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In this study, an individual-based model (IBM) was established and applied to simulate the effects of salinity variations on the productivity of a promising live feed cyclopoid copepod Apocyclops royi for aquaculture applications. The model integrates the effect of salinity on the different reproductive traits and temperature on female longevity. To calibrate the model developed on the Mobidyc platform, we collected data from previous literature and conducted complementary experiments. The model outputs on total nauplii production match the experimental results. Both showed a progressive increase in nauplii production from 0 up to 21 PSU, beyond which the production decreases. There were no significant differences between the estimated nauplii production and the observed ones for most salinity conditions. We then used the model to estimate the egg and nauplii production of a population initiated with 1,000 females along a salinity gradient from 0 to 39 PSU during 20-d cultivation. Around the optimal salinity of 21 PSU, the egg and nauplii production peaked at 1.8x105 eggs and 1.39x105 nauplii, respectively. A deviation of 7 PSU from the optimal salinity range would lead to a loss of 22 to 25% in egg and nauplii production. The results indicate that implementing the IBM into a life-cycle model provides useful tool for managing the risks of salinity variation on the copepod productivity in aquaculture conditions.
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Introduction

Fishing activities have increased concomitantly with the rapidly increasing human population. However, the natural productivity of marine products is limited, and overfishing has kept on increasing over the years, hovering around 30% of fish stocks overexploited this last decade (FAO, 2020). Aquaculture can solve part of those issues and is an effective way to increase seafood supply (Costello et al., 2020). In aquaculture, fish are fed a variety of food to enable them to live and grow. Those foods depend on the developmental stage of the fish. Employing suitable feed in each developmental stage enables aquaculture to produce high-quality fish (Das et al., 2012). In early larval stages, it is common to use Rotifer and Artemia as live feed because they are easy to culture, but copepod nauplii are known to be superior live-feed (Støttrup, 2000; Støttrup, 2003; Conceição et al., 2010; Drillet et al., 2011). Copepods are the natural preys of larvae of many marine species and their nutritional profile is superior to artemia and rotifers (Shields et al., 1999; Payne et al., 2001; Rajkumar and Kumaraguru Vasagam, 2006; van der Meeren et al., 2008; Piccinetti et al., 2014). Several species of copepods could biosynthesize and accumulate polyunsaturated fatty acids (Bell et al., 2003; McKinnon et al., 2003; Dayras et al., 2021; Monroig et al., 2022; see Nielsen et al., 2020 for an exhaustive list of species and references therein), which are important nutrients for the development of fish larvae (Mejri et al., 2021). Additionally, the small size exhibited by the copepod larvae stage makes them the recommended live feed for several marine fishes (Lee et al., 2010; Mitsuzawa et al., 2017; Anzeer et al., 2019; Burgess et al., 2020). The swimming behavior of some copepod species could trigger the urge to forage in small-mouthed larval fish (Buskey, 2005; Mahjoub et al., 2011). All these characteristics have led to increasing interest and effort in the mass cultivation of copepod to serve as a live feed.

Copepods are used extensively in the aquaculture industries of some countries, such as Taiwan (Blanda et al., 2017), China (Zeng et al., 2018), Vietnam (Grønning et al., 2019; Nguyen et al., 2020), Australia (Payne et al., 2001; Camus et al., 2021), and others (van der Meeren et al., 2014; Magouz et al., 2021). Outdoor copepod production is a practical industry in Taiwan (Blanda et al., 2015; Blanda et al., 2017). However, one of the bottlenecks in outdoor copepod culture is the difficulty to maintain stable production, as copepod productivities are under the influences of many drivers, such as temperature (Devreker et al., 2009; Devreker et al., 2012; Liu et al., 2015), food quantity and quality (Pan et al., 2014; Rasdi and Qin, 2018; Tordesillas et al., 2018; Dayras et al., 2020; Aganesova, 2021), stocking density (Alajmi and Zeng, 2014), photoperiod (Camus and Zeng, 2008). In addition, the majority of the outdoor copepod cultures are in subtropical and tropical regions, where sudden rainfall and storm often occur and induce salinity variation. Although brackish copepod could survive at a wide salinity range, salinity can significantly affect the reproductive traits of these tiny crustaceans (Devreker et al., 2009; Devreker et al., 2012; Pan et al., 2016; Nguyen et al., 2020). The response to salinity is linked to the osmotic stress that limits the energy available for other basic physiological functions of copepods (Chen et al., 2006), and it could reduce dramatically their production. Environmental monitoring and on-site management (e.g., introduction of seawater or freshwater for salinity adjustment of the pond water) are both crucial for sustaining a stable copepod production. Although the effects of salinity on copepods have been extensively studied, these experimental results are limited to specific reproductive traits among salinity intervals. For aquaculture management, it would be best to have at one disposal a tool that integrates the effects on the different reproductive traits for estimating the global copepod productivity under a salinity gradient.

Focusing on the individual active components of a system, Individual-Based Models (IBMs) have been more and more proving their efficiency in defining optimal conditions for diverse marine organisms including, shellfish (Nunes et al., 2003), Euphrasia (Dorman et al., 2015), zebrafish (Beaudouin et al., 2015). Individual-based models can provide managerial solutions for the production of well-described species and reduce the cost induced by the classical trial and error method. To our knowledge, only one model has been developed for improving copepod cultivation (Drillet and Lombard, 2015). This model is nevertheless not an IBM and focuses on a free-spawner. To our knowledge, there is no IBM that aims to improve egg-bearing copepod culture.

Among the copepods explored for mass culture, calanoid copepods represent the majority (Rasdi and Qin, 2016). However, Cyclopoid copepods have great potential as live feed due to their small size, high tolerance to salinity and temperature variations, and ability to withstand high densities (Lee et al., 2012; Pan et al., 2016; Lee et al., 2017; Jepsen et al., 2021). Recent research efforts have been made to identify the best external conditions leading to optimize cyclopoid mass production (Lee et al., 2013; Nielsen et al., 2021; Dayras et al., 2021). The key bottleneck for this egg-bearing copepod is the fecundity and nauplii production as we cannot harvest their eggs as it is done for free-spawners like Acartia tonsa or A. bilobata (Drillet et al., 2014; Pan et al., 2021).

Apocyclops royi is a euryhaline cyclopoid copepod cultured commercially as live feed in the Taiwanese aquaculture industry (Su et al., 2005; Ajiboye et al., 2011). This species has a wide range of tolerance of salinity and temperature, facilitating the establishment of mass culture (Lee et al., 2005). Apocyclops royi can also survive on a low polyunsaturated fatty acid diet (Blanda et al., 2015; Nielsen et al., 2020), hence reducing the cost of the copepod diet. Like many cyclopoid copepods, A. royi reproduce sexually. The male uses its antennules to hold on to the female and transfers spermatophores to the female genital opening. The female could store the sperm and use it to fertilize many clutches from one insemination. The eggs are spawned simultaneously in the egg sac and the same-clutch nauplii hatch almost synchronously (Liu et al., 2007; Marten and Reid, 2007). The durations of interclutch time and embryogenic development are important reproductive traits to estimate copepod overall productivity in aquaculture, and they vary with environmental conditions (Liu et al., 2007; Devreker et al., 2009). Several experiments have investigated the effect of salinity on the reproductive traits of A. royi (Lee et al., 2005; Pan et al., 2016; Van Someren Gréve et al., 2020), providing useful information for building an IBM for this species.

In this study, we integrated the different effects of salinity on the reproductive traits of A. royi using an IBM developed on the MOBIDYC platform (Ginot et al., 2002) that simulates the reproductive cycle of egg-bearing copepods (Dur et al., 2009). The model description follows the Overview, Design Concepts, and Details protocol proposed by Grimm et al. (2006; Grimm et al., 2010; Grimm et al., 2020). The experimental results from studies on the effect of salinity on A. royi (Pan et al., 2016; Van Someren Gréve et al., 2020) and from complementary experiments on the reproductive cycle conducted for this study were used for model calibration. Following the calibration, we used the individual-based model to quantify the effect of salinity on the production of a cohort of 1000 A. royi females and to determine the optimal salinity for reproduction.



Materials and Methods


Purpose and Patterns

The model’s higher-level purpose was to determine the optimal salinity for the recruitment of the egg-carrying copepod. More specifically, the model was designed to quantify the effect of salinity on reproductive traits and success in a copepod cohort of 1000 individual females. The model was calibrated for the copepod A. royi. Based on laboratory observations, we evaluated our model by its ability to reproduce two patterns:

At the individual level: A decrease in interclutch duration with increasing salinity up to a maximum value beyond which the interclutch duration increases, a decrease in mortality with increasing salinity up to a limit; an increase in clutch size with increasing salinity until reaching a threshold beyond which the clutch size decline slowly.

At the cohort level: An overall increase in egg and offspring production until an optimal salinity beyond which the recruitment slows down and even stops.



Entities, State Variables, and Scales


Spatial Scale

The model was not spatially explicit. The agents (i.e. A. royi female) were not located in geometrical space.



Temporal Scale

The simulation ran with a time step fixed at three hours and lasted 20 days, which is the maximum life span of an A. royi female at 28°C (unpublished data)



Entities

The model included two kinds of entity predefined in Mobidyc: located agents and non-located agents (Ginot et al., 2002).

The two located agents represent 1) an A. royi individual of the adult female stage, and 2) an individual of the first naupliar stage. As A. royi is an egg carrier, reproduction is relatively complex and involves a multi-phase cycle (Dur et al., 2009). Adult females of A. royi have been credited with several state variables, called attributes in Mobidyc (Table 1). The nauplii are represented in the model only to confirm the hatching success being taken into consideration. The nauplii of a clutch hatch synchronously and die at the second time step following the hatching after being counted. The state variable of nauplii is, therefore “age” only. While the assumption of synchronous hatching does not reflect the biology of copepod, it does not affect the outcome of the present model. Asynchronous hatching does not affect A. royi adult females reproductive process but the nauplii development, which is not considered in the present model. Moreover, according to our observations, A. royi nauplii of a given clutch hatch within a couple of hours. The time step of the model is three hours. Hence, the hatching can be considered synchronous.


Table 1 | State variables used to represent the located agent of Apocyclops royi adult female and A. royi first naupliar stages (N1N3).



The non-located agents of the platform Mobidyc were used to design the model and collect required data from the simulation (Ginot et al., 2002). The first three non-located agents were used to store global variables, reducing the number of attributes carried by the located agents (Table 2). ParamDev contained the parameter values of the normal distribution used to introduce individual variability on a female’s life span. ParamSurv reflected the survival probability of the females and how it varied based on the salinity. ParamRepro stored all parameters of the normal distribution used to introduce individual variability on the clutch size (CS), embryonic development time (EDT), and latency time (LT). ParamRepro also stored the value of the hatching success (HS), which was set constant at 75% according to our lab observations (reanalyzed data of the results presented in Pan et al., 2016). Two additional non-located agents were used to represent the environment and the experimenter. The environment agent (Envi) refers to the overall environment, including temperature (fixed at 28°C) and salinity. The experimenter agent (Scientist) recorded the age of the female at the time of death and the number of eggs and nauplii produced throughout the simulation.


Table 2 | Attributes of non-located agents facilitating the computation of the reproductive cycle of the Adult female copepod Apocyclop royi (ParamX), the environment (Envi), and the one used to extract and save the output data (Scientist).






Process Overview and Scheduling


Summary

1. The non-located agent Envi executes its “GrowOlder” submodel, with increments for its state variable “time” of three hours.

2. The non-located agent ParamDev executes its “mdAdf” which defines the mean lifespan of A.royi female under 28°C.3. The non-located agent ParamRepro executes its “SalEffect” submodel, which computes the value of mean CS, mean EDT, and mean LT in relation to the salinity.4. The non-located agent ParamSurv executes its “DefProbSurv” submodel, which calculates the survival probability of the adult females, pSurvAdf, in relation to salinity.5. The adult female agents each execute different tasks simulating the “reproductive cycle”. A schematic representation of the reproductive cycle and the flowchart of the submodel scheduling are provided in Figures 1, 2. The located female agents execute their submodels in the following order:




Figure 1 | Schematic representation of the reproductive cycle of the cyclopoida copepod Apocyclops royi. Females enter this cycle after molting from the last juvenile stage C5 and perform this cycle until their death defined by their survival probability and longevity. The cycle integrates two main processes: the production (spawning) of a clutch of size n (Clutch size = n) and the hatching of the eggs. The time between hatching and spawning is defined as Latency Time, and between hatching and spawning as Embryonic Development Time.






Figure 2 | Flow chart representing the scheduling of the model processes used to define the reproductive cycle of the copepod Apocyclops royi. The conditional tasks “Spawn” and “Hatch” respectively require the latency time (LT) and Embryonic Development Time (EDT) to reach a threshold value (rLT and rEDT) for their execution. The details on each task are presented in Table 3.



a. “Survive”, which defines whether the agent will live or die every 24 hours.

b. “DefImpTime”, which defines the longevity of the female when the female age is 0 and the latencyTime to produce the subsequent clutch every time the female is non-ovigerous and has a latence of 0.

c. “TimeCumul”, which increments the female age, latence, and devembryo by one-time step (i.e. three hours).

d. “Spawn”, which sets the ovigerous status to 1, calculates a new value of clutch size and embryoDT and resets the value of latence and devembryo when the proper conditions for spawning are met (cf submodel section).

e. “Hatch”, which creates the nauplius 1 agents and resets to zero the attributes ovigerous, devembryo, latence, and clutchsize.

f. “Die”, which kills the individual when age exceed the longevity

6. The Naupliar 1 agents only survive until there are counted.7. The non-located Scientist (a) save the value of the clutch size and age of death of the female, and (b) counts the number of nauplii produced and kills them.



Rationale

The Envi is scheduled first because the subsequent ParamSurv action depends on salinity. In the female agent, the submodel DefImpTime occurs before TimeCumul to allow the computation of the required latencyTime just after the hatching process (i.e. Reproduction) and the latencyTime of the first clutch. EggProduct has to occur before Reproduce to allow the proper condition and timing for hatching. Finally, Scientist actions take place at the end of the time step.




Design Concepts

Basic principles – In this model, the salinity affected the survival rate of the female, the latency time, the embryonic development time, and the number of eggs per clutch (clutch size, CS). To determine the effects, we used empirical relationships that are described hereafter (see Submodel, below).

Emergence – The key outcomes of the model are the total production and cumulated production of eggs and offspring by a female cohort. All results emerge from the effect of salinity on the survival rate and reproductive traits.

Adaptation – Adaptation is not implemented in the model

Objectives – Objectives measures are not implemented in the model

Learning – Learning is not implemented in the model

Prediction – The model includes no prediction process

Fitness – Individual fitness is determined by a female’s survival rate, longevity, clutch size (CS), latency time (LT), embryonic development time (EDT), and hatching success (HS). Although the consequences of variation in the fitness at a higher level can be quantified, the present study did not address this question.

Sensing – The state variable “ovigerous” defines the proper time to perform appropriate reproductive tasks, e.g. spawning and hatching.

Interactions – Interactions between individuals were not introduced in the present model. We assumed that the time required for a male (not represented in the model) to anchor its spermatophore to a female is included in the latency time. Neither the limitation due to mating nor the failure of egg fertilization was considered here.

Stochasticity – Survival was interpreted as a random variable; a survival rate of 95% means an individual will die only if the generated random number belonging to a uniform probability density between [0,1] is larger than 0.95. Stochasticity is used to assign each individual female a life span (see the Submodel section). The LT, EDT, and CS are also stochastic as their values were drawn randomly from predefined distributions (see the Submodel section) after the hatching process (for LT) and the spawning process (for EDT and CS) of each clutch produced.

Collectives – The model includes no collectives.

Observation – The non-located Scientist (a) save the value of the clutch size and age of death of the female, and (b) counts the number of nauplii produced and kills them. This procedure allowed total egg and offspring production to be described, but also investigate the distribution of different reproductive traits (cf Emergence).



Initialization

We first confirm the proper implementation of the model by running a set of simulations with conditions similar to those of the experiment conducted by Pan et al. (2016), i.e., 8 females, 8 salinities (0 to 35), four replicates, 14 days. We then tested 40 salinity conditions, with salinity ranging from 0 to 39. For this second set of simulations, at initialization, the female cohort consisted of 1000 newly molted adult females (i.e. age = 0), and the simulations last 20 days. This number of individuals was selected after visualization of the stabilization of the variability of the output variables (Supplementary Figure 1). For each condition, the simulated experiments were repeated 15 times (15 replicates) to consider the output variability produced by the same set of parameters and initial conditions (Supplementary Figure 2).



Input

The temperature was fixed at 28°C, and salinity values were constant for each simulation experiment. The model did not use input data to represent time-varying processes.



Submodels


Reproductive Cycle of a Female

To simulate the reproductive cycle of the females, we slightly adapt the model of Dur et al. (2009) to the case of A. royi. Compared to the model of Dur et al. (2009), the individual variability was not represented by a gamma distribution but by a Gaussian distribution. We, therefore, modified the tasks DefImpTime and Spawn. Table 3 presents the different tasks used to simulate the reproductive cycle of A. royi and their respective pseudocode. For the rationales behind these tasks, we report the reader to the paper of Dur et al. (2009).


Table 3 | Settings of the tasks used to develop the reproductive cycle of an adult female of the copepod Apocyclops royi.





Effect of Salinity on A. royi Reproductive Traits

To implement the effect of salinity on A. royi reproductive traits into the model, we collected information from published data (Pan et al., 2016; Van Someren Gréve et al., 2020) and conducted some experiments for the traits with no available data (i.e., EDT). Details on the experimental procedures and the results used for calibration are presented in supplementary materials (Supplementary Text 1). We subsequently proceeded to the calibration by testing different functions types to express the effect of salinity on those reproductive traits.


Latency Time and Embryonic Development Time.

Preliminary analysis of the experimental results revealed a pattern similar to a temperature-dependent development, i.e. LT and EDT decreased with increasing salinity. Consequently, we tested different commonly used equations to define the effect of temperature on the development of arthropods (Quinn, 2017 – Supplementary Table 1). Among the five function types tested, that of Yamakawa and Matsuda (1997) exhibited the best fit for both LT and EDT (Figure 3).




Figure 3 | Relationship between salinity and the Latency Time (A) Embryonic Development Time (B), the Clutch Size (C), and the mortality (D). The black continuous lines represent the function implemented in the model to represent the effect of salinity. Details on the functions plotted here are provided in Supplementary Table 1.



The effect of salinity (S) on the mean latency time (meanLT, in days) was expressed as:

	

and the effect of salinity (S) on the mean embryonic development time (meanEDT, in days) as:

	

Both mean values were computed by the non-located agent ParamRepro and stored into its attribute meanLT and meanEDT (Table 2).



Clutch Size

For the effect of salinity on the clutch size (CS), we slightly modified the mathematical expression of Parker (1974) to fit the experimental data of Pan et al. (2016). The experimental CS data of Pan et al., 2016 revealed that within the viability range of A. royi there is an optimal salinity for the clutch size. And the equation of Parker is one of the many equations proposed to reproduce the effect of an optimal temperature on different process. We replaced the temperature variables in Parker equation by salinity variables, and added a constant value (c):

	

where Sm: is the upper limit of salinity beyond which the female does not produce egg (CS(Sm) = 0), So is the optimal salinity for spawning (CS (So) = CSmax, and θ is a parameter of the function shape.

With such an equation, we obtained a good fit on the experimental data of Pan et al., 2016 (Figure 3C).



Survival

Among the six tested equations, that of Kontodimas-16 provided the “best” fit to represent the effect of salinity (S) on mortality data obtained in the lab (c.f. Supplementary Material). This function is characterized by a min and a max value that can be associated with the range of tolerance of A. royi (Table S1; Figure 3D).

	

In the model, we used survival rate instead of mortality. Hence the probability for a female to survive one day of simulation at salinity S was 100 – Mortality.

The survival (or death) of the female was tested every day (i.e. when Envi_deadcount ≥1). For a high value of survival (e.g. ParamSurv_Adf = 0.95), the probability of drawing a random number larger than ParamSurv_Adf is low; consequently, the individual has a larger probability of survival than dying every day.




Adult Female Longevity

In the present model, we considered the mean longevity of females to be independent of salinity as shown by Lee et al. (2005). The simulations were conducted for a constant temperature of 28°C in accordance with the temperature used for the experiment (Text S1). To define the mean longevity of A. royi female at 28°C, we first fit five common equations used to describe the effect of temperature on development on the data obtained by Lee et al. (2005). The best fit was obtained with the Bĕlehraídek equation (Supplementary Figure 3) which gave mean longevity (ParamDev_mdAdf) of 14.457 days at 28°C. Individuals with 100% daily survival rate reach their maximum age (longevity) defined at the first timestep of the simulation by DefImptime (Table 3).



Individual and Interclutch Variabilities

Individual variability was considered for the female longevity and was modeled with a normal density function of variance equal to one and the mean value of ParamDev_mdAdf. The task DefImpTime was affected by this task.

DefImpTime was also used to implement interclutch variability on the latency time. Similar to the longevity, the latency time for each clutch was randomly sorted from a gaussian distribution with a variance equal to one and a mean value of ParamRepro_meanLT.

The task Spawn was used to take into consideration the interclutch variability in EDT and CS (Table 3). The number of eggs produced by the female at each spawning event is randomly selected in a gamma distribution defined by a shape parameter (α) and the scale parameter (β). The values of were determined using the method described in Souissi (2006) to separate the contribution of salinity from the intrinsic variability (α kept constant and β multiplied by ParamRepro_meanCS which depends on salinity). The number of offspring that will hatch from each clutch represents a part of the randomly sorted CS (i.e. HS x CS). The EDT required for every single clutch was also defined by the task Spawn, and sorted from a gaussian distribution of variance equal to one and mean value equal to ParamRepro_meanEDT.




Statistical Analysis

To confirm the proper implementation of the model, we compared the results obtained by Pan et al. (2016) with the model outputs for the same conditions. The Kolmogorov-Smirnov test confirmed the heteroscedasticity of the data. We, therefore, used the Wilcoxon rank-sum test (aka Wilcoxon T-test, WT) to compare the model results to the experimental results for each tested condition. All statistical tests were conducted at the 95% confidence level. These analyses were performed using the Matlab software (Mathworks Inc., Version, 7.5)




Results


Model Results Compared With Experimental Data

The total nauplii production estimated with the model and experimentally exhibit a similar response to increasing salinity (Figure 4), with an increase in production up to salinity 20 and a decrease beyond. The model results were not significantly different from the experimental results for salinities 10 to 25 (WT, p>0.05). However, the model outputs were significantly higher for salinities 5, 30, and 35 (WT, p<0.05). At salinity 0, the simulated total nauplii production was significantly lower than the one observed experimentally (WT, p<0.05).




Figure 4 | Comparison of experimental (in grey) and simulation (dark grey) results of the total number of nauplii produced by 8 females of A. royi at eight salinities. Vertical bars represent the mean values over four replicates and the error bars represent the standard error. Asterisks indicate a significant difference between experimental and simulation results.





Effect of Salinity on Individual Endpoints

The numerical outputs provided a dynamical explanation for the effect of salinity on the total production of A. royi (Figure 5). Due to the implemented effect of salinity on survival, female longevity was strongly affected by low salinities, decreasing below 10 days for salinities lower than 7. Consequently, the number of clutches a female can produce during its lifetime was reduced at low salinities. The number of clutches increased with increasing salinities, reaching a maximum of about 8 clutches between salinities 15 and 25, and steadily decreasing for higher salinities. This decrease observed at higher salinity was not related to female longevity which stayed relatively constant. Instead, the decrease in clutch number at higher salinity is related to the effect of salinity on the LT and EDT, which became longer when the salinity exceeds 10 for LT and 20 for EDT (Figure 3). The daily egg production, fecundity, and total offspring followed a trend similar to that of clutch number.




Figure 5 | Average (black line) and standard deviation (gray area) of different reproductive traits (Left: female longevity, clutch number, clutch size) and the resulting individual production (right: daily egg production, total egg production, total offspring production) for 15,000 females (15 runs of 1000) exposed to different salinities.



Analysis of the distribution of parameter values “confirmed” the importance of female longevity (Figure 6). For all parameters besides clutch size, the distribution shifted toward zero as the salinity tends to 0. The span of the distribution of clutch number expanded when salinity is between 8 and 32. Conversely, the span of the clutch size distribution stayed constant for salinities higher than 8. The fecundity and total offspring distributions center slid slightly toward the higher class, with a tail toward the lower classes as salinity increased from 0 to 20 and exhibited a reverse pattern for salinities higher than 24.




Figure 6 | Probability density function of the individual endpoints for 1000 females exposed to different salinities. The histogram represents the average proportion per class over the 15 replicate simulations and the error bars represent the standard deviation.





Salinity Effect on Cohort Endpoints

At the cohort level, the model results showed the importance of the interclutch duration on the production (Figure 7). At low and high salinities, the time between the burst of production is quite long resulting in few eggs and nauplii production. Females can only produce two and three clutches at salinity 0 and 39, respectively. At salinities 3 and 39, the cumulated production of both eggs and nauplii is quite similar, but the dynamics are different. At salinity 3, two peaks of production appeared within the first 6 days of simulation, and they are followed by relatively low but constant production. As salinity increased, so did the regularity of production, leading to quasi-linear increases in the total production for salinities between 7 to 31. The dynamics of the egg and nauplii production were quite similar for salinities between 15 to 23.




Figure 7 | Total production (Top) and cumulative production (bottom) of eggs (left) and offspring (right) by 1000 females over 20 days at different salinity conditions (PSU). All individuals died before the end of the simulation. The x-axis was therefore limited to 17 days. Lines represent the average over the 15 replicate simulations. The shaded area is the standard deviation.



At the end of the 15 days of simulation, the highest total egg and nauplii productions were obtained at 21 PSU (1.85×105eggs,1.39×105 nauplii) and the lowest at 0 PSU (1.11×104 eggs, 8.23×103 nauplii) (Figure 8). The total egg and nauplii production decreased the further it goes out of the optimal range, which is related to the individual behavior (Figure 5). Between 19 and 22 PSU, the egg cumulated production exceeded 1.8x105. And for salinities between 18 and 23, nauplii cumulated production exceeded 1.35x105. Between 7 and 31 PSU, the egg and nauplii production is growing steadily, but outside this range, it is unstable and not increasing uniformly (Figure 7 bottom graphs). The difference between egg production and nauplii production is related to the constant hatching success (74.5%, data from Pan et al., 2016).




Figure 8 | Relation between the cumulated mean production of eggs and nauplii by 1000 females after 20 days and the salinity condition (PSU).






Discussion

Copepod is a great live feed for aquaculture (Shields et al., 1999; Støttrup, 2000; Payne et al., 2001; Rajkumar and Kumaraguru Vasagam, 2006; van der Meeren et al., 2008; Piccinetti et al., 2014), but its application has yet to reach the practicality and cost-effectiveness required for the global aquaculture hatcheries due to unstable productivity. The present study developed a modeling tool to identify the risk of salinity variations on the mass culture of the cyclopoid copepod Apocyclops royi. Here, we focused on the effects on reproduction by first defining dose-response relationships based on the results of laboratory experiments on females. We then implemented those relationships in an IBM representing the reproductive cycle of egg-carrying copepods (Dur et al., 2009). The model represents a new approach to define the optimal salinity to induce maximal fecundity of A. royi and provides a mechanistic understanding of the effect of salinity on production.


Production of A. royi

Salinity influences the ecological and biological response of copepod and has been investigated extensively during the past decades. Chen et al. (2006) determined the effect of salinity of Pseudodiaptomus pelagicus, for 10 days with individual adult pairs to define the optimal salinity culture. In terms of total nauplii production, under 15g/L observed the highest value (131.2 ± 67.6). For Acartia species, egg production patterns were more irregular, but some species produced fewer eggs at the lowest salinity tested (Castro-Longoria, 2003). Castro-Longoria (2003) demonstrated that hatching success increased with increasing salinity and was maximal at 25 PSU of Acartia tonsa (Copepoda: Calanoida). In this study, the model output (Figure 7) suggested an optimal salinity for A. royi reproduction at 21 PSU and 0 PSU as the adverse salinity condition. Pan et al. (2016) conducted a population experiment to find the optimal salinity with eight different salinity conditions (0, 5, 10, 15, 20, 25, 30, and 35) with the same species. In their result, the highest mean number of the total populations was observed at 20 PSU and low at extreme salinity treatments (0,5,30, and 35). In terms of optimal and suboptimal conditions, these two results matched. However, the mean number of total populations cultivated at salinities higher than 30 was low in the experiment compared to our model results in terms of offspring production. This discrepancy may be due to the female mortality rate implemented in the model. The mortality data were obtained from Van Someren Gréve et al. (2020). Before testing the 24hour mortality of adult female copepod A. royi, Van Someren Gréve et al. (2020) acclimated the copepods to 32 PSU for at least 111 days. Because we used data of copepods that were adapted to high salinity conditions, the model results did not show a strong decrease in productivity at high salinity.

The negative effect of high salinity on female longevity and the clutch size is not as strong as for lower salinity conditions (Figure 4). The decrease in total production at salinities higher than 23 is however similar to that at lower salinities. Under high salinity conditions, the decrease in production is mainly due to extended interclutch duration. High salinity negatively affects LT and EDT (Figure 3). The lengthened LT and EDT lead to fewer spawning events, and a subsequent decrease in production. These results support the claim that, for egg-carrying copepods, it is important to take into consideration the effect of environmental factors on the time component to avoid misleading egg production rate estimation (Lloyd, 2006; Dur et al., 2009).

In order to achieve the goal of producing a large number of eggs, we documented that the salinity should be carefully maintained in a given range of salinities. A high production of ~18.104 eggs was predicted with the model for salinities between 18 and 23. Except in the rare case of equipment failure, salinity can be easily maintained in batch culture within indoor facilities. But outdoor cultures can exhibit significant salinity fluctuations (i.e., 8-15PSU, Blanda et al., 2015) and possibly affect considerably the production of the culture species. According to our model, a deviation of 7 PSU from the optimal range of salinity would lead to a loss of 22 to 25% in A. royi. This finding provides implications for risk control in copepod aquaculture, where the water exchange or management should be necessarily performed to avoid production loss.



Model Potential and Current Limitations

This version of the model allows already some valuable applications for aquaculture. In the case of outdoor ponds, the model can help to estimate the production in case of sudden rainfall and improve harvest management. In the case of indoor culture, the model can be used as a tool for salinity management to increase production. Nevertheless, several limitations of the current version should be highlighted.

Although several studies have investigated the effect of salinity on the reproductive capacity of copepods, none has provided functional relationship between environmental salinity and embryonic development time or latency time. The effect of salinity on the survival rate of the calanoid copepod Pseudodiaptomus annandalei was expressed by a two-order polynomial fit (Chen et al., 2006). Contrarily to P. annandalei, A. royi did not exhibit a decrease in survival at salinity 0. We therefore tested different equations to fit our data. There is no clear consensus as to what is the “best’ type of function to apply to salinity response data. Here, we tested temperature-dependent equations to fit our data as they presented similar types of response, i.e. faster development and lower mortality at optimal condition and longer development and higher mortality when the environmental condition goes further than this optimal. All equations commonly used to represent temperature-dependent relationship applied well to our study by fitting the relationship between salinity and the reproductive traits.

Euryhaline copepod has the ability to adapt relatively quickly to change in salinity after some acclimatation period (Hansen et al., 2022). This ability might result in changes in shape and position of the functional relationship with salinity after acclimation. In the present model, we did not consider any acclimation period and only focussed on the productivity of females at constant salinity. We therefore did not implement any adaptative process in the model. However, with appropriate data such implementation should be conducted for future version of the model.

Individual variability is important for population persistence and stability under stressful conditions (Morozov et al., 2013; Bi and Liu, 2017). In the present model, the individual variability in female longevity and interclutch variability in LT and EDT are represented by normal distributions, the parameters of which were constant. However, previous observations revealed an increase of the individual variability in the developmental duration of copepod in relation to non-optimal temperature (Souissi et al., 1997; Jiménez-Melero et al., 2005). The calibration of gamma distributions to represent individual variability is possible (Dur et al., 2009; Dur et al., 2013) but requires an important number of observations at the individual scale (Devreker et al., 2012; Liu et al., 2015).

Several studies showed that salinity affects the HS brackish copepods whether they carry their eggs (Nguyen et al., 2020) or release them (Holste and Peck, 2006; Choi et al., 2021). However, this relation between salinity and hatching success seems to be species-specific. For instance, for the egg-bearing copepod Eurytemora affinis, there was no effect of salinity on the hatching success which is always above 90% (Devreker et al., 2012). In the present model, we considered a constant HS of 74.5% based on the observation in the laboratory (data from Pan et al., 2016) that showed no effect of salinity on HS. While the eggs are tolerant to salinity changes, the nauplius stages could respond differently to salinity stressors. When exposed to adverse salinities, the nauplii suffer from retarded development, molting failure and even decreasing survival rate (Devreker et al., 2004). Besides the effect of salinity, nauplii might also be subject to cannibalism. Drillet and Lombard (2015) build a simple development model based on the well-known life-history traits of Acartia tonsa to define the optimal density condition with the effect of cannibalism in production. In the present study, cannibalism in A. royi is not considered as the model focuses only on reproduction. Considering the importance of the naupliar stages for population maintenance (Nagaraj, 1988), the effect of salinity and other factors, such as cannibalism, on nauplii life traits should be considered in the future development of the model which will simulate the entire life cycle of A. royi.

In the present model, some individuals died before their eggs hatched (i.e., they spawn but died before the EDT was completed). Other egg-bearing copepods, such as Eurytemora carolleeae could drop the egg sacs and allow the nauplii to be born independently (Nowakowski and Sługocki, 2021). In this study, the model is based on the hypothesis that A. royi’s egg sac does not detach and cannot survive if the female dies. However, if A. royi exhibit abilities similar to that of E. carolleeae, the productive capacity of A. royi would be even more than the present estimation.

Our model simulated the case of 1000 females, which if it is considered as 1000 ind/L can represent a high density. The present model did not consider any crowding effect. There are some contradictory results concerning the effect of high density on copepods. In Acartia tonsa, high-density can have a negative effect on adult survival, and fecundity (Drillet et al., 2014; Franco et al., 2017). However, the same species did not show any stress in terms of behavior, respiration, and gene expression when exposed to high culture densities (Nilsson et al., 2017). Similarly, the copepod Acartia steueri mortality and fecundity are independent of density due to a reallocation of its energy from the metabolic to the reproductive process (Takayama et al., 2020). Further research about the response of A. royi to high densities is necessary to decide the need for implementing any effect of high-density on its reproductive traits.

In outdoor culture, the temperature is another important parameter that exhibits some variation (Blanda et al., 2017) and influences considerably the production of egg-carrying copepods (Dur et al., 2009; Nguyen et al., 2020). The present model does consider only the effect of temperature variation on longevity. In the present model, the effect of temperature on LT, EDT and CS is not considered despite its relevance because of a lack of data. However, with proper laboratory data, this effect can easily be implemented in the model (Dur et al., 2009). Additionally, in practice, the model can investigate the effect of temperature change on production. For example, we can consider the hypothetical case where the salinity is maintained at 21, which is theoretically the optimal condition (Figure 7), and estimate the production at the minimum and maximum temperature observed in outdoor aquaculture pond in Taiwan (26.1, and 32°C, Blanda et al., 2017). The total egg production increased by 4.27% at 26.1°C and decreased by 10.1% at 32°C compared to 28°C. In the case of total nauplii production, the model predicted an increase of 9.97% at 26.1°C and a decrease of 10.1% at 32°C (Figure 9). One should note that this result does not consider the effect of temperature on other reproductive processes, such as clutch size and interclutch variability. The next improvement of the current model must focus on this aspect, considering the increase in the appearance of extreme temperatures due to global warming. It will be interesting to integer both the negative effect of high temperature on fecundity and nauplii production (Nguyen et al., 2020) and the positive effect of cold temperature on productivity (Pan et al., 2017).




Figure 9 | Cumulated total egg and nauplii production of 1000 females over a period of 20 days at three constant temperatures. Salinity was fixed at 21 PSU. Vertical bars represent the mean values over fifteen replicates and the error bars represent the standard error.



Although the Mobidyc platform was developed two decades ago (Ginot et al., 2002), it contributed to promoting and democratizing multi-agent systems to con-computer experts. Its development has been recently accelerated with the new RE : Mobidyc project (Oda et al., 2021). The recent development in collaboration with computer scientists will lead to a future version accessible to a wide range of users including the aquaculture field.




Conclusion

Compared to experimental investigation, our model presents the ability to integrate the effect of different environmental parameters on all reproductive traits as well as individual variability. On top of that, the model has the potential to aggregate fine-scale knowledge and investigate coarser-scale phenomena. Based on the present version of the model, other environmental factors such as temperature, food quality, and quantity could potentially be incorporated pending the availability of data.

In this study, we only focused on the reproductive traits of adult females of copepod. The goal of this model is to determine the optimal condition for reproduction and estimate the loss and gain of change in salinity. Ultimately, we are aiming to create a model that represents the entire life cycle of A. royi. The reproductive process constitutes a necessary step in the development of a complete population dynamics model (Prestidge, 1995; Souissi et al., 2005). In addition to the previously proposed improvements, the perspective of the model is to be included within an already developed population dynamics model integrating all development stages (Dur et al., 2013). This population dynamics model will be an important tool for establishing and maintaining copepod mass culture through the determination of optimal culture conditions for growth and reproduction, estimation of the production, and defining appropriate harvest time.
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Definition

State the agent is alive (ife = 1) or dead (life = 0)

Age accumulated by individual

Age when the agent dies

Life span of an adult female

Ovigerous status of the female: ovigerous (ovigerous = 1) or non-ovigerous
(ovigerous = 0)

Required time between hatching and spawning a new clutch

Time accumulated after the last hatching event

Required time between producing spawning and hatching

Time accumulated after the last spawn event

Numbers of eggs in one clutch

Number of successfully hatched nauplii from the clutch.

Age cumulated by an individual

Unit

None

[days]
[days]
[days]
None

[days]
[days]
[days]
[days]
eggs]

Nauplii]

[days]

Dynamics/
Statics

Dynamic

Dynamic
Dynamic
Static

Dynamic

Dynamic
Dynamic
Dynamic
Dynamic
Dynamic

Dynamic

Dynamic

*State variable for which individual variability or interclutch variability was implemented in the model c.f. Submodel section for the details.

Type

Binary

Time
Time
Time
Binary

Time
Time
Time
Time
Real
number
Real
number
Time

Range

Oort

0-156.5
0-155
10.755 - 17.814*
Oort

0.126 - 2.519*
0-25193
0.126 - 5.558"
0-5.577
11.79 - 23.75*

9.0-18.0

0-0.25





