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Abstract 19 

Integrated Multi-Trophic Aquaculture (IMTA) systems have been designed to optimize 20 

nutrient and energy use, to decrease waste, and to diversify fish-farm production. 21 

Recently, the development of detritivorous aquaculture has been encouraged, as 22 

detrivores can consume organic particulate matter, reducing benthic eutrophication and 23 

the environmental footprint of aquaculture. To this end, the polychaete Hediste 24 

diversicolor is a promising species due to its broad feeding behaviour and its resistance 25 

in a wide range of environments. In this study, an existing Dynamic Energy Budget 26 

(DEB) model of H. diversicolor was used to predict the ragworm’s metabolic processes 27 

in various environmental conditions and to estimate its bioremediation capacity in an 28 

aquaculture context. First, the scaled functional response (f) was calibrated in a 98-day 29 

growth experiment with two types of food (Fish faeces and Fish feed). Then, we further 30 

validated the model using data on the ammonia excretion and oxygen consumption of 31 

individuals fed with fish faeces at four different temperatures using the previously 32 

calibrated f. Overall, we found that the DEB model was able to correctly predict the 33 

experimental data (0.51<MRE<0.80). Lastly, different environmental scenarios of 34 

seawater temperatures and assimilation rates were compared. The bioremediation 35 

potential of H. diversicolor was estimated based on cumulated assimilation rates, which 36 

could represent 75-289 kg of fish waste year-1 for a 100 m2 ragworm farm (3700 ind. m-37 

2). These findings suggest that the DEB model is a promising tool for further IMTA 38 

development and management. 39 

 40 

Keywords: DEB, deposit feeders, fish waste, metabolism, ragworm, semelparous, 41 

bioenergetics  42 

  43 
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1. Introduction 44 

Fed aquaculture can impact ecosystems through the release of organic matter and 45 

dissolved nutrients (Hargrave, 2005). One way to minimize aquaculture waste is to 46 

develop Integrated Multi-Trophic Aquaculture (IMTA), in which organisms of different 47 

trophic levels are co-cultured on the same farm (Chopin et al., 2012). This type of 48 

aquaculture can include fed species (e.g. finfish or shrimp) as well as extractive species 49 

such as algae that can feed on dissolved inorganic waste generated by the fed species 50 

(Abreu et al., 2011; Erler et al., 2000) or filter-feeders and detritivores that can feed on 51 

generated organic waste (Jiang et al., 2013; Neori et al., 2004). In open water, 52 

particulate organic matter fluxes (faeces and uneaten feed) are mainly vertical (Filgueira 53 

et al., 2017) and may accumulate on the bottom sediment both within the farm site and 54 

close to it, inducing benthic eutrophication (Hargrave, 2005). The quantity and 55 

biochemical composition of the nutrients and organic matter released depends on the 56 

cultured species, the farm size, the feed composition, and the rearing conditions 57 

(Brigolin et al., 2010).  58 

Using detritivore species in IMTA may improve the mineralization of organic matter 59 

through bioturbation processes (Hedman et al., 2011) and feeding (Cammen, 1980), 60 

thus preventing benthic eutrophication. The bioremediation potential of several 61 

detritivorous species has been evaluated, including fish (Katz et al., 2002; Porter et al., 62 

1996), sea cucumbers (Cubillo et al., 2016; MacDonald et al., 2013; Nelson et al., 2012; 63 

Paltzat et al., 2008; Chary et al., 2020), sea urchins (Cook and Kelly, 2007; Orr et al., 64 

2014) and polychaetes (Fang et al., 2017; Marques et al., 2017). Among polychaetes, 65 

Hediste (Nereis) diversicolor (O. F. Müller, 1776) has been widely studied (Gillet et al., 66 

2008; Mermillod-Blondin et al., 2004). Similar to other Nereididae, this species plays 67 

an important ecological role by constructing burrows in sediment to create galleries. 68 
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Their bioturbation and ventilation activities promote nutrient fluxes between water and 69 

sediment, favouring the oxygenation of the sediment (Michaud et al., 2006) and 70 

enhancing organic matter mineralization and nutrient recycling (Heilskov and Holmer, 71 

2001). Additionally, H. diversicolor can cope with a large range of environmental 72 

conditions, in terms of variation in organic matter loading, temperature and salinity 73 

(Kristensen, 1983; Ozoh and Jones, 1990). Moreover, its feeding behaviour is 74 

diversified: it is considered a detritivore, carnivore, herbivore, suspension feeder and 75 

even an optional filter feeder (Nielsen et al., 1995; Riisgård, 1994). More recently, the 76 

biomitigation activity of this species has been explored (Cubillo et al., 2016; Marques et 77 

al., 2017; Papaspyrou et al., 2010), and studies have demonstrated that individuals can 78 

grow significantly when fed on fish waste (Bischoff et al., 2009; Wang et al. 2019). 79 

Cubillo et al. (2016) and Marques et al. (2017) have also shown that H. diversicolor 80 

could assimilate particulate organic matter from fish farms, confirming its potential for 81 

IMTA. However, these studies were carried out under specific temperature and salinity 82 

conditions, making predicting the bioremediation capacity in other environmental 83 

conditions difficult. In this context, mechanistic models can be useful tools as they can 84 

simulate physiological and ecological processes under a large range of environmental 85 

conditions. Starting from empirical results in a limited number of environmental 86 

conditions, this modelling framework allows these results to be extrapolated in order to 87 

predict the metabolic responses of individuals in other environmental conditions (Reid 88 

et al., 2020). Bioenergetic models are based on the fluxes and conservation of energy in 89 

physiological processes, in which energy available for somatic growth is estimated as a 90 

result of feeding and excretion (Brett and Groves, 1979). The model chosen in this 91 

study was the Dynamic Energy Budget (DEB) model (Kooijman, 2010), which is based 92 

on the use of energy by an organism for physiological processes such as food 93 
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assimilation, growth, maintenance and reproduction. This model has been demonstrated 94 

to correctly model the lifecycle of a wide range of species, from bacteria to large 95 

mammals. The framework provided by the DEB theory allows the quantification of 96 

processes of interest for aquaculture (such as growth and feeding efficiency) and of 97 

increasing interest for IMTA (such as the bioremediation capacity of extractive species) 98 

(Reid et al., 2020, Chary et al., 2020). The associated DEB parameters for more than 99 

2000 modelled species to date are available on the online platform Add-my-Pet (AmP) 100 

(www.bio.vu.nl/thb/deb/deblab/add_my_pet). Of these species, 7 are polychaetes, with 101 

the recent additions of Arenicola marina (De Cubber et al., 2019) and Hediste 102 

diversicolor (Lefebvre, 2019). These DEB model parameters for H. diversicolor can 103 

now be used to predict metabolic processes under different environmental conditions.  104 

The aim of this study was to analyze the mitigation potential of deposit-feeding H. 105 

diversicolor in co-cultivation with finfish. The objectives were (1) to validate the DEB 106 

model using new datasets obtained through laboratory experiments on growth rates and 107 

ammonia excretion, as well as data on oxygen consumption published independently of 108 

the calibration procedure, (2) to evaluate the effects of seawater temperatures (5°C to 109 

25°C) and assimilation rates (from ad libitum to half an ad libitum ration) on some life 110 

history traits of H. diversicolor, and (3) to quantify the bioremediation potential of H. 111 

diversicolor in different aquaculture contexts.  112 

 113 

2. Material and methods 114 

2.1. The DEB theory and the lifecycle of H. diversicolor 115 

A general presentation of the DEB theory and its mathematical formulation is presented 116 

in ‘Supplementary material’ (see S1). To perform the DEB simulations for H. 117 
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diversicolor, we used the available parameters in the AmP database (Lefebvre, 2019) 118 

(Table 1), using an abj-model. Essentially, the DEB theory is based on the assumption 119 

that assimilated energy first enters a reserve compartment (E). A fixed fraction (κ) of 120 

the energy flux coming from the reserve is then utilized, first for somatic maintenance 121 

costs and the remaining part for growth of the structural volume (V). The other fraction 122 

(1-κ) is spent on maturation (EH) in juveniles or on reproduction (ER) in adults, after 123 

having paid the maturity maintenance costs (Figure 1). Acquisition processes (i.e. 124 

ingestion and assimilation) are linked to the organism’s surface area, while somatic 125 

maintenance is proportional to its volume. In contrast to the standard version of the 126 

DEB model (std), the abj-model considers a metabolic acceleration between birth and 127 

metamorphosis (see S1). Consequently, we scaled maximum surface-specific 128 

assimilation (������) and energy conductance (��) to the organism ’s structural length 129 

between birth and metamorphosis, following Kooijman et al. (2011). Finally, as it is a 130 

semelparous species, H. diversicolor dies after its first reproduction (Olive and 131 

Garwood, 1981). Therefore, the maximum structural length Lm was the structural length 132 

of the animal that attains first reproduction. In DEB theory, authors refer to this 133 

reproductive strategy as ‘suicide reproduction’ (Kooijman, 2010). 134 

The DEB model describes changes in the energy content of four state variables (E, V, 135 

EH and ER for adults), which cannot be measured directly. The volumetric structural 136 

length (L=V1/3) can be approximated by the shape-corrected physical (observable) 137 

length (δM Lw). In this study, the length (cm) of the first three segments (L3: the 138 

combined length of the prostomium, peristomium and the first setiger) was used as the 139 

physical length, as this is more reliable than the total length in polychaetes. Wet weight 140 

(WW) was calculated as the sum of the wet mass of the structure and the wet mass of 141 

the reserve (see S1). The wet mass of the reproductive buffer was not included in the 142 
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WW calculation because it was considered negligible most of the time (GSI<3%, see 143 

below).  144 

 145 

2.2. H. diversicolor growth performance in controlled environments 146 

2.2.1. Sampling. H. diversicolor individuals were collected in the wild in Arnel 147 

Lagoon, on the French Mediterranean coast. The experiments were conducted in the 148 

Ifremer marine aquaculture experimental station (Palavas-les-Flots, France). For the 149 

oxygen and excretion experiments, individuals were acclimatized for 10 days (see 150 

details below). For the growth experiment, in vitro reproduction was carried out in 151 

October 2016 in order to begin with individuals of the same age. During the early larvae 152 

stage (from 0 to 22 days), the polychaete offspring were fed with microalgae (Chlorella 153 

sp.), which were cultured at the experimental station and can be ingested (this was 154 

confirmed by microscopic observation of the gut content). Before the beginning of the 155 

growth experiment, juveniles (from 22 to 113 days), were fed with fish faeces and 156 

raised at temperatures ranging between 15°C and 18°C. This food was chosen because 157 

fish farm waste is mainly composed of fish faeces and a varying proportion of uneaten 158 

fish feed (Galasso et al., 2017).   159 

 160 

2.2.2 Growth rates. The growth experiment was conducted on individuals when they 161 

reached 113 days of age; the experiment lasted 98 days (February–April 2017). Two 162 

types of feed were tested: faeces from farmed European seabass Dicentrarchus labrax 163 

(Fish faeces) and commercial fish feed (Fish feed). The collection and preparation of 164 

these are detailed in Galasso et al. (2017). The fish faeces were composed of 72% 165 

organic matter (OM) (including 3% total organic nitrogen [TON] and 7% total lipids 166 

[TL]), and 28% ash. The commercial fish feed was composed of 87% OM (including 167 
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7% TON and 12% TL) and 12% ash. Polychaetes were fed ad libitum (based on the 168 

observation of leftover food in the tank) from 48 mg feed.ind-1.d-1 to 85 mg.ind-1.d-1 169 

(from the beginning to the end of the experiment). The 113 ± 1 day-old individuals 170 

(days post-fertilization) at the start of the growth experiment measured on average 1.16 171 

± 0.24 mm L3. Each treatment was performed in small tanks (4 L) in triplicate (6 tanks; 172 

18 polychaetes per tank; total of 108 worms). The water temperature was maintained at 173 

17 ± 1°C and at a salinity of 18 ± 1 psu (temperature and salinity conditions favourable 174 

to Hediste growth) (Olivier et al., 1996; Batista et al., 2003). The worms were reared 175 

without sediment, but plastic tubes (Ø = 4 mm; several lengths) were added to provide 176 

refuge to reduce stress (adapted from Nesto et al., 2018). The tanks were continuously 177 

aerated to maintain oxygen concentration close to saturation for the given temperature 178 

(Galasso et al., 2018). Individual wet weight was measured on days 177 and 211, and 179 

individual L3 length on days 113, 144, 177 and 211. The worms were weighed 180 

individually after a fasting period of 24 h to empty their digestive tract. They were then 181 

carefully taken from the water using a dip net, cleaned with seawater and dried on paper 182 

towels before being weighed on an analytical balance with a precision of 0.001 g. 183 

Specific growth rate was calculated as �	
 =   

�� ����
�� ���

��
 × 100, where ��� and 184 

��� is the wet weight (g) at the beginning and the end of the experiment respectively, 185 

and t is the experiment duration (d) (Hopkins, 1992). A Two-way Anova was performed 186 

to test the effect of food type (fixed factor, n= 2, Fish feed and Fish faeces) and tank 187 

(random factor, n=3) on WW and L3 at each biometry data. In total, 54 individuals were 188 

measured per food type. 189 

2.2.3 Oxygen consumption. The oxygen consumption rates of the ragworms were 190 

recorded as a proxy of the minimal metabolic rate (the standard metabolic rate) at four 191 

temperatures (11°C, 17°C, 22°C and 27°C). The oxygen consumption could be 192 
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considered a proxy of the minimal metabolic rate as it was measured on individuals that 193 

had fasted for 24 h in the dark. A detailed description of the experiments and results are 194 

presented in Galasso et al. (2018). The individuals ranged from 0.02 to 0.57 g WW, and 195 

1.40 to 3.64 mm L3. The polychaetes were acclimatized for 10 days and fed ad libitum 196 

with seabass Dicentrarchus labrax faeces, then acclimatized for 7 days at the 197 

experimental temperature conditions. The incubation times were chosen to prevent 198 

oxygen saturation from dropping below 80%. Consequently, incubation times varied 199 

from 4 h (for the aquariums at 22°C and 27°C) to 5 h (for those at 11°C and 17°C). The 200 

results were expressed in µmol/h.  201 

 202 

2.2.4 Ammonia excretion. An ammonia excretion experiment was performed 203 

simultaneously with oxygen consumption measurements. Water samples (50 mL) were 204 

taken at the beginning of the experiment (��) (filtered seawater was used to fill the 205 

individual chambers) and at the end of incubation (��), and immediately frozen at -20°C 206 

for further ammonium analyses (N-NH4). The ammonium concentrations were 207 

measured using Seal AA3 analytical autoanalyser standard methods (Aminot and 208 

Kérouel, 2007) with fluorometric detection (from JASCO, FP-2020plus, France). 209 

Ammonia excretion rates were determined following the equation used by Galasso et al. 210 

(2018) for oxygen. N-NH4 was transformed to N-NH3 using the conversion factor 1.22 211 

(based on molar mass). 212 

2.3. Comparison between predicted and observed data 213 

Simulations were then carried out to compare the output of the model to data from 214 

laboratory experiments on growth performance, oxygen consumption (��
�) and ammonia 215 
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excretion (��
�). In DEB theory, ��

� and ��
� are weighted sums of three basic fluxes: 216 

assimilation (���), dissipation (�� ) and growth (��!) (see S1 for details and equations).  217 

First, optimizations of scaled functional response (f) were performed to evaluate the 218 

assimilation rate of the polychaetes. This was performed using the cma_es function 219 

from the cmaes package in R (Trautman et al., 2011) run to minimize the mean relative 220 

error (MRE) between predicted and observed data. First an f value was obtained for the 221 

period prior to the growth experiment (until 113 days of age), and then an f value was 222 

fitted for each feeding condition (fish faeces or fish feed) in the growth experiment. The 223 

last L3 length was not used in the fitting process because of high size-specific mortality 224 

related to reproduction. As individuals become green at maturity (Dales, 1950), we used 225 

this criteria to remove these individuals from the group and from the dataset. Water 226 

temperatures during the different experiments were included in the model. 227 

Second, since the oxygen consumption and ammonia excretion experiment was 228 

performed using individuals fed on faeces, the f fitted using the growth experiment on 229 

individuals fed faeces was used for simulating these variables. In addition, as the 230 

polychaetes used in the respiration and excretion experiment were collected in the wild, 231 

the age and life histories of these individuals were unknown. The scaling with the length 232 

and weight was therefore obtained using the DEB model run for individuals with 233 

identical life histories (but different ages). Therefore, all the observed differences in 234 

lengths within this experiment were linked to differences in age. Finally, since the 235 

experiment was performed on polychaetes that had been starved for 24 h, we assumed 236 

that the oxygen consumption and ammonia excretion associated to energy assimilation 237 

was null (��� = 0). 238 

2.4. IMTA scenarios: temperature and assimilation rates 239 
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2.4.1 Effects of temperature and assimilation rate variations. We evaluated the 240 

effects of two key factors that may affect growth: temperature and assimilation rates. As 241 

temperature is the main factor in metabolism changes, especially in ectotherms (Wieser, 242 

1973), the effect of a large range of temperatures from 5°C to 25°C (in 5°C increments), 243 

with fixed optimal feeding conditions (scaled functional response, f=1), was tested. This 244 

range was selected based on temperature variations observed in H. diversicolor habitats 245 

(Scaps, 2002) and temperatures that are recorded in European aquaculture production 246 

from Norway to Mediterranean Sea (ex. Brigolin et al. 2014; Wang et al. 2020). 247 

Assimilation rates were also tested, with f ranging from 0.5 to 1 (half ration of ad 248 

libitum to full ad libitum) (in 0.1 increments), at a constant 20°C temperature. 249 

The gonadosomatic index (GSI) is the ratio between gonad mass and total body mass. 250 

Using DEB theory, GSI is estimated as the ratio between the reproduction buffer wet 251 

mass and the wet weight of the animal (see S1). The GSI could therefore be estimated 252 

for each age in the growth experiment. In parallel, survival was recorded during the 253 

growth experiment. It was assumed to be mostly related to the spawning event (and the 254 

associated death) of the animals. We posited that spawning was triggered above a 255 

certain GSI threshold. The survival curve was fitted over time using a sigmoid function 256 

with the nls function in R (3.6.2) and Rstudio (1.2.5033). This enabled us to create a 257 

link between the estimated GSI and survival. The curve was fitted with a polynomial 258 

curve (of degree 5) using the poly function in R in order to obtain links between 259 

survival and any GSI. Only the results from the growth experiment using faeces were 260 

used for these estimations, since faeces are intended to be the most important food 261 

source in a well-designed IMTA system. A GSI of 3% was chosen for the 262 

bioremediation simulations since survival was high until this threshold (>90%).  263 

 264 
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2.4.2 Bioremediation capacity. To estimate the bioremediation capacity of polychaete 265 

to consume fish solid wastes, total assimilated energy was estimated over a ragworm 266 

production cycle (from birth to harvest) in several scenarios (at 20°C with f=0.5 or f=1, 267 

and at 5°C and 25°C with f=1). In aquaculture, a good compromise between reaching 268 

commercial weight and survival rates has to be found. For each scenario, simulations 269 

were either stopped when the GSI reached 3%, or when individual reached 0.5 g WW 270 

(minimum polychaete market size, Nesto et al. 2012). Total assimilated energy (J) was 271 

then transformed into grams of dry weight (g DW) of faeces considering that the energy 272 

content of one g (DW) of fish faeces was 10.4 kJ. We based our estimation on the 273 

average composition of seabass faeces: proteins (14%), lipids (4.6%), carbohydrates 274 

(12.8%), fibre (40.6%), and ash (28%) (Galasso et al., 2017), and the associated 275 

respective energy contents of 23.6 kJ.g-1, 36.2 kJ.g-1, 17.2 kJ.g-1, 8 kJ.g-1 and 0 kJ.g-1 276 

(Brigolin et al., 2014; Chary et al., 2020). Based on information provided in another 277 

study (Scaps, 2002), we considered a population density of 3700 ind.m-2 and estimated 278 

the bioremediation capacity of a ragworm farm per m2 for a year-round production, 279 

considering the life expectancy of the ragworms and the control of H. diversicolor 280 

reproduction (Wang et al., 2020). 281 

3. Results and discussion  282 

The results from our simulations obtained for H. diversicolor using DEB theory 283 

provided a good fit with new empirical data on growth, oxygen consumption and 284 

excretion in aquaculture conditions. This new empirical data set was not used for the 285 

optimization of the parameters available online (Lefebvre, 2019), and therefore we 286 

applied it in order to independently validate the parameter set. 287 
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3.1 Growth rates and food quality. The effect of the two food types, Fish faeces and 288 

Fish feed, on the growth rates of Hediste diversicolor are presented in Table 2. After 98 289 

days of the experiment, polychaetes fed with Fish faeces had a slightly (NS) higher final 290 

weight (0.41 ± 0.17 g) and length (L3 = 0.30 ± 0.05 cm) than those fed with Fish feed 291 

(WW= 0.36 ± 0.15 g and L3= 0.28 ± 0.06 cm). Significant difference between treatment 292 

was only observed on day 177 (two-way Anova test, see Table 2). Individual growth 293 

rates (from day 113 to 177) were 0.03 mm L3.d-1 and 5 mg WW.d-1 (3.8% SGR) for 294 

faeces, and 0.02 mm L3.d-1 and 4.2 mg WW.d-1 (3.5% SGR) for feed. We used the DEB 295 

model as an explanatory tool to estimate scaled functional response (f) levels in our 296 

growth experiment. f were estimated at 0.6 and 0.5, for Fish faeces and Fish feed 297 

respectively, resulting in slightly higher growth rates for H. diversicolor feed with Fish 298 

faeces. The DEB simulation fit well with observed length data in the growth experiment 299 

(Figure 2), with an MRE of 0.11. In results obtained in other studies, a high variation in 300 

growth rates has been observed in relation to food quality. For example, in similar 301 

conditions of temperature and salinity (25 psu, 18°C) and for comparable initial weights 302 

(50 mg WW), lower growth rates (2.1 mg WW.d-1, 1.8% SGR) were measured for H. 303 

diversicolor fed with macroalgae (Olivier et al., 1996). Meziane and Retiere (2002) 304 

obtained even lower growth rates (0.5 to 2.8 mg WW.d-1, 0.3% to 1.9% SGR) for 305 

ragworms fed with halophyte detritus in similar environmental conditions (15 psu, 306 

21°C). However, Fidalgo e Costa et al. (2000) measured growth rates of 14 mg WW. d-1 307 

(5.5% SGR) feeding H. diversicolor with a post-larval shrimp diet (15 psu and 20°C). 308 

High growth rates (6% to 12% d-1 SGR) were also recorded in Nesto et al. (2012), who 309 

tested three different sources of food, including Larviva-Biomar® and a seaweed 310 

(Sargassum muticum, a low-protein food) in H. diversicolor cultures. In fact, this last 311 

study was used in the parameter estimation procedure for H. diversicolor (Lefebvre, 312 
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2019, Add-my-Pet), considering a maximal functional response for the best food source 313 

(f =1). Wang et al. (2019) observed that H. diversicolor reared on fish feed (0.025 d-1 314 

SGR) grew significantly faster than worms grown on the other diets, including smolt 315 

waste (0.012 d-1 SGR). The difference between their growth rates and the rates 316 

measured in our study may originate from varying food quality and other different 317 

experimental conditions, i.e. presence/absence of sediment. Indeed, in our experiment, 318 

food was provided ad libitum, suggesting that f=1. The fitted f values of 0.5 and 0.6 319 

obtained in our study probably result from a lower digestibility of fish waste compared 320 

to other food sources (see Lefebvre et al., 2000). Further experiments could be 321 

performed to investigate these hypotheses. Nevertheless, our results showed that despite 322 

differences in food quality, growth rates were in the range of other studies. More 323 

importantly, although fish waste does not lead to the best SGR compared to other 324 

studies, our results indicate that it is a suitable food type for the development, growth 325 

and reproduction of H. diversicolor in the context of IMTA.  326 

 327 

3.2 Suicide reproduction and GSI. It is important to anticipate reproduction, 328 

especially when it is associated to death, as is the case for semelparous species. In 329 

ragworm aquaculture, harvesting would have to be performed just before reproduction 330 

when worms have reached minimum market size (0.5 g WW, Nesto et al., 2012). In our 331 

study, observations of the first mortalities attributed to suicide reproduction were made 332 

on day 144 (mean survival of 94%). On day 211, mortality reached 43% for individuals 333 

fed fish faeces and 52% for individuals fed fish feed. Using DEB simulation, we were 334 

able to attribute a GSI to these individuals (Figure 3). We used a GSI of 3% as a 335 

threshold for harvesting the individuals during the bioremediation simulations. Indeed, 336 

under a GSI of 3%, a survival rate above 90% was estimated (Figure 3). This threshold 337 
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was estimated from our growth experiment only. Further studies in which GSI is 338 

measured on live animals are therefore needed to confirm this threshold. Environmental 339 

factors may greatly influence reproduction, including temperature and photoperiod 340 

variations (Scaps, 2002; Nesto et al., 2018). In a natural environment, Olive and 341 

Garwood (1981) observed the first appearance of developed oocytes in H. diversicolor 342 

coelom after 18 months. In our study, polychaetes started to reproduce after 5 months, 343 

which may indicate that aquaculture conditions with a stable temperature and stable 344 

feed input were more favourable to ragworms than natural conditions. Maturation 345 

around 4 months under control environment has been observed previously (Nesto et al., 346 

2012). The DEB framework allows simulations to be performed in an environment in 347 

which food and temperature vary over time, and therefore estimations of in situ age at 348 

death (i.e. reproduction) could be performed in the wild as long as temperatures and 349 

food conditions are available.  350 

 351 

3.3 Oxygen consumption and ammonia excretion rates. The results showed that 352 

oxygen consumption (metabolic rate) and ammonia excretion rates increased with body 353 

size (WW and L3) and temperature (Figures 4 and 5). The DEB outputs for oxygen 354 

consumption and ammonia excretion at different temperatures correctly fit observed 355 

data despite the wide variability in oxygen consumption, ranging from 0.09 to 2.35 356 

μmol.h−1 (Figure 4) (Galasso et al., 2018), and ammonia excretion, ranging from 4.10-6 357 

to 0.58 µmol.h-1 (Figure 5). The fit between the oxygen consumption data and the 358 

predictions was better than for the ammonia excretion data, with respective MREs of 359 

0.51 and 0.80. It appeared that the ammonia results were underestimated by the model. 360 

The ammonia results were more scattered than the oxygen consumption rate results. The 361 

incubation times was short to keep a good oxygen saturation and concentrations were 362 
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close to the detection limit. A longer incubation period and no previous starvation may 363 

have provided less variable data. In marine species, an increase in ammonia excretion 364 

with increased temperature is well known, including for invertebrates (Chen and Lai, 365 

1993). In contrast to fish, very little is known regarding the ammonia excretion 366 

mechanism and the participating excretory organs in marine invertebrates, especially in 367 

polychaetes (Thiel et al., 2017). Thus, our study provides valuable data on this topic, 368 

which will need further quantitative data in order to properly characterize nutrient fluxes 369 

in IMTAs.  370 

 371 

3.4 Bioremediation potential. We found that growth rates increased with increasing 372 

temperatures (Figure 6) and scaled functional response (f, Figure 7). For the 373 

bioremediation estimation, simulations were stopped when GSI reached 3% or 0.5 g 374 

WW, considered as the minimum market size. The results from selected scenarios are 375 

shown in Table 3. At 20°C, an increased assimilation rate (higher f) reduced the time to 376 

reach the GSI threshold (99 days with f=0.5 vs 79 days with f=1). At this stage, 377 

ragworms weighed only 0.2 g at f=0.5 compared to 0.6 g when f=1. At the maximum 378 

assimilation rate (f=1), increased temperature (5°C vs 25°C) decreased the time to reach 379 

a GSI of 3% (163 days at 5°C vs 64 days at 25°C), but had no effect on the final wet 380 

weight (0.6 g). Similar observations were made when simulations were stopped at a wet 381 

weight of 0.5 g. It should be noted that at 20°C with f=0.5, the minimum market size of 382 

0.5 g was reached in 128 days, but with a GSI of 3.9%. In a bioremediation perspective, 383 

the potential of H. diversicolor was estimated based on cumulated assimilation rates 384 

(ṗA). Assuming an energy content of 10.4 kJ.g-1 DW of seabass faeces, and based on the 385 

high density of H. diversicolor (3700 ind. m-2) reported in nature (Scaps, 2002), we 386 

estimated a bioremediation capacity ranging from 0.23 to 0.87 g faeces DW ind-1 year-1, 387 
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eq of 755 to 2887 g faeces DW m-2 year-1 (Table 3). This could represent 75-289 kg for 388 

a 100 m2 ragworm farm, equivalent to a 2-9 % reduction in the waste produced by a 389 

20T seabass farm (160 kg of DW faeces per ton of seabass production, based on 390 

assimilation coefficients in Brigolin et al., 2014). This study therefore confirms the 391 

potential of H. diversicolor in IMTA systems, in particular associated with fish farms, 392 

as has been shown in previous studies (Batista et al., 2003; Bischoff et al., 2009; Cubillo 393 

et al., 2016 and Marques et al., 2017). Comparisons of bioremediation capacity to other 394 

studies are, however, difficult as most of previous studies are site specific or based on 395 

specific scenario. The quantity of faeces produced by a marine fish farms depends on 396 

numerous factors (species, conversion ratio, temperature, farm management, etc) and 397 

can vary from 160 kg of DW faeces per ton of seabass production (Brigolin et al., 2014) 398 

to 224 Kg of DW faeces per ton of salmon production (see review by van Rijn, 2013). 399 

Wang et al. (2019) estimated that 1 Kg of fish released 250 g of faeces and 30 g of 400 

uneaten feed and could produce 800 g of H. diversicolor. Considering the feed 401 

conversion ratio (g dry faeces used/g polychaete biomass produced) of 3.55 given by 402 

the authors, we could estimate a bioremediation capacity of 23 g of fish faeces, eq 9.2 % 403 

of faeces reduction (ragworm density was not provided in this study). Chary et al. 404 

(2020) compared studies using mathematical models to examine uptake of solid organic 405 

matter or nutrients in IMTA systems by other detritivores. Conclusions were quite 406 

contrasted (Chary et al., 2020). Cubillo et al. (2016) and Ren et al. (2012) predicted that 407 

bottom culture of sea cucumbers could remove more than 70% of the benthic particulate 408 

organic carbon (C) from Atlantic salmon (Salmo salar) farm units. These two studies 409 

did not consider rearing constraints (limit of density) for the extractive species. 410 

Including such considerations in models can help predict more realistic production 411 

design and bioremediation potentials from extractive species. When considering current 412 
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density rearing practices, Watanabe et al. (2015) calculated that 4.3% of total particulate 413 

nitrogen from milkfish (Chanos chanos) culture could be removed by seacumber 414 

detritivore species. In the present study, the bioremediation potential was expressed per 415 

individual and per m-2, and for a large range of temperature, to allow future 416 

comparisons. The DEB model allows simulations to be performed that may be useful to 417 

predict life history traits in different environmental conditions, as well as to anticipate 418 

harvest before reproduction.  419 

Conclusion. Our results suggest that fish waste could constitute the exclusive source of 420 

food for the polychaete Hediste diversicolor. We were able to obtain these results using 421 

a DEB model that accurately predicted the species’ metabolic processes. Further studies 422 

could build on these results by including certain environmental factors, such as water 423 

salinity, photoperiod, as well as other water temperature variations that may trigger 424 

reproduction. These findings suggest that DEB modelling is a promising tool for IMTA 425 

development. The method could help fish producers manage the use of H. diversicolor 426 

to complement their primary production and could also assist environmental policy by 427 

utilizing the bioremediation potential of H. diversicolor when associated to fish 428 

production. 429 
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Figure 1. DEB representation of allocation rule (κ rule) and energy fluxes in an 654 
organism. Ingested energy is either assimilated or lost by defecation. Then part of the 655 
energy mobilized from the reserve (κ) is allocated for somatic maintenance and growth, 656 
and the remaining energy is spent for maturity and its associated maintenance. Once 657 
sexual maturity is reached, the energy available for maturity is used for the production 658 
of gametes (modified from Kooijman, 2010). 659 
 660 

 661 
 662 
 663 
  664 
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Figure 2. Hediste diversicolor. Comparison of DEB simulation (line) and growth data 665 
(a) L3 length (cm) and (b) wet weight (WW) (g) for polychaetes fed with Fish faeces 666 
and Fish feed. After optimization, f=0.5 for Fish feed and f=0.6 for Fish faeces. Before 667 
the experiment (dashed line), f was estimated to be 0.4. Individual WW was measured 668 
on days 177 and 211, and individual L3 length on days 113, 144, 177 and 211. The 669 
values obtained during the last biometry (211 days post-fertilization) were not included 670 
in the optimization due to high suicide reproduction. MRE = 0.11 for L3 length values. 671 

a) 672 

 673 
b) 674 
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Figure 3. Survival over time and by GSI in polychaetes fed with fish faeces. (a) Survival 677 
over time. The curve was fitted using a sigmoid (red line, R2 = 0.87). (b) Survival by 678 
estimated GSI from the DEB model on ages ranging from 0 to 500 days post-679 
fertilization. A polynomial function of degree 5 was fitted (red line, R2 = 1). 680 
 681 
a) 682 

 683 
b) 684 

 685 
 686 
 687 
  688 
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Figure 4. Hediste diversicolor. Comparison of DEB simulation (line) and oxygen 689 
consumption rates at four temperatures (11°C, 17°C, 22°C and 27°C) expressed over (a) 690 
L3 length (cm) and (b) wet weight (WW) (g) for polychaetes fed with fish faeces (f 691 
=0.6). MRE = 0.51 for L3 length and WW values. 692 

a) 693 

 694 
b) 695 

 696 
  697 
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Figure 5. Hediste diversicolor. Comparison of DEB simulation (line) and ammonia 698 
excretion rates at four temperatures (11°C, 17°C, 22°C and 27°C) expressed over (a) L3 699 
length (cm) and (b) wet weight (WW) (g) for polychaetes fed with fish faeces (f =0.6). 700 
MRE = 0.8 for L3 length and WW values. 701 

a) 702 

 703 
b) 704 

 705 
  706 
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Figure 6. DEB simulations of H. diversicolor individual growth in L3 length (cm) and 707 
wet weight (WW) (g) with temperatures ranging from 5°C to 25°C. Simulations were 708 
performed until the maximum observed size (1.57 g, Add my Pet database, Lefebvre, 709 
2019) (based on the literature) was reached. The functional scaled response was 710 
maintained constant at f=1. 711 

a) 712 

 713 
b)714 

 715 
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Figure 7. DEB simulations of H. diversicolor individual growth in a) L3 length (cm) 716 
and b) wet weight (WW) (g) over time (days) according to different food abundance 717 
(scaled functional response, f) scenarios. Simulations were performed until the GSI for 718 
first reproduction was reached (3%). The temperature was maintained constant at 20°C. 719 
f at 0.5 means that individuals were fed at 50% of ad libitum. 720 

a) 721 

 722 
b) 723 

 724 
 725 

726 
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 Table 1. DEB abj-model parameters estimated for the polychaete Hediste diversicolor 727 

(Lefebvre, 2019, Add-my-Pet database). 728 

 729 
Parameters Value Unit Description 

#� 0.53073 Cm Maximum volumetric length 

������ 14.3197 J cm-2 d-1 Maximum surface-specific assimilation rate 

$�  0.01123 cm d-1 Energy conductance (velocity) 

g 2.761754 - Energy investment ratio 

%�
& 0.002 d-1 Maturity maintenance rate coefficient 

%�
' 0.007663691 d-1 Somatic maintenance rate 

( 0.96018 - Allocation fraction to soma 

() 0.95 - Reproduction efficiency 

*��'+ 25.91 J cm-3 d-1 Volume specific somatic maintenance rate 

*,!+ 3380.46 J cm-3 Volume specific costs of structure 

,-
.  0.0003164 J Energy maturity at birth 

,-
/
 0.7665 J Energy maturity at metamorphosis 

,-
0

 7.883 J Energy maturity at puberty 

12 4877.15 K Arrhenius temperature 

134� 293.15 K Reference temperature 

5 0.440695 - Contribution of reserve to body weight or physical volume 

δM 2.3579 - Shape coefficient for L3 length 

6�� 0.329 µmol-O2 J-1 d-1 Energy-oxygen coupling coefficient for the assimilation flux 

6�  1.977 µmol-O2 J-1 d-1 Energy-oxygen coupling coefficient for the dissipation flux 

6�!  0.285 µmol-O2 J-1 d-1 Energy-oxygen coupling coefficient for the growth flux 

6�� 0.045 µmol-NH3 J-1 d-1 Energy-ammonia coupling coefficient for the assimilation flux  

6�  0.273 µmol-NH3 J-1 d-1 Energy-ammonia coupling coefficient for the dissipation flux 

6�!  0.039 µmol-NH3 J-1 d-1 Energy-ammonia coupling coefficient for the growth flux 

    

 730 
 731 
  732 
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Table 2. Growth performance of Hediste diversicolor fed with fish faeces and 733 
commercial fish feed over time (age in days), and associated means of L3 length (cm), 734 
wet weight (WW g) and survival: n = number of observations and SD = standard 735 
deviation. Statistical analysis was performed with food type as fixed factor and tank as 736 
random factor (* when p< 0.05). 737 
 738 

Age (days) Food type n L3 ± SD (cm) WW ± SD (g) Survival (%) 

113 
Fish faeces 54 0.11 ± 0.02   

Fish feed 54 0.12 ± 0.02   

144 
Fish faeces 50 0.21 ± 0.05  93 

Fish feed 52 0.18 ± 0.05  96 

177 
Fish faeces 45 0.30 ± 0.05* 0.35 ± 0.16 83 

Fish feed 42 0.27 ± 0.05* 0.30 ± 0.18 78 

211 
Fish faeces 31 0.30 ± 0.05 0.41 ± 0.17 57 

Fish feed 26 0.28 ± 0.06 0.36 ± 0.15 48 

 739 
 740 
  741 
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Table 3. Effects of temperature and scaled functional response (f=0.5, f=0.6 and f=1 at 742 
20°C; 5°C and 25°C with f=1) on H. diversicolor L3 length (cm), wet weight (WW g) 743 
and total assimilated energy (Assim in J) and faeces assimilation (g DW). Total 744 
assimilated energy was estimated over ragworm production cycle (see Wang et al. 2020 745 
for production cycle description). A production cycle was stopped when GSI reached 746 
3%, or when WW reached 0.5 g WW (minimum polychaete market weight). The 747 
bioremediation capacity of one individual was estimated by transforming the 748 
assimilated energy in fish faeces by assuming (based on the literature) that 1 g of fish 749 
faeces represents 10.4 kJ. A population density of 3700 ind.m-2 (Scaps, 2002) was 750 
chosen to estimate the bioremediation capacity of a ragworm farm per m2 and year. 751 
 752 
 753 

 
T f age L3 WW GSI Surv Assim (per ind.) Bioremediation 

 (°C) 
 

days cm g % 
% J 

cycle-1  
J yr-1 g (DW) yr-1 

g (DW) 
m-2 yr-1 

kg (DW) 
100m-2 yr-1  

up to 3% GSI   
 20 0.5 99 0.24 0.2 3.0 90 641 2370 0.23 755 75 

 20 1 79 0.31 0.6 3.0 90 1603 7443 0.72 2370 237 

 5 1 163 0.31 0.6 3.0 90 1596 3572 0.34 1137 114 

 25 1 64 0.31 0.6 3.0 90 1600 9067 0.87 2887 289 

up to 0.5 g WW 
 

        

 20 0.5 128 0.32 0.5 3.9 67 1536 4390 0.42 1039 104 

 20 1 75 0.30 0.5 2.9 90 1363 6598 0.63 2122 212 

 5 1 155 0.30 0.5 2.9 90 1355 3187 0.31 1025 103 

 25 1 62 0.30 0.5 2.9 90 1362 8020 0.77 2579 258 

 754 




