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Abstract 

Experimental ecosystems such as mesocosms have been developed to improve the ecological relevance of 

ecotoxicity test. However, in mesocosm studies, the number of replicates is limited by practical and financial 

constraints. In addition, high levels of biological organization are characterized by a high variability of 

descriptive variables. This variability and the poor number of replicates have been recognized as a major 

drawback for detecting significant effects of chemicals in mesocosm studies. In this context, a tool able to 

predict precisely control mesocosms outputs, to which endpoints in mesocosms exposed to chemicals could be 

compared should constitute a substantial improvement. We evaluated here a solution which consists in stochastic 

modelling of the control fish populations to assess the probabilistic distributions of population endpoints. An 

individual-based approach was selected, because it generates realistic fish length distributions and accounts for 

both individual and environmental sources of variability. This strategy was applied to mosquitofish (Gambusia 

holbrooki) populations monitored in lentic mesocosms. We chose the number of founders as a so-called 

"stressor" because subsequent consequences at the population level could be expected. Using this strategy, we 

were able to detect more significant and biologically relevant perturbations than using classical methods. We 

conclude that designing an individual-based model is very promising for improving mesocosm data analysis. 

This methodology is currently being applied to ecotoxicological issues. 

Keywords Individual-based model; Mesocosm; Fish population; Ecotoxicity; Data analysis 

                                                 
1 Vincent Ginot passed away before this manuscript was finished 

http://www.springerlink.com/content/235gqk4285h78l57/
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Introduction 

Outdoor experimental aquatic ecosystems (mesocosms) have been presented as convenient tools to perform 

high-tier ecotoxicological studies (i.e. studies performed at the population level or higher). Under these 

conditions, ecologically relevant levels of biological organization (population, community) can be monitored and 

it is possible to focus on selected organisms, depending on the question to be addressed (Shaw and Kennedy 

1996).  

The hazard assessment of chemicals using fish population dynamics in a mesocosm is of great interest since 

fish are emblematic of the aquatic environment. However, to reduce the time span of mesocosm studies and 

because mesocosms have limited carrying capacity for fish populations (usually tanks which are a few cubic 

meters in volume), the study of the impact of chemicals on fish population dynamics in mesocosms should be 

preferably performed on small fish species exploiting a broad range of trophic resources and having a short life 

cycle.  

The mosquitofish is a live-bearing fish (i.e. ovoviviparous with internal fertilisation) which is a native of the 

coastal region of southeastern United States (Pyke 2005). During the 20th century, it was widely introduced into 

warm temperate and tropical regions all over the world, due to mosquito control programs. In this species, male 

possesses a modified anal fin, the gonopodium, whose state of development indicates the state of its sexual 

maturity (Dulzetto 1931; Zulian et al. 1995). Furthermore, in males, contrary to females, the onset of sexual 

maturation is known to coincide with a marked decrease in growth rate (Campton and Gall 1988) and males 

virtually stop growing after reaching sexual maturity (Zulian et al. 1995; Pyke 2005), hence females grow much 

larger than males. The mosquitofish population dynamics could be monitored in a mesocosm within a few 

months (Drèze et al. 1998). Accordingly, mosquitofish have been used for evaluating genetic and demographic 

responses of fish to pollutants in outdoor lentic mesocosms (Giddings et al. 1984; Tatara et al. 2002). 

Studies conducted in mesocosms are generally limited to a few replicates because of limited human, 

material and financial resources (Kraufvelin 1999). This, together with the high variability that characterizes the 

higher levels of biological organization, including the population level, has been recognized as a major drawback 

for detecting significant effects of chemicals, and consequently as a source of false negative results, i.e. 

concluding a chemical has no effect when it really has (Shaw et al. 1994; Kennedy et al. 1999; Sanderson 2002; 

de Jong et al. 2005). To increase the statistical power of the mesocosm data analysis, an individual-based model 

(IBM) of the population dynamics of mosquitofish in mesocosm was previously built, calibrated and validated in 

order to precisely compute the probabilistic distributions of control population endpoints, including fish length 

distribution (Beaudouin et al. 2008b). Hence, the probability of exposed population endpoints to be similar to 

those of the control populations can be calculated. 

In the present study, the strategy presented above was tested on a case study. Thus, we compared control 

mosquitofish populations to populations founded by two and four times more individuals, either by using a few 

real control populations (as done usually in mesocosm studies) or by using the simulated probabilistic 

distributions of the endpoints in control conditions predicted by the model. As previously demonstrated (Drèze et 

al. 1998), when the number of founders is increased the population should more rapidly reach the carrying 

capacity of the mesocosm, with consequences on population dynamics which could be logically interpreted.  
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Material and methods 

Fish 

Mosquitofish were obtained from the breeding facilities of the “Unité Expérimentale d'Ecologie et 

d'Ecotoxicologie Aquatique” (U3EA, INRA, Rennes). 

Mesocosm experiment 

Mesocosms were located at the U3EA. They consisted of circular metal tanks (3.0 m diameter, 0.6 m high), 

lined with polyethylene film (0.2 mm thick). In January, a layer of sediment (organic compost) about 2 cm thick 

of was introduced into each mesocosm, which were then filled with tap water (45 cm depth). The mesocosms 

were left for natural settlement of phytoplankton, zooplankton and macro-invertebrates. In April, eight plant pots 

with seven stems of Elodea canadensis each were deposited onto the sediments of each mesocosm. In June, 

mosquitofish (founder individuals) were introduced into each mesocosm and nets were installed over the 

mesocosms to protect the fish from bird predation. During the experiment, tap water was added to maintain a 

constant water depth, and water temperature was recorded every two hours and other physico-chemical 

parameters (dissolved oxygen concentration and pH) were recorded weekly in each mesocosm. No 

supplementary feeding was given during the experiment beyond the naturally occurring prey. The mosquitofish 

is an opportunistic omnivore and it exhibits a broad food choice (Walters and Legner 1979; Pyke 2005). 

Accordingly, during the whole experiment, trophic resources were available to the fish. The experiment was 

halted in October. The entire population from each mesocosm was collected. Fish were then killed with an 

overdose of MS222 and then stored in 99% ethanol until further analysis.  

Following this protocol, three control populations (three mesocosms) founded by 6 females and 2 males, 

two populations (two mesocosms) founded by two times more individuals (12 females and 4 males; noted “Ni×2 

populations”) and two populations (two mesocosms) founded by four times more individuals (24 females and 8 

males; noted “Ni×4 populations”) were monitored during the same experiment. Before the experiment, the fish 

had been bred in the same conditions. Female and male length (from snout to insertion of the anal fin) was 29.9 

± 3.3 mm and 22.0 ± 3.0 mm before being randomly released into the mesocosms, respectively. The length of 

the female and the length of the male did not significantly differ between mesocosms. From June to October, 

females produced several broods (typically four). 

 

Data 

At the end of the experiment, all the fish were measured and sexed. According to our data and to the 

literature, fish that were < 17 mm long were classified as juveniles and fish that were ≥ 17 mm long were sexed 

as female or male. Males were classified as immature males (gonopodium not fully developed) or mature males 

(fully developed gonopodium) by observing their anal fin with a stereomicroscope.  
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Model 

In our study, we used an individual-based model (IBM) because it produces realistic simulations of fish 

length frequency distribution, as well as variability between fish individuals and between aquatic environments 

(mesocosms) (DeAngelis et al. 1979; Grimm and Railsback 2005). Modelling choices, model description, 

sensitivity analysis, calibration and validation are detailed in Beaudouin et al. (2008b). The variables modelled 

were those with the main impacts on the population dynamics: a minimal number of variables were integrated in 

the model to accurately predict real control populations (Beaudouin et al. 2008b). This model description follows 

the ODD protocol to be transparent and allows replication of the model's implementation (Grimm et al. 2010). 

The model was calibrated thanks to data from two years of experiments and was successfully validated thanks to 

control populations which grew during another year. The model provided a probabilistic distribution of the 

values of each population endpoint (variables describing population size and structure at the end of the 

experiments) under control conditions. Simulations started with six females and two males, as in the real control 

populations. The initial length of each of these individuals was drawn from the length frequency distribution of 

the founder fish measured before their introduction into the mesocosms. The other attributes of founder 

individuals were either set at the same value as all other individuals or drawn from a probability distribution 

defined for all individuals (detailed in Beaudouin et al., 2008b). Hence, a random initial population was drawn at 

the beginning of each simulation, representing a possible real initial population in a real mesocosm. The inputs 

of the model for the simulation were the mean daily water temperature and the daily photoperiod, the former 

recorded in the mesocosm, the latter computed from the date of the real experiment. The time step of the model 

was set to one day and the simulation runs lasted the same amount of time as the real experiments (112 days). 

The outputs of the model (the variables describing the simulated populations) were the endpoints which were 

monitored in the real populations. The probabilistic distributions of the control population endpoints were 

estimated through the simulation of 10,000 populations under the control conditions. 

Statistical analysis 

Comparisons of Ni×2 and Ni×4 populations to control populations were conducted using the non-parametric 

Mann-Whitney bilateral U-test (p<0.05). Comparisons of Ni×2 and Ni×4 populations to the simulated 

probabilistic distributions of the endpoints in control conditions were conducted using likelihood tests (p<0.05). 

We both compared scalar outputs (e.g. total number of fish per population) and distribution outputs (e.g. the 

length frequency distribution). The statistical methods are detailed in the Online Appendix. Statistical analyses 

were performed using the R statistical environment (R Development Core Team 2009). 

Results 

Fish environment 

Table 1 presents the mean and the standard deviation of the physico-chemical parameters recorded in each 

mesocosm during the experiment. Water temperature was similar between the mesocosms. Dissolved oxygen 

and pH were similar between mesocosms except in the mesocosm Ni×2-1. In this mesocosm, pH, oxygen 

saturation and oxygen concentration were lower than in the other mesocosms. Representative views of the 
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macrophyte communities which grew in the mescocosms are presented in Figure 1. Elodea canadensis and 

Spirogyra sp were the main macrophytes observed in the three control mesocosms, the two Ni×4 mesocosms and 

one of the two Ni×2 mesocosms (Fig. 1A, B, D). In the other Ni×2 mesocosm, Lemna sp. developed on the top of 

the water and progressively covered the whole surface (Fig. 1C), which prevented the development of the other 

macrophytes. 

Model validation 

The model was built to simulate the dynamics of the mosquitofish population under control conditions, i.e. 

to simulate the state variables of the control populations of a one year experiment. Accordingly, validation (i.e. 

establishing how valid a model is for the problem it is intended to solve, Grimm and Railsback, 2005) was 

performed by testing that the state variables of the control populations simulated by the model were not statically 

different from the state variables of the real control populations of this study( detailed in Beaudouin et al. 

(2008b). In this experiment, the test showed that the simulated populations did not differ from the observed 

populations with regards to both scalar endpoints (Fig. 2) and length frequency distributions (Fig. 7 in 

Beaudouin et al. 2008b). 

Effects of a greater number of founder individuals 

Comparison with the observed control populations. − Comparison between the observed populations 

(control, Ni×2 and Ni×4 populations) shows that the increase of the number of founder individuals induced a 

significant increase of two endpoints (p < 0.05): the number of founder females surviving at the end of the 

experiment (Fig. 2B) and the mean length of mature males (Fig. 2J).  

Comparison with the simulated control populations. − Comparison of the endpoints of the Ni×2 and Ni×4 

populations with the simulated distributions of the scalar endpoints in control conditions shows that five 

endpoints were significantly different (p < 0.05). The number of founder females surviving at the end of the 

experiment (Fig. 2B) and the mean length of mature males (Fig. 2J) were significantly higher in the Ni×2 and 

Ni×4 populations. These differences were also observed when the comparisons were performed with regard to 

the three observed control populations. In addition, the coefficient of variation of the juvenile length (Fig. 2N) 

was significantly higher in the Ni×2 populations, while the total number of fish (Fig. 2A) and the mean length of 

founder females (Fig. 2G) were significantly higher and lower in the Ni×4 populations, respectively. 

Furthermore, differences were observed for length frequency distributions. In the Ni×2 and the Ni×4 populations, 

juvenile and male length frequency distributions were significantly different than that simulated by the model in 

control conditions (Fig. 3A, B, D; p < 0.05). In addition, the female length frequency distribution of the Ni×4 

populations was also significantly different (Fig. 3C; p < 0.05). Table 2 summarizes the significant differences 

observed when comparing the Ni×2 and Ni×4 populations either to the observed control populations or to the 

probabilistic distributions of the population endpoints simulated in control conditions. Using the probabilistic 

distributions of the endpoints in control conditions as a reference is clearly much more discriminating. 
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Discussion 

The objective of this study was to test a methodology consisting in modelling the probabilistic distributions 

of the endpoints of mosquitofish population in control conditions in order to improve the statistical power of 

mesocosm studies. So, we chose the number of founders as a so-called "stressor" because subsequent 

consequences at the population level could be expected. It would have been more speculative to have exposed 

fish to a chemical, because the mode of action of chemicals is rarely fully characterized, with unknown effects 

and consequences on the population dynamics. During the calibration process of the model a conservative choice 

was made relative to endpoint variability with the purpose of reducing the risk of concluding that a chemical has 

an effect when in reality it has none (Beaudouin et al. 2008b). Thus, the calibration process was halted when all 

simulated values fell into the 95% bilateral confidence interval of the observed values and most of the endpoints 

variability was superior or equal to variability assessed from the data. In this study, despite this conservative 

choice, the statistical power of the data analysis was dramatically improved. 

Detected effects are consistent with mosquitofish biology 

Regardless of the statistical method, the increase of the number of founders at the beginning of the 

experiment was shown to result in a significant increase of both the number of founder females and the mean 

length of mature males collected at the end of the experiment. The increase of founder females was expected. 

Main predators of the adult mosquitofish are birds and fish (Britton and Moser 1982). In this mesocosm 

experiment, these two kinds of predator were absent (nets was installed over the mesocosms and no other fish 

species was present), hence, a negligible adult fish mortality could be expected (Soubeyrand et al. 2007). 

Accordingly, increasing the number of founder females had a direct effect on the number of founder females 

surviving at the end of the experiment. For the males, the comparison of the simulated distribution of the length 

frequency distributions with the observed length frequency distributions of the Ni×2 and Ni×4 populations results 

in a precise interpretation of the increase of the mean length of mature individuals (Fig. 3D). Actually, in the 

Ni×2 and Ni×4 populations, males from 17 to 21 mm were under-represented and males from 22 to 29 mm were 

over-represented. Two causes should have interacted to explain these differences. (i) founder males reached male 

maximal length (in Gambusia holbrooki, median maximal length is 25.0 mm (Beaudouin et al. 2008a)) and they 

represented a greater proportion of the mature males in the Ni×2 and Ni×4 populations than in the control 

populations at the end of the experiment. (ii) Sexual competition in mosquitofish is known to increase male 

length at sexual maturity in behaviourally dominated males (Campton and Gall 1988; Zulian et al. 1995). 

Therefore, the higher number of founder males in Ni×2 and Ni×4 populations than in control populations result 

in intensified sexual competition for males maturing during the experiment in these populations (males born 

during the experiment and mature at the end of the experiment). 

The above discussed differences were the only ones to be detected when Ni×2 and Ni×4 populations were 

compared to the observed control populations. However, the comparison of the Ni×2 and Ni×4 populations to the 

simulated probabilistic distributions of the endpoints in control conditions enables one to detect these differences 

plus differences for three additional scalar endpoints: the total number of fish, the mean length of founder 

females, and the coefficient of variation of the juvenile length. Furthermore, the analysis of the length frequency 

distributions showed significant differences and provided decisive interpretative arguments. 
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The additional singularities detected in two scalar endpoints of the Ni×4 populations (higher number of fish, 

smaller size of the founder females) can be logically interpreted as follows. During the first reproductive event, 

the greater number of founder females in the Ni×4 populations likely resulted in a huge offspring recruitment 

when compared to control. From our data (unpublished) and from literature data (Cabral and Marques 1999; 

Perez-Bote and Lopez 2005), 30 mm female mosquitofish give birth to about 30 live, free-swimming offspring. 

Accordingly, about 720 offspring were expected from the first reproductive event in the Ni×4 populations 

whereas only 180 offspring were expected in the control populations. Consequently, the greater number of 

founder fish and offspring in the Ni×4 populations intensified the density-dependent effects on growth and the 

depletion of the trophic resources (Botsford et al. 1987; Beaudouin et al. 2008a), thus resulting in a smaller 

length of the founder females at the end of the experiment. The comparison of the female length frequency 

distributions (Fig. 3C) also showed that females from 25 to 35 mm (females from the first reproductive event) 

were over-represented in Ni×4 populations compared to control populations, thus confirming the above 

arguments. Obviously, the increase of the offspring recruitment also explains the higher number of fish in the 

Ni×4 populations. 

In the Ni×2 populations, the total number of fish and the mean length of founder females were not 

significantly different than in the simulated populations. However, the CV of the juvenile length was higher in 

the Ni×2 populations. One of the two Ni×2 populations contained a low proportion of juveniles (221 juveniles, 

about 50% of fish in the population), while the other Ni×2 population contained 516 juveniles, 70% of fish in the 

population, as the other populations of this experiment (Fig. 2D). The low proportion of juveniles in one of the 

Ni×2 populations was caused by a lack of juveniles from 11 to 15mm (Fig. 3B). This should explain the 

significant increase of the CV of the length of juveniles in the Ni×2 populations (Fig. 2N). Interestingly, the 

mesocosm with a low proportion of juveniles exhibited a macrophyte community different from the other 

mesocosms (Fig. 1). pH and dissolved oxygen concentration were also different in this mesocosm (Table 1, 

Ni×2-1) suggesting an effect of macrophyte community. As described by several authors (Wainwright et al. 

1984; Botsford et al. 1987), a low density of emergent macrophytes does not provide refuge to juvenile from 

cannibalism. Interestingly, Lemna sp. developed on the top of the water and do not provide refuge for the 

offspring. Thus, the low proportion of juveniles observed could be due to cannibalism which has indirectly 

increased the trophic resources for the adults and thereafter, decreased the density-dependent effects on growth. 

Consequently, the low abundance of juveniles in one Ni×2 population could explain the lack of effect of 

increasing the number of founder individuals on the total number of fish and on the mean length of founder 

females in the Ni×2 populations. The results suggest that this mesocosm was perturbed more by the 

“nonstandard” dynamics of its macrophyte community than by the treatment (i.e. two times more founders). In 

the context of our study, which is conducted to demonstrate the added value of our methodology for mesocosm 

data analysis, this replicate takes on a particular interest. Indeed, the alteration of the fish population dynamics in 

this mesocosm was detectable only by using our modelling approach. 

In the Ni×4 populations, the juvenile length frequency distribution presents an overabundance of the length 

classes from 11 to 15mm and a underabundance of the length classes from 8 to 10 mm. Overabundance of the 

length classes from 11 to 15mm is likely due to a higher recruitment. Underabundance of the length classes from 

8 to 10 mm could be due, at least partly, to higher density-dependent effects such as increase of cannibalism 

and/or higher juvenile mortality due to food limitation. 
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Taken altogether, the differences observed on the scalar outputs (Fig. 2) and on the length distributions (Fig. 

3) are consistent and can be interpreted based on the literature on mosquitofish population dynamics 

(Wainwright et al. 1984; Botsford et al. 1987; Drèze et al. 1998; Benoit et al. 2000). The existence of logical and 

mechanistic explanations for the outputs of the length distributions analysis strongly supports the relevance of 

the significant differences between the endpoints. Furthermore, this suggests a low rate of false positive results 

in our analysis.  

Statistical power of mesocosm experiment 

When the mean values calculated from Ni×4 populations and observed control populations were compared, 

the mean length of the founder females and the total number of fish exhibited relative differences equal to about 

10% and 60%, respectively (relative difference calculated as |µ Ni×4 - µControl|/ µControl ×100). However, these 

differences were not significant, although the variability of these two endpoints was relatively low (the 

coefficients of variation were 10% and 20%, respectively). The small number of replicates (i.e., three control 

populations, two Ni×2 and two Ni×4 populations) should explain this lack of significant difference.  

To test our approach in realistic conditions, the number of replicates used in this experiment was similar to 

that classically used in mesocosm experiments. Indeed, from 17 published mesocosm studies, Sanderson (2002) 

reported that the mean number of replicates per treatment was 3.5 (from 2 to 5 replicates per study). With this 

number of replicates, the minimal detectable difference is 35% with an observed CV of 10% (mean length of the 

founder females) and 70% with an observed CV of 20% (total number of fish) (α=0.05, β=0.05). Hence, 30 

replicates should have been implemented to detect a significant effect on the mean length of the founder females 

and five replicates to detect effect on the total number of fish. Unfortunately, there is no practicable way to 

monitor these numbers of mesocosms. On the contrary, as shown in this study, the simulation of the probabilistic 

distributions of the endpoints in control conditions is a powerful alternative which make possible to reveal 

significant differences. 

Using a population dynamics model to simulate control populations provides new endpoints to compare the 

populations through the length frequency distributions. Actually, the length frequency distributions constitute a 

record of the population dynamics, in which each size class provides information on the population and its past 

dynamics (Uchmanski 1985). Thus, the fifty length classes, which cover the length frequency distribution of the 

mosquitofish population, could be regarded as approximately fifty different variables (even if they are not 

independent and, therefore, are partially redundant), thus providing a high discriminatory power when 

comparing populations. 

Comparisons of the observed data or comparisons based on the simulated distributions of the endpoints were 

performed with 20 independent statistical tests (20 population endpoints). In this case, 95% confidence interval 

of a binomial law with a probability equal to 0.05 (type I error) predicts that the number of false positive results 

varied from 0 to 3. Hence, in the worst case, statistical analysis based on the simulated control populations could 

result in three false positive results, while analysis based on the observed populations could result in no false 

positive results. Even in this worst case, the number of significant differences identified based on the simulated 

distributions of the endpoints is always higher compared to observed data analysis. 
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Globally, the case study presented in this paper suggests that the simulation of the distributions of 

population endpoints under control conditions decreases the number of false negative results and hence increases 

the statistical power of the analysis of mesocosm data. We identify two main ways of improvement of our 

methodology. First, the statistical comparisons of the population endpoints were carried out considering the 

population endpoints as independent. However, the population endpoints were correlated (Beaudouin et al. 

2008b). Taking into account the relationships between the population endpoints should lead to an increase of the 

statistical power of the comparisons. Second, assessing the minimal difference detectable for the population 

endpoints using the simulated distribution of the endpoints as reference can turn out to be a precious piece of 

information. Hence, the increase of statistical power provided by our method could be quantified precisely. It can 

be performed through simulations, by generating perturbed population data according to a gradient of values for 

each endpoints. 

Population modelling in ecotoxicology 

To our knowledge the use of a mathematical model to define the probabilistic distributions of the endpoints 

in control conditions had never been proposed to improve the performance of ecotoxicity test in mesocosm. 

Models are classically used to upscale effects from individual level to population level (Forbes et al. 2009; 

Forbes et al. 2011). Our model could also be used in this purpose. IBMs are suitable tools to increase the 

relevance of ecotoxicity test by incorporating the available mechanistic knowledge on the links between 

responses at the individual level and responses at the population level (Forbes et al., 2008). Predictions for 

stressed populations could be easily achieved provided dose response relationships are known for the key 

parameters. To perform this kind of analysis, we must first check if the model developed to simulate populations 

under control conditions (the current validity domain of our model) is able to simulate stressed populations 

(other validity domains than the control situation). This topic should be explored in future works. 

Conclusion 

An individual-based model of the mosquitofish population dynamics in lentic mesocosm was used to predict 

the probabilistic distributions of population endpoints under control conditions. In these conditions the statistical 

power of mesocosm data analysis was dramatically improved. This methodology is currently being applied by 

our laboratory to assess the effects of chemicals on fish population in mesocosm. 
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Figure legends 
Fig. 1 Photography of the macrophyte communities at 61 days of experiment.  

(A) Mesocosm with a control population (founded by 6 females and 2 males). 

(B) The first mesocosm with a population founded by 12 females and 4 males. 

(C) The second mesocosm with a population founded by 12 females and 4 males, and which presented a low 

frequency of juveniles. 

(D) Mesocosm with a population founded by 24 females and 8 males.  

Diameter of the mesocosm was 3 m. For details about mesocosm design see material and methods section. 

 

Fig. 2 Simulated control populations (CS; n=10,000), observed control populations (CR; n=3), populations 

founded with two times more individuals (Ni×2; n=2), and populations founded with four times more individuals 

(Ni×4; n=2) as described by 10 endpoints. 

- the total number of fish (A), the number of founder females (B),  

- the percent of juveniles (C), females (D), males (E), mature males among all males (F), 

- the mean length of founder females (G), descendant females (H), juvenile (I), mature males (J), 

immature males (K). 

- the CV of the length of founder females (L), descendant females (M), juvenile (N), mature males (O), 

immature males (P). 

All endpoints refer to population size and structure at the end of the experiment. Two groups of data labelled 

with different lower case letters have significantly different value. 

 

Fig. 3 Fish length frequency distributions in the observed populations founded with two (Ni×2) and four 

(Ni×4) times more individual than in control populations and probabilistic distributions of the length frequency 

distributions in the simulated populations in control conditions (population structure at the end of the 

experiment). 

(A) Populations length frequency distribution. (B) Juvenile length frequency distribution. (C) Female length 

frequency distribution. (D) Male length frequency distribution. The real control populations are not presented to 

avoid over complexity of this Figure. It was published as Figure 7 in Beaudouin et al. (2008b). 

Reading guide: 

- White full lines represent the length frequency distribution of the two observed Ni×2 populations. 

- Black full lines represent the length frequency distribution of the two observed Ni×4 populations. 

- Colour level represents the frequency of simulated populations (n=10,000) having a given 

percentage of individuals for a given class length. 

- In the observed populations represented by the white line, 15-16mm fish represent 10% of all the 

fish. 
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- The populations with 10% of their fish measuring 15-16 mm are nearly 5% (light blue-green level) 

of the 10,000 simulated populations. 

- The populations with 1% of their fish measuring 29-30 mm represented nearly 25% (light orange 

level) of the 10,000 simulated populations. 

 

TABLE 

Table 1 Physico-chemical parameters recorded weekly in the mesocosms (mean ± standard 
deviation calculated on the whole dataset) 

Mesocosm Control-1 Control-2 Control-3 Ni×2-1 Ni×2-2 Ni×4-1 Ni×4-2 
Water temperature 21.5 ± 3.6 21.5 ± 3.4 21.7 ± 3.6 21.3 ± 3.4 21.8 ± 3.4 21.5 ± 3.3 21.4 ± 3.5 

O2 (mg/l) 11.8 ± 2.3 11.2 ± 2.9 11.0 ± 1.9 8.6 ± 1.7 11.6 ± 2.3 11.3 ± 2.1 11.4 ± 1.6 
O2 (%) 123.6 ± 24.5 113.5 ± 29.1 119.8 ± 24.3 92.9 ± 17.6 120.2 ± 23.1 118.7 ± 23.6 123.7 ± 18.3

pH  9.9 ± 0.3  9.9 ± 0.3  9.9 ± 0.5  8.9 ± 0.7  9.9 ± 0.3  9.9 ± 0.5  10.1 ± 0.3 
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Table 2 Significant differences when comparing the population founded with more 
individuals either to the observed control populations or to the simulated probabilistic 
distributions of the endpoints in control conditions. 

Population endpoints  Populations Ni×2 Populations Ni×4 

Fish number Total   

Founder females    
Frequency Females   

Juvenile   

Immature males   

Mature males    
Mean length Founder females   

Descendant females   

Juvenile   

Immature males   

Mature males    
CV of the length Founder females   

Descendant females   

Juvenile   

Immature males   

Mature males    
length frequency distributions Total   

Female   

Juvenile   

Male   
Crossed cell: SIGNIFICANT DIFFERENCE observed comparing the Ni×2 or Ni×4 populations to the observed control 
populations 
Grey cell: SIGNIFICANT DIFFERENCE observed comparing the Ni×2 or Ni×4 populations to the simulated probabilistic 
endpoints distributions in control conditions.  
Populations Ni×2: populations founded with two times more individuals (12 females and 4 males) than in control populations  
Populations Ni×4: populations founded with four times more individuals (24 females and 8 males) than in control populations 
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Fig. 1.
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Statistical comparisons 

In the case of a scalar output, i denotes this output, j the experiment, fi the probabilistic distribution given by 

the N1 replication of the model for this output and Fi, the cumulative probability function of fi. Then, the 

probability pi,j of a value xj of an output i of an experiment j of belonging to the simulated control distribution of 

output i is given by (bilateral test): 

pi,j = 2 х Fi(xj)   if Fi(xj) < 0.5   (1)  

pi,j = 1 - (2 х Fi(xj))   if Fi(xj) > 0.5  

If an experiment is replicated, say n times, the probability of an n-replicated output of being distributed 

according to the simulated control population can no longer be directly computed from Fi, and a likelihood test 

must be used. As replications are independent, the likelihood is the product of the n unitary probabilities pi,j. 

Hence, the likelihood (Li) of a vector of n-replicated values (x1, …, xn) of an output i of being distributed 

according to its simulated control distribution is given by: 

Li = pi, j

j=1

n

∏    (2) 

The likelihood test consists of comparing this Li value to the distribution of Li under the null hypothesis, i.e. 

"The n xj are all distributed according to the control distribution Fi". But this likelihood distribution is unknown, 

and to provide an estimate of it, N2 = 10 000 samples of n values were randomly drawn from fi, hence simulating 

10 000 n-independently-replicated control outputs i. The likelihood of these N2 samples is then computed 

according to Eq. (31), providing a cumulative probability function of Li that we can denote FLi. Then, the 

probability of an n-replicated output i to be distributed according to the simulated control population can be 

computed according to Eq. (30), with Fi(xj) replaced by FLi(Li).  

Non scalar (distribution) comparisons  

In the case of a non scalar output, the simulated reference was also given by the set of N1 = 10 000 simulated 

control populations. This provided a probabilistic distribution of each value of the output distribution i. This 

distribution is referred to as a probability distribution of distribution (fddi) empirically introduced and developed 

by Vrac et al. (2004). To understand what a fdd is, let us consider the case where output i represents the length 

distribution of the fish population at the end of the experiment j. Let us now split this length distribution into k 

classes of 1mm for example, and denote k as one of these classes. We can now denote fi,j,k as the frequency of 

class k in the population j for output i: f can be null if no fish belongs to k, and up to one if all fish belong to k 

(i.e. all fish of the population j have the same length k). With these notations, the fdd expresses the frequency of 

fi,j,k in the 10 000 simulated populations, hence, fdd is a frequency of frequency. The comparison method is now 

similar to the one presented for scalar endpoints (section 4.3.1). The probability pi,j,k of the frequency fi,j,k of class 

k of population j for output distribution i to be distributed according to the simulated fddi is given by Eq. (30) 

with Fi representing the cumulative fdd and xj representing fi,j,k. As a given population j is constituted of k 
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classes, we can compute the pseudo-likelihood of this population to be distributed according to the simulated fddi 

as the product of the probability pi,j,k for all K classes:  

, , ,
1

k

i j i j k
k

PL p
=

=∏   (3)    

Note that PLi,j is called a "pseudo" likelihood here, since probabilities are not independent. As the 

distribution of PLi,j under the null hypothesis is unknown, it is estimated by computing the likelihood of 10 000 

simulated control distributions. Then, the probability of a distribution j to be distributed according to the control 

populations is given by Eq. (30), with Fi representing the cumulative probability function of PLi,j under the null 

hypothesis, and xj representing the pseudo-likelihood of population j. 

For n-replicated populations, just as in “Scalar comparisons” section (3.1), we can compute a global pseudo-

likelihood as the product of the pseudo-likelihoods of each population. 

,
1

n

i i j
j

GPL PL
=

=∏   (4)   

Then, the probabilistic distribution of GPLi under the null hypothesis must be estimated, by randomly 

drawing 10 000 samples of n independent simulated control populations. For each n-replicated sample, the 

global likelihood of these samples is computed according to Eq. (33), and the resulting cumulative probability 

function can be used to compute the probability of a n-replicated distribution of belonging to the simulated 

control distributions according to Eq. (30): Fi now represents the cumulative probability function of GPLi under 

the null hypothesis, and xj the pseudo-likelihood GPLi of the n-replicated distribution. 
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