounder larvae present 
settle on the channel bed (6) for a short interlude during LW slack, preparing for 
another forward leap when the new flood tide comes in. 

Because of the combination of tidal processes, determining the water 
circulation, and larval behaviour, the larvae are carried back over less distance 
during ebb than they make progress during flood. 
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This process is repeated during every tide and eventually leads to larval 
accumulation at the rims of the nursery, until larval input gradually comes to an 
end (by the end of May) and settlement is completed. The freshwater discharges 
in the area are correlated with larval accumulation, but a causal relationship 
could not be demonstrated because fluctuations in both larval concentrations 
and salinity were highly correlated with the tidal cycle. 

Interfering processes of transport and accumulation hamper accurate 
assessment of larval input in the nursery. De Haas and Eisma (1993) described the 
suspended sediment transport in the Dollard. During flood they observed a 
primary and secondary maximum in concentrations. The first peak is explained by 
resuspension by turbulence of mainly freshly deposited sediment. The second is 
caused by the increased, strong, current velocity which erodes the more 
consolidated bottom sediments. De Haas and Eisma propose that the actual 
concentration curve is composed of two different curves. In analogy, this idea can 
be applied to the measured larval concentration curves. In contrast to suspended 
sediment, processes of accumulation and tidal advection are proposed as the main 
components that shape the resultant larval concentration curve. The two curves 
(Fig. 7) are superimposed to form the resultant tidal concentration pattern that 
was observed in the main channel of the Dollard. 
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Fig. 7. Resultant curve (thick drawn line) of tidal variations in larval concentrations, 
obtained by superimposing the curve reflecting tidal transport (striped line, black dots) 
on that reflecting accumulation (dotted line, square markers). 

The morphology of the Dollard is such that the main gullies branch off the 
Groote Gat in eastward direction (Fig. 5). Also, the easterly border of the Groote 
Gat is at a less high level than the west side (Fig. 6). At rising water levels 
during flood, the water will first spill over the east side and some time later over 
the west side. This implicates that the first larvae carried with the flood will 
mainly move eastward, and populate the tidal flats east of the channel. Only 
later during the flood, larvae may move also in westward direction. 
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For the Dollard, it means that the tidal flats of Hoogzand, Maanplaat and 
Oostfriesche Plaat (see Fig. 1 in Chapter 2) can only be supplied with larvae 
from the Groote Gat, whereas the Heringsplaat will be mainly supplied from the 
Kerkeriet and only in a later tidal phase by the Groote Gat. Because the larval 
input via Kerkeriet is lower than that via Groote Gat, this may implicate that the 
abundance of settled flounder is higher in the eastern part of the Dollard with 
the Groote Gat as a metaphorical watershed. 

The extremely high larval concentrations observed during this study (up to 
1000 m"3) and the estimates of overall larval input during the whole immigration 
period (in the order of 109 individuals) suggest that the Dollard is a very important 
nursery for flounder. Beside the Dollard, the adjacent river Ems receives a 
substantial input of flounder larvae, which may be of the same magnitude. 
However, the relative importance of Ems and Dollard, taking quantity and 
quality of the nursery into account, as well as the mutual coherence of both 
ecosystems, remain the subject of further study. 

MANAGEMENT IMPLICATIONS 

Threats 

Because estuaries are the interface of fresh water and the marine ecosystem, 
they are the focus of a wide range of human activities that may conflict with 
natural functions, such as the nursery function (see Fig. 8). 
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The Netherlands 

^ ^ physical barrier between saline and fresh water 

MINI dredging activities 
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\ W harbour and industrial activities 
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F7TJ fishery for shrimp 

Fig. 8. Human activities in the Ems-Doilard estuary which may interfere with the 
nursery function for flounder. 
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Closing off the Rhine delta (Haringvliet), Zuiderzee (3200 km2) and Lauwerszee 
(94 km2) resulted in considerable loss of flounder nursery habitat in the (recent) 
past. The Dollard was successively reclaimed after it was formed in the Middle 
Ages (see Fig. 2 in Chapter 2). All ancient transitions from saline to fresh water in 
the Dutch Wadden Sea have been closed off by sluices, dams or dikes. The 
sluice at Nieuwe Statenzijl is one example of a physical barrier for fish 
migrations to fresh water. 

The river Ems, although no longer in a pristine condition due to canalisations 
in the past, still has a relatively undisturbed estuarine gradient up to Herbrum. 
However, this situation is at present endangered by concrete plans to construct 
a storm surge barrier in the river Ems (Bezirksregierung Weser-Ems 1997) for 
coastal protection, as well as in the interest of a Papenburg shipyard, which 
depends on and is restricted by this shallow waterway to transport its products 
(cruise ships of gigantic dimensions) to the open sea. The planned construction 
of the 'Sperrwerk Ems' may form a threat to the rare undisturbed estuarine 
transitions that remain on the European continent. Closure, even of short 
duration, of the 'Sperrwerk' during the larval immigration period (April/May for 
flounder) may disturb the tidal transport process with unpredictable results for 
the nursery function of the Ems. 

The river Ems is an important shipping route from the harbours of 
Eemshaven, Delfzijl and Emden to the North Sea. Dredging activities are needed 
to keep the Ems at sufficient depth to sustain this function. The quantity of 
dredged material was on average 1.6 106 m3 annually between 1950 and 1965, 
and subsequently increased to a maximum of 6.5 106 m3 in the 1980's (Duits-
Nederlandse Eemscommissie 1990). At present, 2-4 106 m3 (harbours) and 5-10 
106 m3 (channels) is dredged annually (Mulder 1998b). Disposal of the dredged 
material takes place partly on land (e.g. Rysumer Nacken), and partly in the 
estuary. The latter leads to increased suspended sediment concentrations, and 
hence turbidity (Essink 1993). 

Industrial activities at Eemshaven, Delfzijl and Emden use estuarine water for 
cooling and processing and discharge, sometimes polluted, water in the estuary. 
A large electric power plant at the Eemshaven takes vast volumes of cooling 
water from the Ems estuary and discharges it after use at an 8 °C elevated 
temperature. The thermal pollution may cause problems to the ecosystem, 
especially during summer months at times when ambient water temperatures 
can approach 25 °C which is the tolerance limit for many fish species. Another 
negative side effect lies in the mortality caused to estuarine organisms that are 
impinged on the inlet grids or entrained with the cooling water (Jager 1992). 
Flounder larvae are most likely susceptible to both sources of mortality because 
of their small size. 
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Fishing activities are restricted to shrimp fishery and fishery with fixed nets. 
The by-catches contain juvenile flatfish, despite preventive measures (e.g. 
sieve-nets and flushing devices) that are applied, and may contribute to 0-group 
flatfish mortality (Berghahn and Purps 1998). The recreational function of the 
estuary has been of minor importance, but with growing demands of tourism 
this may change in the future. 

Alteration of the habitat structure within a nursery can have serious effects on 
survival and recruitment (Gibson 1994). In case of the existing nursery area of the 
Wadden Sea, one should be aware that plans to construct new industrial areas 
(Maasvlakte I I ) , living areas (Nieuw Holland) or airport (Schiphol II) in the Dutch 
North Sea coastal zone, may alter (residual) water circulation and larval advection 
and reduce supply to the nursery. Therefore, interventions even far outside an 
estuarine area may affect its nursery function if operating upon the processes 
underlying larval transport and larval supply. 

Compensation 

A recent trend in water management and nature conservation is the compensating 
principle. The underlying idea is to create new habitats in case the existing ones 
are sacrificed to man's demands, in an attempt to diminish ecological damage. The 
question of how new nursery habitats can be created was recently posed in the 
Western Scheldt where large-scale dredging activities are undertaken to improve 
the shipping route to the harbour of Antwerp. 

Whereas much of the knowledge on nurseries was simply based on empirical 
observation of juvenile fish aggregations, the knowledge of the nursery function 
collected in the present investigation demonstrates that the incredible complexity 
of the processes involved does not provide a simple solution to such problems. 
Physical and biological factors are mutually correlated without evidence of causal 
relationships or complete understanding of the underlying mechanisms. Moreover, 
interacting processes and their intricacies confuse our insights. Many of these 
processes are not subject to human influence or control. 

There are more gaps in knowledge and understanding. Within the Dutch 
Wadden Sea, investigations of the nursery function have focused on the 
Balgzand without knowing whether this area is representative for the entire 
Wadden Sea. A comparison between the Balgzand (western Wadden Sea) and 
the Dollard of abundance, growth and mortality of 0-group flatfish is possible 
and worthwhile. The sources of larval supply to the nursery are not exactly 
known (English Channel, German Bight, or both?). Moreover, data on (adult) 
population abundance and recruitment success are still lacking to assess the 
importance of the Ems-Dollard, for one, as a flounder nursery, compared to 
other areas. Monitoring of (juvenile and adult) flounder population abundance 
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would be required to assess the annual recruitment of this species and the 
relative importance of specific nursery areas along the European coast. 

Recommendation 

If a habitat should function as a nursery, the primary requirement would be to 
ensure that hydrographie conditions allow sufficient input of larvae to the area. 
Because of the long time-span during which spawning and nursery areas co-
evolved, 'new' nurseries will be potentially successful only within the geographical 
range of the presently or historically known nursery areas. 

How should an area be 'designed' to furnish a suitable nursery for one species 
or another? By trial and error may turn out to be the best available procedure. Of 
course, structuring a nursery can be achieved by guiding the tidal channels and 
influencing sediment composition and elevation of the tidal flats, i.e. moulding the 
morphology of the area. Salinity gradients and fluctuations can even be influenced 
by controlling the freshwater discharge to an area. Habitat requirements of 
temperature or food supply are nevertheless mainly out of human control. 

Transplanting experiments with juveniles to unexploited areas, or stocking of 
existing nursery areas with (cultured) juveniles (e.g. Tominaga and Watanabe 
1998) have proven ambiguous and the success will depend on a knowledge of the 
factors controlling movements of juveniles to join the adult stock (Gibson 1994) 
and subsequent successful reproduction. 

Given the low population abundance of adult flounder, besides by fishing 
pressure probably restricted by the availability of juvenile habitat (Gibson 1994, 
Rogers er al. 1998), restoring the transitions between sea and fresh water might 
be a first step to increasing flounder populations. Because of the indications that 
flounder larvae make use of selective tidal stream transport (Chapters 4, 5), they 
may have problems in entering freshwater bodies in the absence of tidal currents. 
Migration to freshwater may be postponed to the juvenile stage when swimming 
capacities are sufficient - which is indicated by increased abundances of 0-group 
flounder in the Dsselmeer after modification of sluice management (Dekker 1994, 
Dekker er al. 1992). 

Existing plans to restore a limited tidal regime in the Haringvliet (Rijkswater
staat 1998) may prove beneficial to flounder. The Haringvliet can provide an 
excellent case study to collect empirical knowledge about the utilisation as a 
nursery when new habitats become available once the connection with open sea 
and the tidal movement have been (partly) restored. 

Positive experiences with the Haringvliet may eventually be applied to the large 
potential of formerly lost flounder nurseries in the Netherlands. 
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