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GLOBANG was designed to perform simulations of eel population dynamics within a 
hydrographical network. It integrates the main biological processes: ageing, recruitment, 
sexual differentiation, silvering, natural mortality and for the first time moving within a 
watershed. Anthropogenic impacts are still in development and can be adapted to particular 
situation. 
The GLOBANG model was initially developed to better understand the eel population 
functioning. The acronym GLOBANG derives from our wish to study eel dynamics at the 
global level of watershed. 
Now, after calibration with real field data, the model should be able to also evaluate silver 
escapement in response to a variety of management scenarios, especially when spatial 
dimension is important. 

1 Model description 

1.1 Strategy development 
We chose to use the pattern-oriented modelling approach proposed by Grimm et al (1996) and 
Railsback (2001). Pattern is defined as clearly identifiable structures in nature itself or in the 
data extracted from nature (Grimm et al., 1996). We then followed the modelling process 
proposed by Wiegand et al (2003). First, we defined a pattern and implemented the 
population-dynamics model through which the pattern can arise. Second, we set fixed 
parameter values wherever possible and, for the remaining ones, their likely variation range. 
Third, we defined alternative hypotheses to be tested. Fourth, we performed all necessary 
simulations and systematically compared simulated results with the pattern in order to 
determine which combinations of parameter values are compatible with it. This experimental 
approach of simulation allows the identification of the factors which have effect and those 
which have no effect under a given set of assumptions (Mullon et al., 2003). Lastly, the model 
exploration allowed defining secondary comparative predictions. 
We defined a pattern that summarizes eel population dynamics paradigms without any 
reference to a particular reference. Therefore, results coming from different geographical and 
historical locations are gathered in a single model. The calibration procedure guarantees that 
the model with the selected sets of parameters respect the basic pattern in four points or the 
extended pattern with  a fifth point which is an extension of point 2:  

1. Silver eel production in a watershed is not unlimited. 

2. A recruitment decrease results in the standing stock’s or silver escapement’s sex ratio 
in favour of females (Rossi et al., 1987). This modification can even invert sex ratio 
domination (Svärdson, 1976; Parsons et al., 1977; Poole et al., 1990). 
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3. Eel abundance decreases exponentially the further distance to the sea (Smogor et al., 
1995; Ibbotson et al., 2002).  

4. Sex ratio evolves in favour of females, the further distance to the sea (Aprahamian, 
1988; Oliveira, 1999).The sex ratio evolves with increasing recruitment, from purely 
female to purely male domination.We identified 291 basic pattern-compatible 

combinations. Only 28 of these 291 sets also respect the extended pattern. The fact that we 
found combinations compatible with the pattern shows that the model is not incompatible with 
the present paradigm of eel population dynamics, even though it does not prove that the 
simulated processes correspond to reality (Levin, 1992).However, selecting 291 or 28 
compatible combinations, could appear to be not selective enough because a combination is 
interpreted as a set of life history traits for the one panmictic European eel stock. One solution 
could be to introduce a fitness criterion in the pattern, then only consider the parameters set 
that produces the maximum of female silver eels. 
It is clear that conclusions of such a paradigmatic model have only a theoretical usefulness. 
However, these conclusions have the validity conferred by our present knowledge of eel 
ecology. Now, if we want to use it to assist in management decision-making (Johnson, 1995) 
or test precise alternative management options (Gatto et al., 1982), especially watershed 
planning and spatial fishery management, the models results should be compared with field 
reality. 

1.2 Input data requirements 

1.2.1 For simulation runs 

1.2.1.1 River network topology 
The principle of hydrographical network representation is to split the river tree into 
homogenous longitudinally reaches of constant length. For instance, we split rivers longer 
than 10km of Dordogne River (one of the two main tributaries of Gironde estuary, Southwest 
of France) into 519 longitudinally homogeneous reaches of around 10 km lengths (Dumoulin 
et al., in preparation). 
Caution must be taken to simulate a likely network. Especially, the simplification of the tree 
must not too strong in order to respect, for example, real self-similarity of the Tokunaga 
branching ratio (Turcotte et al., 1998). 
Each reach is identified by an unique number and is associated with the number of the 
downstream reach. The reach with no downstream reach is the outlet of the basin.  

1.2.1.2 Capacity size of compartment 
All the characteristics of each reach were summed up in a carrying capacity. Based on Dhondt 
review (1988), carrying capacity was defined as the maximum weighted number (equivalent to 
biomass) that can be supported in a given compartment for a long period, independently of 
population dynamics. 
Determination of carrying capacity for eel is still an open question. Therefore, we postulated 
that carrying capacity of one reach is proportional to it gauge that can be evaluated by the total 
length of upstream rivers - a proxy of the drainage surface- (Dumoulin et al., in preparation). 
We can also use the water surface (or water volume) of reaches as surrogate of the carrying 
capacity. 

1.2.1.3 Recruitment time series  
GLOBANG does not integrate a stock-recruitment relationship. Therefore, recruitment time 
series is an input variable and one should only define the total amount of larvae arriving each 
migration season since seasonal pattern of glass eels arrival is parameterized in the model. 
For example, we tested the recruitment scenario presented in Figure 1. It presents a phase of 
collapse followed by phase of stock recovery (Figure 1). The simulated recruitment decrease 
is comparable to this observed in reality (2003). The second phase is still putative. 
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Figure 1: Example of recruitment scenario used in GlobAng 

1.2.1.4 Yellow eels repartition at simulation start 
If one doesn’t want to start the simulation with a river network empty of eels, the number of 
yellow eels of different ages should be fixed. 
However, with a constant recruitment level, the population dynamics usually converges to 
stabilized reparation of eels in the watershed in 25 years. Therefore, it is possible to start 
simulations with an empty river network if preliminary period of simulation is added. 

1.2.1.5 Anthropogenic impacts on dynamics 
Anthropogenic mortalities (fishing, pollution) are simulated by associating instantaneous 
mortality rates to spatial compartments. One can simulate barriers to migration by reducing 
the proportion of motion between two compartments. Stoking operations correspond to add 
fish of a given age to a specific compartment.   
Implementation of these anthropogenic impacts was tested in an old release of GlobAng 
(Lambert et al., 2004). It could be easily updated, according to requirements of particular 
geographical situations. 

1.2.2 For calibration to field data 
We start the comparison with actual field data. At the moment, we imagine to calibrate the 
model by comparing the eel age structures according to sea distances, as for example those 
obtained by electric fishing  in the Vilaine River by Briand et al. (in press). 

1.3 Model output 
The first main output is the evolution of female and male spawner escapements. For example, 
Figure 2 shows the results obtained with the recruitment time series presented in Figure 1. The 
second output (used in calibration procedure) is the age structure of yellow eels in 
compartment. For instance, one can compare the age structure in a compartment near the 
outlet with this in an more upstream compartment (Figure 3) 
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Figure 2: Example of silver eels escapement evolution  
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Figure 3:  Example of age structure of yellow eels in two compartments  

1.4 Detailed description 
The model was structured in three states: undifferentiated, female yellow eel and male yellow 
eel. An undifferentiated eel can become either a male or female yellow eel. After sexual 
differentiation, the sex cannot change anymore. A yellow eel becomes a silver eel according to 
its age and its sex. A silver eel cannot revert to a yellow one. Silver eels correspond to 
disappearance from the system and constitute the main model output. Growth is not explicitly 
taken into account and states are structured by age. 
The time step is the week. 
The biological processes’ succession is presented in Figure 2. 
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Figure 4: Flowchart of the biological processes during a time step in GLOBANG 

 The simulation of one trajectory is equivalent to monitoring the evolution of eel number 
( ), ,j kN i t  from age class j  (varying from 0 to maxj ), and from state k  in compartment 

i (varying from 1 to maxi ) during time t . 

1.4.1 Age and ageing of eel 
Since we only simulated the inland life of eel, glass eel age is equal to the 0 year class. We 
fixed the last yearly age class maxj  to 12 years and the date of birth to the first week of May. 
Classically, eel numbers of each age class were shifted every birth week and the numbers of 
the two last classes were added. 
We noted ( )jA t the age of class j  which was computed as the sum of age class and the 
year’s proportion between current week and birth week. 

1.4.2 Contribution of an eel to compartment carrying capacity’s 
saturation 
The following formula, derived from a weight-growth curve, allowed calculation of the 
contribution ( )jw t  of one individual of age class j  to the carrying capacity’s saturation: 
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With this formulation, an eel contributed to the carrying capacity’s saturation from its second 
year. Its contribution was maximal at the end of its twelfth year.  The saturation of a spatial 
compartment ( )is t corresponds to the ratio between the sum of eel number 

( ), ,j kN i t weighted by ( )jw t and the carrying capacity ic . 

1.4.3 Recruitment 
The proportion of arrival in a given week was calculated with a beta function limited between 
the first week of October and the last week of April with two parameters were fixed to 2.  
With this formulation the simulated glass eel arrival was symmetrical, with a maximum on the 
third week of January. The product of this proportion with the seasonal recruitment level 
allowed calculation, for each time step, of the number of 0 year old animals added to the 
downstream compartment. 

1.4.4 Sexual differentiation and sexual determinism 
We calculated a weekly mean rate of differentiation assuming that undifferentiated stage 
duration followed a lognormal distribution (Manly, 1990). With a mean duration of the 
undifferentiated stage to 2.69 years and a standard deviation to 0.28 year, most eels 
differentiate between 2 and 4 years old.  Sexual differentiation takes place all year round. 
The proportion of males among the eels which differentiated in a given week t and 
compartment i , ( )iM t  was calculated with a logistic function according to saturation of the 
compartment’s carrying capacity:  

( )1 2( )

1( )      
1 ii s tM t

e ρ ρ− −
=

+
 

 

2ρ corresponds to saturation level that produces 50 % of male among differentiating eel. 1ρ  
measures the saturation’s influence on this process. A nil value of this parameter is equivalent 
to simulating a genotypic determinism (i.e. at or before conception) with an equilibrated 
recruitment sex ratio. 

1.4.5 Silvering 
This process corresponds to the beginning of the metamorphosis from yellow to silver eel. 
Silvering is a gradual phenomenon (Durif et al., 2000), the ultimate step before downstream 
migration taking place at the end of summer (Durif, 2003). 
As for the sexual differentiation process, the weekly mean rate of silvering was calculated by 
using a lognormal distribution function between the first week of September and the last week 
of December.  
With a mean duration of 7.37 years and a standard deviation of 3.43 years) for the female 
yellow stage and respectively 1.57 years 1.38 years for males, females become silver after the 
age of 7 and males between 2 and 9. 

1.4.6 Movements 
This process concerns all yellow eels and takes place all year round. The proportion of 
individuals of age class j  leaving a compartment i  to go to an adjacent compartment 1i ±  

, 1j i iT → ±  is calculated by modulating the maximum movement rate jd  for eels of age class j  
with the saturation of the departure-compartment’s carrying capacity ( is ) and the saturation of 
the arrival-compartment’s carrying capacity ( 1is ± ): 
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1i ib → ± is introduced to take into account  the motion limitation due to barriers. β represents the 
relative influence between departure and arrival saturations on the transition proportion 
(Whitehead, 2000). The maximal movement rate decreases with age, following a beta 
cumulative distribution. Its maximum corresponds to glass eel movements 0jσ ; its minimum 
is associated with older individuals jσ + . 

The parameter values of the beta function simulating maximum movement rate’s decrease are 
arbitrarily fixed to 6 and 20. In this case, eels older than 6 years have a maximum movement 
rate equal to jσ + . 

1.4.7 Anthropogenic mortality 

The anthropogenic mortality rate is calculated with  
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In case of fisheries, selectivity is introduced in the calculus of ,i jF . 

1.4.8 Natural mortality 
The natural mortality rate for eel aged j  in compartment i  the week t  is calculated with a 
Weibull distribution whose scale parameter depends on the exponential of compartment 
saturation: 
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with γ  the shape parameter, 0v the scale parameter’s value when compartment saturation is 
lower than 1, 1v measuring the scale parameter’s decrease according to saturation. Finally, we 
make the assumption that mortality is equivalent all year round.  
The shape parameter of the Weilbull distribution is fixed to 0.1789, with reference to De Leo’s 
and Gatto’s (1995; 1996) studies. 

1.5 Calibration procedure 
Based on existing information, seasonality or age-dependence parameters for each process can 
be fixed. Without those concerning anthropogenic impacts, eight parameters remain to be 
assessed Five are linked to saturation-dependence, either directly ( wα ) or measuring its 
influence on sexual determinism ( 1ρ , 2ρ ), mortality ( 0v , 1v ) and movement ( β ). Two of them 
concern movements at different ages ( 0jσ , jσ + ). To assess them, an experimental approach 
(Grimm, 1999; Mullon et al., 2003) is needed. 
As said before, we dispose of 18 or 291 (depending of the ecological pattern used) parameter 
sets  which are compatible with our paradigm of the eel population dynamics.  They can be 
tested in actual hydrosystems. 
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1.6 Computer implementation 
A matrix version of GlobAng has been implemented in MatLab®, The MathWorks Inc. with 
the toolbox Statistics. In order to better take into account individual variability, an individual-
based version SALGlobAng of the model is written by using the computer framework 
SimAquaLife developed in Java by Cemagref. Presently, the convergence of the results 
obtained with both versions allowed us to verify computer code . 
At the moment, no user-friendly interfaces for these models are developed. 
 

2 Models applications 

2.1 Application of GlobAng on Dordogne hydrographical network  

2.1.1 Data input 

2.1.1.1 Recruitment time series  
Since no absolute estimate of recruitment is available, we use fishery data to give an 
approximation of glass eels arrival. An average of 20.425 tons of glass eels were caught in 
Gironde estuary between 1998 and 2003 (Girardin et al., 2004). Exploitation rate is estimated 
between 13 and 30 % in an open estuary (Prouzet, 2002). With a rate fixed to 20 %, 102.2 tons 
of glass eel arrived in the Gironde this year. Ignoring mortality and settlement in estuary, 81.7 
tons arrive in front of Dordogne and Garonne Confluence. We supposed that a third of these 
fish entered in Dordogne (according to the ratio between Dordogne and Garonne flows). We 
estimated the recruitment in Dordogne basin to 8.7 107 glass eels  (with nearly 3 000 glass eels 
in a kilo).  
With a reduction of 95 % according to historical reference (years 70), the number entered in 
the system in “pristine condition” is 1.7 109 glass eels, corresponding to 100 % recruitment. 

2.1.1.2 River network topology and reach carrying capacity 
Rivers longer than 10km in the Dordogne basin were split into 519 longitudinally 
homogeneous reaches of around 10 km length (Figure 5). 
 
In absence of definitive definition of carrying capacity for eel, we postulated that carrying 
capacity of one reach is proportional to the total length of upstream rivers. A parameter is 
introduced to turn numbers of upstream compartments over to numbers of 13 years eels. 
The Dordogne River near its confluence is 1 km width. Therefore the more downstream 
compartment (10 km length) has a surface of 100 ha. In best period, the estuarine eel density is 
estimated to 250 kg/ha with a mean weight of 100 g per individual. So nearly 2.5 105 eels 
should live in this first compartment. We suppose that older eels represent 1 % of the stock. 
Then an estimate of the carrying capacity of this compartment could be 2 500 old eels, to be 
linked to 519 upstream compartments of total length of upstream rivers. At the end, the 
proportionality factor between carrying capacity and upstream compartment is fix to 5. 

2.1.1.3 Anthropogenic impacts on dynamics 

2.1.1.3.1 Fishing 
 A fishery is defined by its location (compartment identification), a fishing season (start and 
duration in weeks), a instantaneous mortality rate without selectivity (in year-1) and a logistic 
selectivity curve for yellow eel fishery (ages at 50 % and 95% of retention). No overlapping in 
time and space between fisheries is allowed.  
It is not possible to integrate a silver eel fishery for the moment. 
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Figure 5: Representation of Dordogne hydrographical tree 

 
Glass eels are caught in the two first reaches of Isle River from mid-November to mid-April. 
The fishery is located near the tidal limit, where fish naturally accumulate (McCleave et al., 
1987). So the exploitation rate is between values in open brackish estuary (13 to 30 % , 
Prouzet, 2002) and in close estuary (> 95 %, Briand et al., 2003). We fixed the rate to 50 % 
corresponding to an instantaneous fishing mortality of 0.70 year-1. Because glass eel 
corresponds to a highly mobile stage, we considered that the weekly rate is equal to the annual 
one. 
Yellow eels are fished between April and June and between September and October in four 
locations; the more three downstream compartments on Dordogne River and just downstream 
the first overflow of Bergerac. The selectivity was estimated from age estimates from this 
sector (Lamaison, 2005). The instantaneous rate was calculated to 0.24 year-1 by analysing the 
length structure of eels caught by the fishery (Lambert et al., in prep.). The weekly 
instantaneous mortality rate was obtained by dividing the annual rate by the fishing season 
duration. 
Therefore we consider 2 glass eel fisheries and 4 yellow eel fisheries in the basin (Table 1). 

Table 1: Fisheries characteristics used in simulation 

Week of 
season start Season duration

Compartment  
Id. 

F  
(year-1)

Age at 
select. 50 % 

Age at 
select. 95% 

46 22 1033 .70 NaN NaN 
46 22 1034 .70 NaN NaN 
22 18 1001 0.24 5 6 
22 18 1002 0.24 5 6 
22 18 1003 0.24 5 6 
22 18 1004 0.24 5 6 
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2.1.1.3.2 Barriers 
Barriers are supposed to be located at the upstream part of a reach. They are associated with 
reduction rates of upstream and downstream movements and with a extra mortality rate during 
downstream crossing. 
Impact of dams could not be modulated according to time (flood, electricity production) or 
fish length. 
A cumulative mortality of all the downstream reaches is computed to integrate reduction of 
silver eels during catadromous migration.  
 
Inventory of migration barriers is still in progress in this basin. We only have a map with a 
number of dams per km of river, with no systematic information on how they can be crossed 
by eels. 
A barrier was located every two reaches in class 2 ( <5 barriers / 100 km), every reach in class 
3 (5 to  10 barriers / km), every reach in class 4 (10 to  25 barriers / km) with a reduction rate 
raised to the power of  2 (equivalent to 2 barriers), every reach in class 5 (10 to  25 barriers / 
km) with a reduction rate raised to the power of  3 (equivalent to 3 barriers).  
When no information was available, we used value presented in Table 2. 

Table 2: Reference values for upstream and downstream movement correction and downstream 
mortality induced by migration barriers 

Mitigation 

without with 

Upstream movement correction 0,4 0,7 

Downstream movement correction 0,6 0,8 

Downstream mortality 0,3 0,1 

After all 50 barriers were considered in simulations. 

2.1.2 Calibration  
We started with an empty basin and simulate for 50 years. We keep only the last 25 years and 
calculate the mean of the outputs to avoid impacts of periodic dynamics, which can appear in 
special case. 
It was not possible to use an algorithm of optimisation to find the best parameters set because 
a simulation last minimum 15 min. We preferred to test the 18 sets, which respect our 
ecological pattern of eel population dynamics (Lambert, 2005).  
To choose between these sets, we imagined comparing with two types of data, from 
commercial capture and from electro-fishing survey: 

(i) An average 3.27 tons of glass eels were caught between 1998 and 2003 in Dordogne 
basin (Girardin et al., 2004).  During the same period 2,4 tons of yellow eels were 
caught in Dordogne River (Girardin et al., 2004). 

(ii) Eel density exponentially decreases with distance from tidal limit (Smogor et al., 
1995; Ibbotson et al., 2002).  We use data from a multispecific electrofishing survey 
realised by the Conseil supérieur de la pêche. Only results from 1995-2003 with two 
techniques of fishing were analysed. We calculate eel abundance by dividing the eels 
number caught by the length of the station (the most frequent available information). 
We were aware that this calculus led to minimize the abundance in the downstream 
compartments.  An abundance of 1 individual per 100 m was predicted 230 km far 
from the tidal limit.  Probably because we mixed data from tributaries with different 
size, we obtained a better adjustment with relative distance between tidal limit and 
river source (Imbert et al., in prep.). 
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The relation obtained was   

 0.030417.42 relDist
obsdens e−=  

with 2 .66r = . 

2.1.2.1 Calibration results with the complete Dordogne basin 
Table 3: Calibration results for the Dordogne basin 

relation between eel 
abundance and 
relative distance 

total catch  
(ton) 

silver escapment 
(ton) 

parameters 
set 

maximum 
distance 
from the 
tidal limit 

of 
presence 

of eel (km)
slope 

abundance 
at the tidal 
limit (ind / 

100m) 

glass 
eel 

Yellow 
eel female male 

1 60 -0.9101 407.64 0.036 2.761 0.511 48.683 
2 60 -0.8994 432.07 0.168 0.513 1.048 12.036 
3 70 -0.9627 1417.78 0.261 3.060 2.075 57.765 
4 60 -0.8276 214.54 0.053 0.367 0.479 8.546 
5 60 -0.9261 847.33 0.123 1.328 1.272 25.897 
6 60 -0.9357 2509.47 0.274 10.515 2.189 163.121
7 70 -0.9478 963.71 0.179 2.171 2.642 36.482 
8 60 -0.8755 2183.37 0.209 9.522 0.340 158.824
9 90 -0.9881 770.55 0.121 2.620 1.243 49.570 
10 90 -1.0627 2391.02 0.217 15.710 3.391 228.320
11 50 -0.6192 102.48 0.007 0.544 0.473 11.072 
12 90 -1.0184 1957.91 0.076 48.686 0.844 554.917
13 90 -0.9583 501.30 0.040 4.529 0.449 79.051 
14 60 -1.0238 1940.80 0.164 7.840 2.589 120.163
15 60 -0.9376 1020.09 0.100 1.953 1.484 36.012 
16 60 -0.9539 3005.44 0.145 23.552 4.569 302.885
17 50 -0.7702 163.11 0.017 0.386 0.250 8.753 
18 60 -0.7941 250.35 0.051 0.531 0.815 9.046 
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Figure 6 : Evolution of eel abundance according to relative distance between tidal limit and source 
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For all the set, the maximal distance of presence of eels older then 2 were not enough far from 
the tidal limit: 50 to 120 km instead of 230 km. This reveals a problem in the movement 
process. 
The relationship between eel abundance and relative distance turned to be ineffective since 
slope and abundance at the tidal limit were not comparable between observations and 
simulations. Not sure that the simulations are the most wrong! 
The glass eel fishery was not well simulated. As already underlined (Lambert et al., 
submitted), a simple diffusive colonisation is probably not efficient for glass eel. Even with a 
higher mortality rate, it could be impossible to reach the 3.27 tons recorded in the basin.  
At the contrary, we can find three parameter sets (1,7, 9), which simulated not so badly total 
catch of yellow eels. Notice that the silver eel escapement was highly skewed in favour of 
male, resulting from a high saturation of the downstream compartments (limiting upstream 
colonisation, increasing the probability to be caught).  

2.1.2.2 Calibration results with the mainstream of Dordogne  
In order to reduce computer time we run the same simulations batch considering only the 
mainstream (without summing the carrying capacity of tributaries). We moved glass eel 
fishery in Isle River into Dordogne River with respect to the outlet distance. 
Again we had the same problems but more acute for colonisation limit. The glass eel capture 
were not so low as previously. Finally the same parameters set were chosen. 

 Table 4: Calibration results for the Dordogne River 

relation between eel 
abundance and 
relative distance 

total catch (ton) silver escapment 
(ton) 

parameter 
set 

maximum 
distance 
from the 
tidal of 

presence 
of eel 
older 
than 2 
years 
(km) 

slope 
abundance 
at the tidal 
limit (ind / 

100m) 

glass 
eel 

yellow 
eel female male 

1 20 -4.9892 1025.89 0.078 2.760 0.265 47.519 
2 60 -2.9360 4276.49 0.381 0.569 1.000 11.895 
3 50 -2.9641 7974.29 0.584 3.300 2.082 58.915 
4 20 -3.2746 479.25 0.098 0.376 0.332 7.689 
5 40 -3.0518 2354.10 0.250 1.400 1.089 25.556 
6 40 -3.6287 10516.51 0.534 10.930 2.192 162.450 
7 50 -2.4504 3574.10 0.344 2.288 2.260 36.873 
8 40 -3.2412 13826.57 0.528 10.042 0.234 162.753 
9 70 -2.5322 6768.21 0.325 2.828 1.136 51.856 
10 70 -2.3514 17877.57 0.665 16.367 3.382 236.962 
11    0.009 0.439 0.520 9.096 
12 80 -3.7907 90036.88 0.301 48.351 0.613 564.584 
13 80 -3.2967 15257.51 0.139 4.825 0.303 83.654 
14 50 -5.1625 23485.19 0.319 8.182 2.405 119.903 
15 40 -3.6225 3331.89 0.206 2.062 1.193 35.643 
16 30 -5.5234 9070.00 0.270 24.670 4.867 296.207 
17    0.028 0.336 0.225 7.433 
18 20 -3.3180 385.12 0.077 0.563 0.764 7.650 

2.1.3 Simulation of scenarios 
We used parameters set 9, the less worse solution, to run scenarios simulations. 
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2.1.3.1 Pristine conditions 
In pristine conditions,  2.7 tons of female silver eels and 59.9 tons of males escape from the 
Dordogne basin (Table 5).   

2.1.3.2 Influence of recruitment variation 
The increase of recruitment level led to a decrease of female escapement, due to density 
regulation if favour of male, but also to a decrease of yellow eel fishery which is counter-
intuitive. 
 

Figure 7: Evolution of female silver escapement and yellow eel catch according to different level of 
recruitment. 

2.1.3.3 Influence of fishery management 
The fishing rate had low influence on the female escapement (Figure 8), a higher impact on 
male escapement (Figure 9).  See details in Table 7. 
On the other hand mitigation on migration barriers impact the escapement. This should be 
related to the downstream mortality that is independent of any density regulation.  
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Figure 8: Evolution of female escapement according to fishing rate for three scenarios of barriers 
management 

 
 

Figure 9: Evolution of male escapement according to fishing rate for three scenarios of barriers 
management 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Evolution of yellow eel catch according to fishing rate for three scenarios of 
barriers management 
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Table 5: Results summary in pristine condition 

relation between eel 
abundance and 
relative distance 

total catch (ton) silver escapement (ton)Recruitme
nt (% of 
pristine) 

barriers Fishing 
rate (% of 
current) 

maximum 
distance 
from the 
tidal of 

presence 
of eel 

older than 
2 years 

(km) 

slope abundanc
e at the 

tidal limit 
(ind / 
100m) 

glass eels yellow eel  female  male  

100 no  0 160 -1.15 6638.97 0.00 0.00 2.70 59.90 

Table 6: Results summary at different levels of recruitment 

relation between eel 
abundance and 
relative distance 

total catch (ton) silver escapment (ton) % SPR  

Recruitme
nt (% of 
pristine) 

barriers 
Fishing 

rate (% of 
current) 

maximum 
distance 
from the 
tidal of 

presence 
of eel 

older than 
2 years 

(km) 

slope 

abundanc
e at the 

tidal limit 
(ind / 
100m) 

glass eels yellow eel female male female male 

1 current 100 70 -0.97 530.64 0.04 2.63 1.59 39.66 58.80 66.21 
5   90 -0.99 770.55 0.12 2.62 1.24 49.57 46.10 82.75 
10   90 -1.00 920.12 0.19 2.42 1.09 51.07 40.33 85.25 
25   100 -1.03 1089.63 0.33 2.09 0.94 51.12 34.92 85.34 
50   110 -1.06 1441.05 0.49 1.81 0.86 49.99 31.91 83.45 
75   110 -1.07 1549.59 0.62 1.65 0.81 48.94 29.91 81.70 
100   120 -1.06 1558.54 0.73 1.54 0.78 48.07 29.10 80.25 
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Table 7: Results summary with different scenarios of management  

relation between eel 
abundance and 
relative distance 

total catch (ton) silver escapment (ton) % SPR  

Recruitme
nt (% of 
pristine) 

barriers 
Fishing 

rate (% of 
present) 

maximum 
distance 
from the 
tidal of 

presence 
of eel 

older than 
2 years 

(km) 

slope 

abundanc
e at the 

tidal limit 
(ind / 
100m) 

glass eels yellow eel female male female male 

5 (current) 0 90 -0.99 801.90 0.00 0.00 1.31 51.61 48.60 86.16 
 25 90 -0.99 784.75 0.07 0.73 1.29 51.03 47.82 85.18 
 50 90 -0.99 776.60 0.10 1.40 1.27 50.50 47.28 84.30 
 75 90 -0.99 771.24 0.11 2.03 1.26 50.01 46.72 83.49 
 100 90 -0.99 770.55 0.12 2.62 1.24 49.57 46.10 82.75 
 200 90 -0.99 766.57 0.14 4.64 1.20 48.03 44.54 80.19 
 

current 

          
 0 140 -1.08 2339.37 0.00 0.00 1.86 54.73 68.99 91.37 
 25 140 -1.08 2292.28 0.07 0.70 1.85 54.12 68.54 90.35 
 50 140 -1.07 2266.14 0.10 1.35 1.84 53.58 68.16 89.45 
 75 140 -1.07 2257.18 0.11 1.96 1.83 53.11 67.82 88.66 
 100 140 -1.07 2251.52 0.12 2.52 1.82 52.66 67.51 87.92 
 200 140 -1.07 2243.26 0.14 4.48 1.79 51.17 66.46 85.42 
 

with 
mitigation 

          
 no barriers 0 150 -1.06 2857.96 0.00 0.00 2.72 57.64 100.81 96.22 
  25 150 -1.06 2792.69 0.07 0.68 2.70 57.00 100.28 95.16 
  50 150 -1.06 2767.37 0.10 1.32 2.70 56.46 100.04 94.26 
  75 150 -1.06 2759.36 0.11 1.91 2.68 55.98 99.52 93.46 
  100 150 -1.06 2753.07 0.12 2.47 2.68 55.55 99.30 92.74 
  200 150 -1.06 2744.53 0.14 4.38 2.65 54.06 98.31 90.25 
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2.1.4 Assessment of GlobAng application in Dordogne 
The application to the Dordogne case study proves that GlobAng can manage a lot of 
compartments even if the computing time increases. It is possible to use a simplified 
catchment (main river) to explore quickly the population dynamics. At the contrary, it 
highlights that behaviour glass eels in migration is not well simulated and that GlobAng 
should start with settled glass eels. It offered the opportunity to test scenarios without any 
computing problems.   

2.2 Application of GlobAng on Piddle River  

2.2.1 Data input 

2.2.1.1 Recruitment time series  
Recruitment was not measured, but an index from changes in CPUE of glass eel fisheries in 
England and Wales can be uses as relative recruitment. 

2.2.1.2 River network topology and reach carrying capacity 
In SMEP, the river is split into 3 reaches with different length. To respect the constraint of 
equal length of GlobAng compartments, the river is split into 7 compartments of nearly 10 km 
(Table 8). 
A carrying capacity of 1.5 kg per 100m-2 of productive area is used. An eel of 20 years 
(maximum age in this application) weighs 430 g. So the carrying capacity is transformed to 
348,04 eels of 20 years per ha. 

Table 8: Correspondence between GlobAng and SMEP river topology 

SMEP id. GlobAng id downstream 
compart. 

carrying 
capacity 

(ind of 20y )

surface (ha) Length (km) Width (km) 

Reach 1 1 NaN 3081 88.5 10.55 0.00839 
Reach 2 2 1 1713 4.9 9.02 0.00546 

 3 2 1713 4.9 9.02 0.00546 
 4 3 1713 4.9 9.02 0.00546 

Reach 3 5 4 1194 3.4 8.67 0.00396 
 6 5 1194 3.4 8.67 0.00396 
 7 6 1194 3.4 8.67 0.00396 

2.2.1.3 Anthropogenic impacts on dynamics 
There are no barriers to migration, the environment is good throughout the catchment, and 
there is no fishing mortality (other than very small silver eel catch, which is discounted for the 
moment). 

2.2.1.4 Modifications to adapt GlobAng to the Piddle case 
We changed the maximal age to 20 years.  
We adapted the recruitment process to take into account that recruitment is not made up of 
glass eels but rather of elvers. We considered that recruited  elvers were 2 years old. 

2.2.2 Calibration  
We started with an empty basin and simulated 20 years with the relative recruitment index of 
year 1980 to fill up the river. We then simulated 24 years according to the time series of 
recruitment. We analysed the last year of simulation and compared results from end of April 
to field data observed in 2003. Silver eel production is calculated by adding weekly silver eel 
escapement. 
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Details of eel population (sex ratio, mean density and LF distribution) in these three reaches 
were available. The length structure is transformed in age structure by using a length-age key 
computed with 2003 data. 
Because it was not possible to use an optimisation algorithm to find the best parameters set 
(the goal function presented too many local minimums), we tested the 18 sets, which respect 
our ecological pattern of eel population dynamics (Lambert, 2005).  For each set of parameter 
we tested 28 levels of absolute recruitment in 1980 from 5 103 to 5 107 individuals. 
The best fit is obtained with parameters set 14 and a recruitment of 550 000 elvers in 1980 
season (Figure 11).   
 

Figure 11: Results of the calibration procedure 

Both simulated and observed age structure were comparable (Figure 12). Nevertheless, we had 
problems with the young eels. Even with a recruitment made up of elvers we calculated an 
over-abundance of eels younger than 7 years. One solution should consist to consider a 
recruitment of glass eels in a new compartment, which corresponds to the Poole estuary and to 
let the fish slowly colonizing the upstream reaches. We had also a too low colonization of the 
most upstream reach, highlighting the limit of the present movement process. The simulated 
sex ratio is too strongly skewed to female. 
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Figure 12: Observed and simulated age structure with an absolute recruitment level of 550 000 
elvers per season 

2.2.3 Simulation of scenario 
We simulated the silver escapement from 1980 to 2009 (Figure 13). This basin produced 
mainly female silver eel which production was related to elver recruitment 7 years before. The 
lag for male is only 5 years. These results are related with the mean time that both sexes spent 
in the river. 

Figure 13: Evolution of recruitment and silver eel production 
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2.2.4 Assessment of GlobAng application in Piddle 
The application of GlobAng in Pidlle is not fully successful and improvements are needed to 
simulate a more effective colonisation of the catchment and more equilibrium sex ratio. 
Perhaps we will have difficulties because observed density in this river do not correspond to 
typical case of diffusive colonisation with higher abundance in the downstream reach. 

2.3 Application of GlobAng on Burrishoole hydrographic network  
 

2.3.1 Data input 

2.3.1.1 Recruitment time series  
Only glass eel and elvers of age 0+ were considered since older eels constituted a minor part 
of the recruitment. The recruitment index used in this application was calculated by fitting a 
polynomial function of degree 4 on the observed recruitment index in Shannon River (except 
year 1997). The 1988 Burrishoole index is 8.75% of the value in 1980, in 2000 only 2.72 % 
(Figure 14). The absolute recruitment was estimated to 2 106 of fish in 1980. 

Figure 14: Recruitment index in Shannon River and used for Burrishoole catchment 

A beta function was fitted to counting in East and West Mill Race ladders during seasons 1987 
and 1988 (Figure 15). The results were different from the standard seasonal pattern used in 
GlobAng. We used the 1988 curve in the simulation. Although they were glass eels, recruited 
fish were considered as 1 year old (arrival after the birthday week, i.e. the first week of May). 
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Figure 15: Fitted seasonal pattern of glass eels arrival in Loch Feeagh 

2.3.1.2 River network topology and reach carrying capacity 
The length of one compartment was fixed to 2km long. In each zone defined in Burrishoole 
catchment, we only considered the length of the main stream, and split the water surface of the 
zone between simulated compartments. 
In lake, the maximum density of yellow eels is unknown. In river, the maximum density of 
yellow eels recorded by electro-fishing was 0.199 ind / m2 or 2000 ind /ha. For a first attempt, 
the carrying capacity was fixed to 20 eels of 45 years old per hectare. Different carrying 
capacities for lakes, for west rivers and east rivers (more productive) could be tested 

2.3.1.3 Anthropogenic impacts on dynamics 
No impact of human needed to be considered in this basin. 

2.3.1.4 Modifications to adapt GlobAng to the Burrishoole case 
Eel population dynamics in Burrishoole is characterized by a slow growth and therefore by a 
long life span. We rose up maximal age from 13 to 45 years.  
Consequently, we adapted silvering process by modifying yellow phase duration, i.e. mean 
duration with a mean of 32 years and a standard deviation of 30 years for females and 
respectively 23 and 15 years for males. We did not change the seasonality of this process 
(between September and December). 
No modifications are made for the differentiation process,  (eel “choose” their sex between 2 
and 4), for natural mortality and for movements.  
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2.3.2 Calibration and validation 

2.3.2.1 Methods 
We started with an empty basin and simulated 50 years with a constant recruitment of 2 
millions of glass eels to fill up the river. We then simulated from 1980 until 2005 according to 
the time series of recruitment ands analysed the last season of simulation. 
The calibration procedure searches to mimic the age end sex of 1988 silver eel escapement. 
Presently, optimisation algorithms cannot be used due to too many local minimums in the goal 
function. Only a trial and error approach was performed. To this end we used the parameters 
sets, which respect the eel population dynamic pattern proposed by Lambert (2005). 
Comparing simulated results and observed data from 2005 made the validation of the model. 
The sex ratio was calculated with age sub sample. The value (35.5 % of male) is comparable 
with result if eels under 45 cm are supposed to be male (31.3 %). 
In future, we envisage also using age structures of yellow eels in the two main lakes and in 
rivers. 

2.3.2.2 Results 
The model succeeded to roughly simulate the age structure of silver eels escapement both 
1988 (Figure 16) and 2005 (Figure 17).  The calibration led to underestimation of female 
escapement and overestimation of male escapement. In 2005, both escapements were 
underestimated. The bimodality in female escapement in 1988 and in male escapement in 
2005 was not caught. 

Figure 16:  Observed and simulated age structure of silver eels escapement for season 1988 
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Figure 17: Observed and simulated age structure of silver eels escapement for season 1988 

Main of the simulated silver eels (nearly 95 %) came from the 2 compartments of Loch 
Feeach (Figure 18). This highlighted the problem of upstream colonisation simulation in a 
basin starting with high carrying capacities.     

Figure 18: Origin of simulated silver eels escapement 
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2.3.3 Simulation of scenarios 
We just analysed the evolution of silver eels escapement from 1980 to 2005 (Figure 19).  An 
inverse trend was observed for male and female which differed from what was observed. 

Figure 19: Simulated evolution of silver eel escapement  

3 Assessment of GlobAng 

3.1 Interest of SLIME for GlobAng 
GlobAng was designed to be a paradigmatic model of eel population dynamics: its main 
objective was to better understand (our knowledge of) eel population functioning in 
hydrological network. Slime project offered the opportunity to test the model in the real word. 
GlobAng was applied in three case studies, the Dordogne, a huge river in South West of 
France, the Piddle, a small river in South England and the Burrishoole, a very small river in 
Ireland.   

3.2 Successful adaptation to case studies 
It was possible without problems to simulate populations dynamic with maximal age of 13 
(Dordogne), 20 (Piddle) up to 45 (Burrishoole) although fist attempts were limited to 13 years.  
It was also possible to use a river tree with more than 500 reaches but calculus time rose from 
few seconds with a basin of about twenty compartments up to a quarter of hour for the 
Dordogne River with its 519 reaches. This increase limited our capacity to calibrate the model. 
We succeeded to integrate impacts of barriers and fishing mortality even if glass eel fisheries 
are not well simulated (linked to the bad representation of glass eel movements). 
Because data were available, it was possible to transform length data in age data for Pidlle and 
Burrishoole cases. But to have a larger use possibility, GlobAng should in short time integrate 
growth.   

3.3 Difficult calibration 
The main problem was the impossibility to use optimisation algorithm to calibrate the model. 
The goal function (sum of squared errors) presented to many local minimums.  We only used 
trial and error approach, which is fastidious and do not guarantee to find the best solution.  
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In previous theoretical exploration (Lambert, 2005), parameters concerning seasonality and 
age dependence were fixed and 9000 randomly chosen combinations of the last 8 parameters 
(linked to density dependence) were tested according of respect to a paradigmatic ecological 
pattern of eel population dynamics. 
We used these 18 parameters sets to calibrate for Dordogne River. The previous choices for 
seasonality and age dependant seem to be relevant. We also used the same combinations for 
the last two case studies even if some features of eel populations were different. Perhaps 
should we start again the calibration procedure with the 9000 randomly chosen parameters 
sets? 
 
The absence of user-friendly interface allows flexibility in model use, especially to extract 
information for calibration.  Age structure of silver eels escapement was used for Burrishoole 
case study, age structure of yellow eels in Piddle. For Dordogne case, we did not find any 
relevant indicators summarizing eel stock features in a huge basin. We only use the yellow eel 
capture in downstream part of the catchment. 

3.4 Ecological limits of the model 
The analysis of values selected in different case studies shown that high migration potential 
for glass eels ( 0jσ ) and old individuals ( jσ + ) were chosen (Figure 20). Nevertheless, 

simulated abundances in upstream compartments were lower than those observed in reality 
(Burrishoole; Piddle). In fact, movements are too strongly modulated by density and fish stay 
in the downstream part of the catchment. As consequence, parameterisation of sex 
determinism process should take values which are biologically unlikely.  Carrying capacity 
saturations leading to 50% of male in differentiated eel ( 2ρ ) higher than 500 %, even local 
and temporally reveal problems that need to be corrected to keep biological meaning in 
processes. 
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Figure 20: Tested values of parameter. In colour, value selected value for the 3 cases studies 

3.5 Useful outputs 
We did not have any difficulties to compute outputs wanted by the case studies. For 
Burrishoole and Pidlle, GlobAng gave time series of silver escapement. For Dordogne, we 
also tested management scenarios (mitigation of barriers, fishery mortality reduction, …) and 
calculated reference points ( % in biomass; %SPR, …). 
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3.6 Conclusions: strengths and weaknesses of GlobAng 
The model works. So it can be used to test some biological hypotheses or management 
scenarios. But results should still be considered more theoretical than pragmatic ones because 
rigorous calibration procedure was not successful 
GlobAng takes into account the river tree in its complexity; therefore it offers the possibility to 
test specialized scenarios. The fish movement are explicitly simulated, so it is useful to 
analyse barriers impact on population dynamics 
But model need to be improved and some modelling choices will have to be changed. In 
particular, we need to find solutions to avoid so huge saturation in the downstream 
compartments. Perhaps the carrying capacity concept should be more closely adapted to eel. 
This model illustrates (exaggerates) what can be the consequences of density dependence in 
eel population dynamics. It highlights the non-linearity in relationship between recruitment 
and silver escapement. But there is no evidence that such regulations are important in the 
present situation of shortage of eel. So we consider that GlobAng is not the most helpful when 
recruitment is at low level. But we should keep in mind some GlobAng results to avoid too 
rough simplifications in management advice. 
The next development of GlobAng will to include growth and to transform sexual 
differentiation, silvering and anthropogenic mortality from age-dependent to length-dependant 
processes. Big challenge which needs the understanding of spatial variability of growth. 
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Annex 1:  Pros and Cons of GlobAng 
 
This table has been filled in by P. Lambert against each item, giving Yes or No to whether the 
model uses data, and/or parameters (plus number of parameters used),  to model the 
processes. 
 
What is the 
question(s) that the 
model is designed to 
answer? 

 
Link silver escapement to recruitment 

What are the main 
outputs from the 
model? 

Time series of age, sex and origin of silver escapement (in number) 
Comparison with a putative pristine situation,  
Test management scenarios on reach basis 

What are the 
possible outputs 
from the model? 

 Sex and age structures in the catchment 
Anthropogenic mortality in number 

Process Data 
driven 

Parameters 
(number) 

Comments 

Recruitment Y(nbYear) Y (4)  
Food, feeding n n  
Environmental 
parameters, 
temperature, pH, 
productivity 
habitat quality etc 

Y Y(2) 

Through the carrying capacity 
pattern in the catchement 

Growth  n n  
Sex differentiation n Y (6)  
Nat mort n Y (3)  
Fish mort n Y (5) per fishery Not for silver 
Anthropogenic mort. 
(intakes, turbines etc n Y (3) per barriers  barriers 

Movement up 
Movement down 

n Y (5)  

Silvering n Y (6)  
Dens dep, growth  n n  
Dens dep, sex diff.   Y (1)  
Dens dep, mort.  Y (1)  
Dens dep, movement  Y (1)  
Territoriality n n  
Other processes    
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Data 
requirements 

Provide a brief account of 
needs and possibilities, and 

dependency 

comments 

Parameter number 
in model 

24 + 3*barrier number + 
5*fishery number 

 

Tuning data for 
calibration, 

 Can be use without calibration 
Calibration  procedure in progress 

Data driven 
quantify, 

Reach Number + length of 
time series 

 

 
Model type Yes or No, 

give uses in 
order of  

importance (1-
----4 etc) 

comment 

Conceptual model (no 
calculation) 

n  

Ad hoc calculations n  
General model Y 1  
Case specific    
Case specific with tuning Y 3  
Alternative model struct Y 1  
  
 
Model features  comment 
Parameter sensitivity, 
confidence intervals 

Y 2  

Stochastic n  
Model validation (checking 
predictions against data not 
included in the  

n  

Time dependent result Y  
Equilibrium  Y As long term result 
 
What resources are required for further  
model development 

 

data For calibration, especially in large basin  
modeling Time, scientific exchange, perhaps field 

experiments for specific process (movement) 
Time for calibration  
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What are the main strengths of your model? 
Take into account the river tree, so offer the possibility to test spatialized management actions. 
The fish movement are explicitly simulated, so useful to analyse barriers impact on population 
dynamics 
Integrate density dependence in processes and therefore non-linearity in relationship between 
recruitment and silver escapement. 
 
What are the main weaknesses of your model ?  
Growth process is not included 
The carrying capacity concept is difficult to use in actual catchment. 
No success in calibration by optimization 
 
 Which distance (type of 

model)  between a model 
and yours?  

(1: closer to 5) 

Which model could be 
usefully combined (not 
merged) with yours ? 

1: best 2:useful 3: no at all 
Swedish analytical model 4 2 
Demographic model 2 3 
SMEP 1 3 
LVPA 5 3 
GEMAC 3 1 
GlobAng - - 
 


