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Summary 
As part of the Tidal Thames Conservation Programme, the Zoological Society of London 
(ZSL) have studied the breeding ecology of the European smelt (Osmerus eperlanus) in 
the tidal Thames Estuary within a project funded by the Heritage Lottery Fund.  In the 
springs of 2015 and 2016 ZSL carried out a field data collection on the tidal River Thames 
in order to try to locate the spawning grounds of the smelt in the region. To assist in 
locating the spawning grounds HR Wallingford were asked by ZSL to carry out numerical 
models to simulate the movements of the newly hatched smelt fry in the river. 

A particle tracking model, coupled to a 2D hydrodynamic model of the tidal River Thames, was initially run in 
hindcast mode whereby fish fry were released at the point where they were caught and the model run in 
reverse timeframe. However, this method proved to be inconclusive in locating the whereabouts of the 
spawning grounds. 

Forecast models were also run using continuous releases of smelt fry from discrete locations along the tidal 
River Thames. The results of the forecast modelling proved to be more useful than those from the hindcast 
modelling and were able to reproduce measurements of smelt fry numbers undertaken by ZSL.  The forecast 
modelling suggested that the spawning ground are in close proximity (within a few hundred metres) of the 
measurement location just upstream of Wandsworth Bridge. 

 
Cover image courtesy of ZSL 
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1. Introduction 
1.1. Project Background  
As part of the Tidal Thames Conservation Programme, the Zoological Society of London (ZSL) have studied 
the breeding ecology of smelt in the tidal Thames Estuary within a project funded by the Heritage Lottery 
Fund.  The aim of the smelt project was: 

 To identify the spawning grounds of European smelt (Osmerus eperlanus) in the Tidal Thames, 
so that a species action plan can be written to inform conservation and management in the 
region. The spawning grounds will be identified by sampling for smelt eggs and fish fry between 
the beginning of March and end of July. 

  ZSL, 2015 

ZSL carried out ichthyoplankton surveys in the spring of 2015 and 2016.  In both years smelt fry were found 
towards the end of March/beginning of April in the Wandsworth Bridge area of the tidal River Thames.  
HR Wallingford have used a flow model and an ecological model to predict where the spawning site may be, 
based on where, when and in what number the fry were found. 

1.2. European smelt (Osmerus eperlanus) 
European smelt (Osmerus eperlanus) are small fish found mostly in coastal and estuarine waters from 
southern Norway to north-west Spain (Maitland, 2003). They migrate into rivers, including the tidal River 
Thames,  in early spring to spawn.   

Eggs are laid on gravel substrates or macrophytes and are highly adhesive.  Maitland (2003) suggests that 
spawning occurs on the highest spring tides and occurs over just a few days.  The period between spawning 
and hatching is dependent on water temperature and it is not clear if there is an external trigger for hatching.  
Sepúlveda (1994) found two batches of hatching smelt in the Elbe Estuary, Germany, occurring around 6 
days apart and estimated that spawning occurred over at least a two week period. 

1.3. How modelling can help to locate the spawning grounds 
In estuaries around Britain and the rest of Europe, smelt migrate up river estuaries during the spring to 
spawn. In some estuaries the spawning grounds have been identified and generally found to be confined to 
a localised regions at the head of tidal rivers. To date, the precise location of the spawning grounds in the 
tidal River Thames has not yet been identified, although there is some evidence that it may be in the 
Wandsworth area (Pilcher, 1989) or upstream of Wandsworth (Wheeler, 1979). Numerical modelling of the 
smelt fry using a flow model coupled with particle tracking, or Lagrangian, techniques might assist in locating 
the spawning grounds. Such models can be run either forwards in time, with particles located at potential 
release locations, or backwards in time with particles released at the point of measurement. Using both 
techniques it may be possible to narrow down potential locations for the spawning grounds. However, it 
should be noted that since neither the timing of hatching or the location is known then some uncertainty in 
the precise location is still likely.  
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2. Location 
The smelt survey and modelling focusses on the reach of the tidal River Thames near Wandsworth where it 
has previously been suggested that smelt spawning grounds may exist (Pilcher, 1989). The tidal excursion1 
of the Thames during spring tides extends from Teddington down to Greenwich (a distance of about 38 km). 

Figure  2.1 shows the region of the tidal River Thames in question from Teddington to Greenwich. Distances 
from Teddington are labelled at kilometre intervals. The Wandsworth area is at approximately 20 km 
downstream from Teddington. 
 

 
Figure  2.1: The River Thames from Teddington to Greenwich showing distances from Teddington at 
kilometre intervals 
Source: HR Wallingford. Contains OS data © Crown Copyright (2016) 

3. Methodology 
Two models were used to predict the movement of smelt fry in the Thames Estuary: 

1. A TELEMAC-2D flow model of the tides and currents 

2. An ecological model tracking the dispersion of the fry away from their starting point 

3.1. Flow model 
HR Wallingford developed a tidal flow model of the whole tidal River Thames for the Port of London Authority 
(PLA) and the Environment Agency (EA) in 2001 as a tool to help the two organisations with their regulatory 
responsibilities.  The model has been validated against a wide set of tidal level, current and total discharge 
data.  The bathymetry in the model is regularly updated and with its validation checked.   

The modelling tool used was TELEMAC-2D, developed by EDF-LNHE, which solves the depth-averaged 
shallow water equations using a finite element triangular grid.  This triangular grid allows the model mesh 

                                                      
1 The distance travelled by a particle of water between high and low waters 
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resolution to continually vary in space resulting in accurate representation of features such as the various 
bridge piers and the river wall. 

For the present exercise the TELEMAC-2D flow model was run for the period from 1st March 2016 to 4th April 
2016 using tidal boundary conditions from the tide gauge at Southend-on-Sea, provided by the PLA and 
observed river flows at Teddington (shown in Figure  3.1) obtained from the Kingston Rowing Club web site 
(www.kingstonrc.co.uk).  These river flow data were previously checked to be consistent with the recorded, 
gauged flow provided by the National River Flow Archive (http://nrfa.ceh.ac.uk/data/station/meanflow/39001). 
 

 
Figure  3.1: River discharge measured at Kingston weir for March and April 2016 
Source: Kingston Rowing Club web site 

3.2. Ecological model 
The ecological model used in this study was HR Wallingford’s HydroBoids model.  This model is capable of 
tracking ‘fish’ particles in aquatic environments and simulating behaviour such as swimming, feeding and 
shoaling where appropriate.  In this case, as the smelt fry are believed to be passive and neutrally buoyant, 
no swimming behaviour were included and the ‘fish’ particles dispersed by advection in the river flow and 
diffusion (due to small scale turbulence) alone.  The model can be run in both forward (forecast) and 
backward (hindcast) modes.  For hindcasts, the flow results from the TELEMAC-2D model are reversed and 
the model steps back through time.   
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3.2.1. Hindcasts 

Hindcasts were run with smelt fry initially placed at the survey locations near Wandsworth Bridge and the 
model was stepped backwards through time to predict where these fry may have been at time steps prior to 
the surveys.  Hindcasts were run for five start times on the 22nd/23rd March 2016, when the catch per unit 
effort (CPUE) was greatest. A summary of the hindcast simulations is given in Table  3.1. The hindcast 
simulations were analysed to examine which 500 m reach of the tidal River Thames was predicted to contain 
the highest number of smelt fry through time as an indication of the likely spawning location.  

Table  3.1: Summary of hindcast runs 

Scenario Release time Release location Tide 

H1 22/03/2016 12:48 525705, 175430 
525869, 175590 

Mid flood 

H2 23/03/2016 10:30 525683, 175430 
525930, 175598 

Low water 

H3 23/03/2016 14:30 525683, 175430 
525930, 175598 

High water 

H4 31/03/2016 09:40 525683, 175430 
525930, 175598 

Ebb tide 

H5 05/04/2016 09:40 525683, 175430 
525930, 175598 

Flood tide 

 

3.2.2. Forecasts 

Embryonic development in smelt is controlled by temperature, with warmer temperatures leading to faster 
development (Gorodilov and Melnikova, 2005).  No evidence has been found to suggest any external 
stimulus for hatching (e.g. water pressure, salinity, daylight, etc.).  This means that hatching could occur at 
any point throughout the tidal cycle and the data suggests that it is not coordinated, since catches of recently 
hatched fry occur over a period of about a month.   

For this reason, the forecast simulations were performed with a continuous release of fry over a two day 
period.  Release locations were selected at discrete kilometre distances seawards from Teddington Weir 
between 15 km (just upstream from Hammersmith Bridge) and 25 km (between Victoria Rail Bridge and 
Vauxhall Bridge). This spread of release points was intended to encompass the most likely regions for the 
smelt spawning indicated by the hindcasts.  A further simulation releasing at 35 km (near Canary Wharf) was 
added later to represent a potential downstream limit of spawning. 

Continuously releasing particles throughout the model run is computationally expensive due to the large 
number of particles that each need to be tracked. Therefore several short periods (2 days) were modelled, 
starting approximately 1 day before each of the main periods of fry catches on the 22nd/23rd March, 30th 
March and 5th April 2016. The forecast runs undertaken are summarised in Table  3.2. 

An additional model runs was also performed using the 2015 survey data when 200 smelt were caught on 
the 2nd April 2015. 
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Table  3.2: Summary of forecast runs 

Scenario Modelled period(s) 
 

Distance from 
Teddington 

(km) 

Release location  

F06 31st March 2016 6 Isleworth 

F09 31st March 2016 9 Upstream of Kew Bridge 

F11 31st March 2016 11 Upstream of Chiswick Bridge 

F13 31st March 2016 13 Downstream of Barnes Bridge 

F15a 
F15b 

22nd/23rd March 2016 
31st March 2016 

15 Upstream of Hammersmith Bridge 

F16a 
F16b 
F16c 

22nd/23rd March 2016 
31st March 2016 

5th April 2016 

16 Downstream of Hammersmith Bridge 

F17 22nd/23rd March 2016 17 Midway between Hammersmith Bridge and 
Putney Bridge 

F18 22nd/23rd March 2016 18 Upstream of Putney Bridge 

F19 22nd/23rd March 2016 19 Downstream of Fulham Rail Bridge 

F20a 
F20b 
F20c 
F20d 

22nd/23rd March 2016 
31st March 2016 

5th April 2016 
2nd April 2015 

20 Upstream of Wandsworth Bridge 

F21 22nd/23rd March 2016 21 Upstream of Battersea Rail Bridge 

F22 22nd/23rd March 2016 22 Upstream of Battersea Bridge 

F23 22nd/23rd March 2016 23 Downstream of Albert Bridge 

F24 22nd/23rd March 2016 24 Chelsea Bridge 

F25 22nd/23rd March 2016 25 Between Victoria Rail Bridge and Vauxhall Bridge 

F35 22nd/23rd March 2016 35 Near Canary Wharf 

 

4. Results 
4.1. Hindcasts 
The hindcasts were run backwards from five times when smelt were found in the surveys.  The phase of the 
tide at which the fry were released into the water varied for each release.  Figure  4.1 is an example model 
output showing the density of smelt fry predicted through time with distance from Teddington Weir.  Note the 
model is running backwards in time so the distribution of smelt fry varies from the top (release time) down the 
page.  The red colour indicates high densities of fry; blue shows low densities.  Initially the density is highest 
at the release site near Wandsworth Bridge (approximately 20 km from Teddington), but decreases through 
time as the fish are moved back and forth with the tide.  If the fish hatched at low water, they may have come 
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from as far as 38 km downstream of Teddington (near Greenwich).  On the previous high water, the highest 
densities of modelled fry are at around 16 km from Teddington (600 m downstream of Hammersmith Bridge).   
 

 
Figure  4.1: Density of fish fry predicted with distance from Teddington through time (released 23/03/2016 
14:30 (Scenario H3)) 
 

Figure  4.2 and Figure  4.3 show the distances from Teddington where the maximum number of fish was 
predicted to be throughout the hindcast model runs.  For Scenarios H1 and H3 (21/03/2016 12:48 and 
23/03/2016 14:30) the release time was close to high water. Stepping back in time, these fish could have 
come from between 4 km upstream (near Hammersmith Bridge) to 18 km downstream of the release site 
(near Greenwich), assuming they hatched at some point during the previous tide.   

Scenarios H2 and H4, where fish were released at low water or during the ebb tide,  suggest that the fish 
could have come from as far away as Teddington (~20 km upstream) within a single tide.  This wide spread 
of potential spawning sites is due to the large tidal excursion associated with the tide range and currents in 
the area. Additional spreading occurs because of the large difference in currents experienced by fry at the 
channel centre compare to those at the edges. 
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Figure  4.2: The distance from Teddington at which the maximum number of modelled fish were found for the 
first three release times hindcast. 
 

 
Figure  4.3: The distance from Teddington at which the maximum number of modelled fish were found for the 
later release times hindcast 
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4.2. Forecasts 
The results for each forecast model were analysed in terms of numbers of fry passing within 150 m of the 
survey location near Wandsworth Bridge. These results are described below in separate sections for the 
main periods when fry were caught either on the flood phase of the tide (i.e. 22nd/23rd March and 5th April) or 
during the ebb tide (31st March). 

4.2.1. Flood tide model comparisons with 2016 survey data (22nd/23rd March and 
5th April) 

During March 22nd/23rd and April 5th the field survey measurements were carried out between low and high 
water on the flood stage of the tide. 

Figure  4.4 shows a composite plot of all the forecast model results for the 22nd/23rd March scenario. Periods 
of high and low slack water are labelled. The measured fry counts from the field survey are overlaid on top of 
the model results as filled circles. It is important to note that the modelled fry counts are relative to the 
number of fry released in the model and do not represent real numbers of smelt fry which would be much 
higher (each smelt lays over 20,000 eggs). The general increase in modelled fry counts is due to the fact that 
a continuous release is being used in the model. 

Similarities in the general shape of the measurements and modelled results can be seen. In particular the 
up-estuary release location results (F15 to F19) show some agreement during the mid-flood tide on the 22nd 
March. Significantly, a peak in measured fry counts occurs at slack high water on both the 22nd and 23rd 
which corresponds to the model released location F20 (black line) which is actually at the same location as 
the measurements. This perhaps suggests that the fry are hatching in close proximity to the survey location. 
Furthermore, the F20 simulation also captures the measured peak in fry numbers that occurs at slack low 
water on the 23rd which adds weight to this argument. This low water slack peak is not observed in the 
survey data on the 22nd but it is possible that the fry had not started to hatch at Wandsworth at that time. 

The down-estuary release locations (F21 to F25 and F35) show a poorer match in terms of general trends to 
the measured fry numbers.  

Two weeks later, on April 5th, similar survey data were collected during the next set of spring tides, again 
during the flood stage of the tide. For this period model simulations were undertaken for the 16 km and 
20 km release locations only. Results of the modelled fry counts passing Wandsworth, with measured fry 
counts overlaid, are shown in Figure  4.5. As was observed for the March measurements, the low slack water 
peak in fry numbers is also present in the April survey data and is reproduced in the F20 release location 
model results. The peak is not reproduced if the modelled fry are released at 16 km, which suggests that the 
fry are hatching close to Wandsworth. The timing of the high water slack peak is slightly later in the F20 
model than the measurements but this could be attributed to stratification effects due to the higher river flow 
causing vertical variation in the currents that are not included in the 2D model (in addition to small sample 
numbers).  
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Figure  4.4: Numbers of fry modelled at the Wandsworth survey location for the forecast model scenarios 
during 22nd and 23rd March 2016 and for each continuous release location (15 km to 25 km, and 35km,  from 
Teddington) 
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Figure  4.5: Numbers of fry modelled at the Wandsworth survey location for the forecast model scenarios 
during 5th April 2016 for continuous release locations at 16 km and 20 km from Teddington Lock 
 

4.2.2. Ebb tide model comparisons with 2016 survey data (31st March) 

The measurements on the 31st March were carried out during the ebb phase of the tide. This is the only 
surveyed period in which significant numbers were caught on the ebb tide. 

The results from the downstream release locations are not plotted since, as described previously, they show 
a poorer correlation with the measurements. For the F20 release location (black line), the timing of the peak 
in the smelt numbers that forms during the slack high water is not covered by the measurement period so it 
is not known if this occurred or not. However there is another peak that occurs 2 hours 40 minutes later in 
the measurements that is not shown in the model results for any of the release location scenarios (F15 to 
F35). Location F15 was the furthest upstream model to be run, but the ebb tide peak in fry numbers 
generated from this location happens approximately one hour before the measurement peak. Although this is 
only measured once during 2016 it raises the possible that there is a smelt spawning ground further up the 
estuary beyond Hammersmith Bridge, perhaps even as far as Barnes or Chiswick Bridge.  

To test this theory, the model was also re-run with smelt released at a distance of 13km from Teddington. 
These results are also plotted in Figure  4.6. As can be seen the peak does move closer to the timing of the 
measurements, but is still approximately half an hour earlier than the measured peak. It is therefore possible 
that a second spawning ground exists even further upstream (beyond Barnes Bridge). 
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There is however another theory for this delay in the peak during the ebb tide. The date of the ebb tide 
measurement (31st April) coincides with a high peak in freshwater discharge of about 380 m3/s. It is therefore 
probable that the water in the Wandsworth area had some degree of vertical stratification in salinity. This 
could lead to a situation where the near bed flows are still moving slowly upstream while the more buoyant 
fresh water flows downstream over the top. Since the eggs are hatching on the estuary bed, they would 
become entrained in the underlying saline water and hence move slightly up the estuary at the beginning of 
the ebb tide before mixing into the water column as the currents accelerate. This would therefore delay the 
arrival of the peak in measured fry which were collected near the surface. 
 

 
Figure  4.6: Numbers of fry modelled at the Wandsworth survey location for the forecast model scenarios 
during 31st March 2016 for continuous release locations at 13, 15, 16 and 20 km from Teddington Lock 

4.2.3. Ebb tide model comparisons with 2015 survey data (2nd April) 

As a model validation exercise, a final scenario was modelled using the previous flow model and survey data 
for April 2015. This was carried out for the 16 km and 20 km release location scenarios. Figure  4.7 shows 
the results for this model run, plotted as before in terms of numbers of smelt fry within 150 m of the survey 
location. The peak in smelt numbers measured on the 2nd April coincides with a the HW slack peak in 
numbers in the 20 km model release scenario, which backs up the theory that the smelt are spawning in the 
region around the confluence of the River Wandle (up-estuary from Wandsworth Bridge). If anything, the 
peak in the model happens slightly too early (by about 15 minutes) and therefore it is possible that the fry 
originated from a point midway between Wandsworth Bridge and Putney Bridge.  
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Interestingly, the freshwater discharge at Kingston was relatively low in 2015, with a measured discharge of 
just 35 m3/s on 2nd April 2015 which may help to explain why more fry were caught on this day (i.e. there was 
less residual flow down the estuary to disperse them than in 2016). Alternatively, it may be that the spawning 
took place over a shorter period in 2015. It has been observed in Scotland that “spawning can last anywhere 
from a few days up to two weeks, depending on the prevailing conditions.” (Quigley et al, 2004). 
 

 
Figure  4.7: Numbers of fry modelled at the Wandsworth survey location for the forecast model scenarios 
during 2nd April 2015 for continuous release location at 16 km and 20 km from Teddington Lock 
 

5. Discussion 
The hindcast modelling proved to be inconclusive in providing evidence for the location of the smelt 
spawning grounds. Indeed the model highlighted the fact that, depending on the time of hatching and 
particular tidal state, the fry could have originated from almost anywhere between Teddington and 
Greenwich. Within just two reverse tides the released fry started to accumulate at the landward limit of the 
river, at Teddington. 

The forecast runs on the other hand proved to be more enlightening. By running numerous scenarios of 
constantly releasing smelt fry from discrete locations, a number of patterns emerged. These are as follows: 

1. On the 22nd March, there was a peak in fry caught during the mid-flood tide, and another larger peak at 
around slack high water. The peak at high water could only be represented in the model if it was 
assumed that the fry were hatching in close proximity to the sampling location (near Wandsworth 
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Bridge). There is less certainty as to the location of origin of the fry that cause the mid-flood peak. They 
could have been advected from downstream but if that were the case then it does not account for a 
reduction in fry numbers just prior to high water. It is therefore more likely that they originated upstream 
of Wandsworth, possibly as far as Hammersmith Bridge or even Barnes Bridge. 

2. During 23rd March there was a measured peak in the fry caught around low slack water and another 
peak at around high slack water. It was found that the only way these peaks could be represented in the 
model was to continuously release the fry at a similar location as that in which the measurements were 
taken (i.e. near Wandsworth Bridge, roughly 20km from Teddington). By doing so, the fry numbers were 
allowed to accumulate in the model during slack high and low water, thus emulating the general pattern 
of the measurements. 

3. Due to the scheduling of the measurements with regard to boat availability and daylight hours, it turned 
out that most of the measurements were made during the flood tide. The only ebb tide period that fry 
were caught in significant numbers was on the 31st March. The ebb tide peak in smelt numbers that were 
measured on this day occurs after all of the modelled release locations. It is therefore possible that smelt 
are hatching further up the estuary than Hammersmith Bridge. However, it is important to note that the 
freshwater flows during 31st April period were very high, peaking at 6.30am on that day at about 380 m3/s 
(see Figure  3.1). It is therefore probable that 3D stratification effects are important during this time with 
fresh water potentially flowing on top of the saline water leading to salt intrusion, i.e. underlying salt water 
moving up the estuary during the beginning of the ebb tide (or at least very slowly). This could potentially 
explain the delay in the measured ebb tide peak in fry numbers since the fry that were hatching near the 
bed might be temporarily advected up the estuary within the near-bed saline water before vertical mixing 
by the increasing tidal flows caused them to be carried back down to the sample location.  Further 
investigation of such a theory would need to use a 3D flow model including the density effects of salinity. 

4. The hypothesis of the Wandsworth release location was further validated by running the model using the 
results from the 2015 survey when 200 smelt were caught in the Wandle region on 2nd April, about 1 hour 
after high water. The 20 km release location model results showed a similarly timed peak in smelt fry 
numbers, whereas releasing the fry further upstream (just downstream of Hammersmith Bridge) did not 
result in a similar synchronised peak. This therefore supports the theory that the smelt are hatching in the 
area upstream of Wandsworth Bridge. The timing of the peak was actually about 15 minutes early in the 
model which means the fry may in fact have hatched a short distance up-estuary of the 20 km location, 
perhaps midway between Fulham Rail Bridge and Wandsworth Bridge (19.5 km from Teddington). 
Examination of the bed composition for suitable gravels for spawning would add weight to this theory. 

6. Conclusions 
The modelling work described in this study indicates the following: 

 the fry do not all hatch simultaneously, but rather continuously, mainly over a period of about two weeks 
(maximum catches were measured during March 22nd/23rd and April 5th) and to a lesser degree until 
almost the end of April (the last few fry were caught on the April 20th). 

 In most cases, the smelt eggs appear to be hatching in close proximity to the measurement location 
(Wandsworth Bridge area). This is indicated by a number of measured peaks in fry counts around slack 
high and low water that can be explained by an accumulation of fry hatching from the bed during the slow 
tidal flows at these times.  

 The fact that eggs were caught during the survey adds weight to the theory that fry are hatching in close 
proximity to the measurements. 
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 There is some uncertainty as to the up-estuary extent of the spawning grounds due to the low number of 
ebb tide measurements coupled with the fact that there were high fresh water discharges during the ebb 
tide measurements. Further 3D flow modelling may help to resolve this problem. However, validation 
using the 2015 smelt catch data suggest that, if anything, the location of the spawning grounds extends 
slightly upstream to a point that is midway between Fulham Rail Bridge and Wandsworth Bridge. This 
claim needs to be backed up with more detailed in situ investigations of bed composition and grab 
samples. 

 Further model runs might also assist in calculating a more precise timing for the start of hatching. 
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