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Abstract 18 

In Québec, Canada, brook charr (Salvelinus fontinalis) is the most sought-after species for 19 

recreational fisheries, which makes it economically important. To improve population 20 

monitoring and better anticipate climate change impacts on brook charr, bioenergetics 21 

models can be useful. The objective of this research was to evaluate the performance of a 22 

resident brook charr Wisconsin Energy Budget (WEB) model applied to an anadromous 23 

strain under two salinity treatments. Growth and food consumption were predicted by the 24 

model and compared to the observed values obtained after a 60-day experiment in the 25 

laboratory on fish reared in fresh or brackish water. Predictions for fish reared in fresh water 26 

better estimated growth rate and consumption than for fish reared in brackish water, for which 27 

growth was overestimated and consumption was underestimated. Overall, these results 28 

suggest that there is a difference for the WEB model’s predictions depending on the salinity 29 

and that observed food consumption is predicted more accurately than growth. 30 

Keywords: Brook charr, Bioenergetics model, Metabolism, Salinity, Growth, Consumption, 31 

Temperature, Anadromy 32 
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Introduction 33 

Brook charr is the most sought-after species for recreational fisheries in Québec, Canada, 34 

representing approximately 30 % of the total fishing effort (Gagné 2023). Populations inhabiting 35 

coastal rivers of eastern Canada have two ecotypes: anadromous and freshwater resident (Power 36 

1980; Hendry et al. 2004). Anadromous populations have been declining since the early 2000s due 37 

to anthropogenic pressures such as overfishing, habitat degradation, the introduction of non-native 38 

competing species, as well as climate change (Ministère des Forêts, de la Faune et des Parcs 2020). 39 

Moreover, no provincial licence is needed to fish in the St. Lawrence estuary where the anadromous 40 

strain is found making them more vulnerable to recreational fisheries (Gagné 2023). The need to 41 

ensure proper management of coastal populations is particularly important as brook charr, whose 42 

metabolism is generally optimal between 10 and 19 °C for growth and gonad development 43 

(Hokanson et al. 1973, Jourdain-Bonneau et al. 2023), may be negatively affected the rise in 44 

freshwater temperature. Indeed, temperatures close to 20-24 °C have been observed in some rivers 45 

in Québec (Daigle et al. 2019). Ectotherm organisms, such as fish, see their metabolic rate fluctuate 46 

according to ambient temperature (Brett 1972). Under sub-optimal conditions, mortality rates 47 

increase while reproduction efforts decrease compromising species resilience (McCormick et al. 48 

1972). It is therefore important to take an interest in brook charr coastal populations to ensure their 49 

conservation and stock management.  50 

With the aim of improving brook charr population monitoring, the use of bioenergetics 51 

models may improve our understanding of environmental effects on growth, reproduction, and 52 

food consumption of a species (Kitchell et al. 1977; Ney 1993; Rudstam et al. 1994; Railsback and 53 

Rose 1999)). They have also been used to evaluate stocking strategies by identifying more effective 54 

stocking locations and limiting environmental factors (Stewart et al. 1981; Al-Chokhachy et al. 55 
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2009) while they have also been used to evaluate the impacts of increasing temperatures on fish 56 

energetics (Lyons 1997; Bevelhimer and Bennett 2000; Bevelhimer 2002). Using the principles of 57 

mass conservation, energy acquired through food consumption is distributed into four 58 

physiological components at the individual level: metabolism (standard metabolism, activity and 59 

energy required for digestion), production of metabolic waste (equivalent to the total of energy 60 

egested as feces and excreted as urea and ammonia), growth, and reproductive effort (Ney 1993; 61 

Deslauriers et al. 2017). The Wisconsin Energy Budget (WEB) model estimates consumption as a 62 

proportion of the maximum ration available for the fish (Ney 1993) wherein growth is controlled 63 

by consumption and respiration that are both influenced by fish size and environmental temperature 64 

(Kitchell et al. 1977).  65 

The WEB model explored in this study was developed by Hartman and Sweka (2003) and 66 

refined by Hartman and Cox (2008) on a juvenile and adult freshwater brook charr resident strain. 67 

The goal of this model was to improve fish community management in eastern streams where brook 68 

charr are native, and in western streams, where they are considered a threat to other native 69 

salmonids of the United States (Hartman and Sweka 2003; Hartman and Cox 2008). This specific 70 

bioenergetics model was first developed to assess fish thermal limits to determine streams where 71 

brook charr could become vulnerable due to climate change (Hartman and Sweka 2003). According 72 

to Ney (1993), the maximum error rates, calculated by dividing the difference between model 73 

predictions and observed data by the observed data, should be between 30-50 % for a model to be 74 

validated and used for management applications. The brook charr bioenergetics model was within 75 

20% of observed consumption rates in a laboratory experiment and was thus considered valid for 76 

field applications (Hartman and Sweka 2003). Hartman and Cox (2008) further refined the 77 

parameters for metabolism and activity rate because they assumed that gastric evacuation rates for 78 
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brook charr were the same as for other charr species whilst it has been shown to be lower in brook 79 

charr (Sweka et al. 2004) and that the activity rate multiplier was for routinely active fish. The 80 

refinement of the model provided predictions within 2.3 % of the observed growth, final mass and 81 

consumption which makes this WEB model one of the best-validated one (Hartman and Cox 2008). 82 

Since then, this bioenergetics model has been used for different purposes, including predictions of 83 

the effects of climate change on seasonal growth and fish energy demands (Christianson and 84 

Johnson 2020) or the evaluation of time and temperature regime on respiration and ammonia 85 

excretion (Hansen and Rahel 2015). However, the performance of this WEB model has never been 86 

tested on an anadromous strain, which could introduce bias as their metabolism has been shown to 87 

differ from the resident ecotype (Morinville et Rasmussen 2003). 88 

The objective of this research project was to evaluate the performance of the freshwater brook 89 

charr WEB model applied to an anadromous strain. Growth and food consumption were predicted 90 

by the model and compared to the observed values obtained after a 60-day experiment in the 91 

laboratory under two salinity conditions: fresh and brackish water. We hypothesized that WEB 92 

predictions would provide better estimates for fish reared in fresh water rather than in brackish 93 

water because transfer into brackish water has been shown to generate a systemic response (ex. 94 

stress, osmoregulatory response, endocrine response, and/or modifications of appetite regulation 95 

(new habitat, new prey) (Rao 1968; McCormick 1985; McCormick 1994)), for which overall costs 96 

are difficult to estimate and are not taken into account in a model developed for freshwater fish. 97 

Materials and methods 98 

Fish husbandry 99 

In accordance with the Canadian Council on Animal Care guidelines, all experimental 100 

protocols were approved by the UQAR Animal Care Committee (Certificate # CPA-88-22-241). 101 
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Anadromous brook charr used for the experiment were held at the ISMER-UQAR (Institut 102 

des sciences de la mer – Université du Québec à Rimouski) aquaculture station in Pointe-au-Père 103 

(Québec, Canada). Broodstock used to produce these fish originated from the Laval River, a 104 

tributary of the St. Lawrence Estuary (Bastien et al. 2011). The stock has been divided into two 105 

lines over six generations; the control line, whose individuals are randomly chosen as broodstock 106 

after each new generation is produced, and the selected line, whose broodstock are chosen based 107 

on two traits: 1. the absence of early gonad development, and 2. larger individuals within fish not 108 

showing early gonad development. Selection takes place in the fall at age 1+. Spawning takes place 109 

at the aquaculture station when females are ready to release their eggs, generally between 110 

November and December. For each generation, both lines are composed of at least 20 families. 111 

Each family is created using unique male-female combinations within each line avoiding full-sib 112 

crosses. Eggs hatch between January and February depending on spawning date and water 113 

temperature. At a temperature of 8 C, it takes approximately four weeks for the fingerlings to 114 

absorb their yolk sac. For fingerlings and adults, maximal biomasses within rearing tanks are kept 115 

below 30 kg m-3. Brook charr remain in freshwater throughout the year until they reach age 2+.  116 

Experimental design 117 

During the summer of 2022, a 60-day growth experiment was conducted in twelve 500-liter 118 

flow-through tanks. For the experiment, treatments were randomly distributed. There were three 119 

replicate tanks for each line per water treatment. Three families from each line and ~five fish per 120 

family were used to ensure that the observed effects were not due to parental effects, but to the 121 

treatment and/or the genetic line. Fish were randomly chosen from ~200 individuals available for 122 

each family. 174 brook charr were used: 88 from the control line and 86 from the selected line, but 123 

172 were used for the analyses: 86 from the control line and 86 from the selected line. One control 124 



7 

fish was misplaced in the wrong tank at the beginning of the experiment and was withdrawn from 125 

all analyses. One fish (control line) died on day 59 of the experiment. Half of the fish were reared 126 

in fresh water (0 ppt; 6 tanks) and the other half reared in brackish water (14 ppt; 6 tanks). Each 127 

tank contained a maximum of 15 fish with both lines (control and selected) kept separately (in 128 

average 3.84 ± 0.46 Kg m-3). Brook charr were of age 2+ at the time of the experiment, which 129 

infers that they had developed physiological aptitudes necessary for life in salt water and would be 130 

sexually mature to reproduce in the fall (Boula et al. 2002). One day before the beginning of the 131 

experiment, fish were anesthetized (Ethyl 3-aminobenzoate methanesulfonate [MS-222] 0.16 g/L, 132 

Sigma-Aldrich co., Missouri, USA) for the measurement of fork length (mm), mass (g), and 133 

implantation of Passive Integrated Transponder (PIT tags, AVID, California, USA) into the epaxial 134 

muscle near the dorsal fin for individual identification. Brook charr were not fed 24 hours prior to 135 

anesthesia. 136 

Fresh water was supplied by dechlorinated tap water from the City of Rimouski whilst 137 

brackish water was obtained by mixing City of Rimouski fresh water and salt water obtained from 138 

an underwater pumping system with the water source located 1 km offshore in the St. Lawrence 139 

Estuary. Temperature was measured once daily because it is stable over the course of 24 hours. 140 

Salt water is kept in large holding tanks (3 days autonomy; 1 million L) which stabilizes water 141 

temperature over short periods of time (days). Once the fish were evenly distributed in the tanks, 142 

salinity was increased by 2 ppt per day until 14 ppt was reached following a standardized protocol 143 

from the aquaculture station because it has been shown that transferring brook charr directly in 144 

brackish water generally increase significantly cortisol levels when temperature differs between 145 

the two environments (Claireaux and Audet 2000).  146 
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Photoperiod was maintained to reflect natural conditions at the Pointe-au-Père latitude 147 

(48°30’59.99” N). Temperature, salinity, and dissolved oxygen were measured in each tank once 148 

daily (Table 1) using a YSI probe (Professional Plus (Pro Plus) Multiparameter instrument, YSI 149 

Inc., Ohio, USA).  150 

A failure in the saltwater supply system occurred on day 24 of the experiment. The saltwater 151 

reserves of the aquaculture station were therefore used until day 32 after which a temporary supply 152 

system was installed for the remainder of the experiment. Water flow rates were reduced on day 153 

27 for each tank, from 10 L min-1 to 5 L min-1, to save water and allow for the temporary system 154 

to operate correctly. To ensure homogeneity between the treatments, water flow in freshwater tanks 155 

was also reduced to the same rate. The change in water flow rates did not impact temperature, 156 

salinity, or dissolved oxygen. However, the use of a temporary system increased the temperature 157 

variability for the brackish water treatment as water was pumped closer to the St. Lawrence River 158 

coastline. Nonetheless, it was assumed that no impact on WEB model predictions would occur 159 

given that the model takes daily temperature into account. As a result of this event, fish reared in 160 

brackish water did not eat for a whole day (day 33) during the installation of the temporary system 161 

because of high turbidity. This observation was considered in the growth rate simulations as daily 162 

food consumption values were provided to the model.  163 

The feed used was the same for each tank (3 mm Floating fish (salmonid) feed, Corey 164 

Aquafeeds, New Brunswick, Canada). The food ration represented 1.5 % of the tank initial biomass 165 

per day. The feed was given in two 20 min intervals to allow all fish to eat. The uneaten wet feed 166 

was weighted, converted into dry mass feed, and subtracted from the initial ration. To convert into 167 

dry mass feed, 20 g of feed was placed into fresh and brackish water tanks for 20 min. The 168 

recovered pellets were weighted to calculate the amount of water absorbed and used for the 169 
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conversion into dry mass feed. This was made in triplicate both for fresh and brackish water. The 170 

number of days before the ration was completely eaten was noted. Prior to the experiment, fish 171 

were fed the same food at the same 1.5% ration every day in 500-L tanks at a density of 200 172 

fish/tank. At the end of the experiment, the individuals were anesthetized with MS-222 (0.2 g L-1) 173 

before being measured (mm) and weighted (g) again, and ultimately sacrificed. Epaxial muscles 174 

were sampled on the left side over the lateral line to measure relative energy content. If the fish 175 

was too small, the right side was also sampled. Gonads and liver were also weighted to calculate 176 

somatic indices. 177 

Growth rate and Fulton’s condition factor 178 

Growth rate was calculated using fish initial and final mass during the 60-day experiment 179 

following the equation:  180 

(1) Growth rate = (Final mass (g) - Initial mass (g)) / 60 days 181 

Fulton’s condition factor (K) and its delta (ΔK) were calculated for each fish following the 182 

equations: 183 

(2) K = Body mass (g) / Fork length (cm)3 * 100 184 

(3) ΔK = Final K – Initial K 185 

Gonadosomatic and hepatosomatic index 186 

Gonadosomatic index (GSI) and hepatosomatic index (HSI) were calculated following the 187 

equations: 188 

(4) GSI = Gonad mass (g) / Total body mass (g) * 100 189 

(5) HSI = Liver mass (g) / Total body mass (g) * 100  190 
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Energy density 191 

Bomb calorimetry (Parr 6100 Compensated Calorimeter, Parr Instruments, Illinois, USA) 192 

was used to quantify energy density (ED, J g-1 of wet mass) for the muscle of a subset of fish 193 

(n = 72; two per family per tank for a total of six fish per tank). Muscle samples were desiccated 194 

in a drying oven for 72 hours at 60°C until the dry mass was constant. The dried samples were 195 

powdered down using a mortar and pestle and then made into ~1 g pellets. The pellets were 196 

combusted at 370 psi oxygen (1 psi = 6.894 747 × 103 Pa). The nitric acid resulting from 197 

combustion was neutralised by 0.1 M NaOH. Three benzoic acid controls were made at the 198 

beginning of each day to reduce experimental error. A linear regression model between dry-to-wet 199 

mass ratio and muscle energy density estimated through bomb calorimetry was created with this 200 

subset of fish to estimate the final energy density of all other fish (n = 72). Thirty-six fish were 201 

sacrificed on day 1 of the experiment to estimate initial energy density values for each family used. 202 

The family average was calculated and used as the initial value for each fish within a given family.  203 

Energy density was also estimated by bomb calorimetry for the feed found in the two bags 204 

(25 kg of feed per bag) used during the experiment. Three replicates of 10 g per bag of feed given 205 

to the fish were used to quantify energy density. The mean energy density of the feed was calculated 206 

to obtain only one value per bag and the two values were used in the model as input. 207 

Bioenergetics modeling 208 

The WEB model simulations were performed using Fish Bioenergetics 4 (FB4) v1.1.1 209 

platform in R (Deslauriers et al. 2017). The parameters for consumption, growth and metabolism 210 

used in the WEB model were developed with Appalachian brook charr from the Bowden State Fish 211 

Hatchery, Bowden, West Virginia (Hartman and Sweka 2003; Hartman and Cox 2008). Egestion, 212 

excretion and specific dynamic action were borrowed from a Brown Trout (Salmo trutta) model 213 



11 

(Elliott 1976). The activity rate multiplier (ACT), set as 2.89 by Hartman and Cox (2008) in their 214 

refinement of the WEB model, was also used. Additional input data were provided in a design file 215 

to FB4 (see instructions here: fishbioenergetics.org) and included initial fish mass, initial and final 216 

fish energy density, mean feed energy density, daily tank temperature and daily food consumption 217 

(in g) over the 60 days. The oxycalorific coefficient, which converts oxygen consumption data to 218 

energy units, was 13 560 J g -1 O2 (Elliott and Davison 1975; Hartman and Sweka 2003). Two 219 

approaches were used to obtain WEB predictions: estimating growth providing food consumption 220 

and estimating total consumption providing the final mass of the fish. Given that food consumption 221 

was measured per tank and not per individual, growth predictions were made using mean observed 222 

initial mass for the 15 fish in the tank, mean energy density at the beginning and end of the 223 

experiment and daily food consumption. The FB4 code was modified to allow for the use of actual 224 

daily food rations as the consumption input. Total consumption predictions were made for each 225 

individual fish using initial and final fish mass as input. Individual consumption values were then 226 

summed together by tank to compare with the observed tank food consumption. Error rates of final 227 

mass and the consumption predictions made by the model were calculated as follows: 228 

(6) Error rates = | Observed value – Predicted value | / Observed value 229 

Statistical analysis 230 

An independent t-test was carried out on the diet energy density to determine whether it was 231 

significantly different between the two bags of feed used for the experiment. The effects of number 232 

of days until the ration was completely eaten, the overall food consumption, the initial fish mass 233 

and the final fish mass were also tested between the treatments using multiple independent t-tests. 234 
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For ΔK, growth rate, GSI and HSI, normality of residuals was tested using a Shapiro-Wilk 235 

test and homogeneity of variances was tested using a Levene test. Salinity and genetic line effects 236 

on growth rate and ΔK were tested using a two-way analysis of variance (ANOVA). A square root 237 

transformation was made on the growth rate to achieve normality of residuals. For ΔK, normality 238 

was not achieved following data transformation so a Kruskal-Wallis test was used with lines and 239 

treatments combined as one factor. For the growth rate, in presence of significant effects, Tukey 240 

HSD comparison of mean was performed. 241 

Male and female fish were tested separately for GSI and HSI. Female GSI and HSI were 242 

tested using a two-way ANOVA. A Games & Howell test was performed in presence of a 243 

significant effect because variances were heterogeneous for the GSI while a Tukey HSD was used 244 

for the HSI. For male GSI and HSI, a treatment effect was tested using a Kruskal-Wallis test. 245 

Selected and control fish were tested separately as residuals were not normal and variances were 246 

heterogeneous. A posteriori LSD rank test was performed in the presence of significant differences.  247 

An ANOVA was used to test if the family had an effect on the initial fish muscle energy 248 

density. In the absence of a family effect, the line average could be used as the initial energy density 249 

value provided to the model. The WEB model interpolates a constant change in energy density 250 

over the 60-day experimental period.  251 

To determine the WEB model performance, final mass and food consumption predictions 252 

made at the tank level were plotted against final mass and consumption observations to test if the 253 

intercept and slope deviated significantly from 0 and 1, respectively.  254 

All statistical analyses were performed with R version 4.2.3 (2023-03-01) (R Core Team 255 

2023). 256 
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Results 257 

Food consumption 258 

The 1.5 % ration was completely eaten after 13.8 ± 4.4 (mean ± S.D.) days in fresh water 259 

(FW) and 17.3 ± 3.3 days in brackish water (BW) with no significant difference among treatments 260 

(Welch’s t test; df = 9.35; p = 0.15). The number of days before food ration was completely eaten 261 

also did not differ between lines: 15.2 ± 4.3 and 16.0 ± 4.3 days for the control and selected lines 262 

(Welch’s t test; df = 10.00; p = 0.74), respectively. The total food consumption over the 60-day 263 

experimental period was not significantly different between fresh and brackish water with values 264 

of 1576.6 ± 212.8 g per tank and 1546.7 ± 228.1 g per tank respectively (Welch’s t test; df = 10.00; 265 

p = 0.83) but was significantly different between lines (Welch’s t test; df = 8.64; p = 0.004) with 266 

1417.2 ± 168.4 g for the control line and 1706.1 ± 139.3 g for the selected line.  267 

Growth rate and Fulton’s condition factor  268 

No interaction was found between the treatment and genetic line for the absolute growth 269 

rate (F1 = 0.16; p = 0.69; Fig. 1). The salinity treatment had no influence on the absolute growth 270 

rate (F1 = 1.70; p = 0.19; Fig. 1). However, the absolute growth rate was significantly lower in the 271 

control line than in the selected line (F1 = 9.12; p = 0.003; Fig. 1). Once standardized by size, 272 

growth rates were significantly higher in the control line (FW 15.0 ± 3.6 g/g/d, BW 273 

15.0 ± 4.5 g/g/d) than in the selected line (FW 14.3 ± 3.4 g/g/d, BW 13.2 ± 3.3 g/g/d) (F1 = 4.35; 274 

p = 0.04). The salinity treatment had no influence (F1 = 1.38; p = 0.24). Initial fish mass was 275 

significantly lower in the control line than in the selected line (Welch’s t test; df = 167.25; 276 

p < 0.001; Table 2), with the mean mass being 119 ± 53 g and 149 ± 59 g, respectively. Final fish 277 

mass also differed between both lines (Welch’s t test; df = 164.03; p < 0.001; Table 2). The mean 278 

final fish mass for the control line (219 ± 83 g) was significantly lower than for the selected line 279 
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(268 ± 99 g). ΔK was not significantly different between the line-treatment combinations 280 

(Χ2
3 = 2.55; p = 0.47; Table 2).  281 

Gonadosomatic index 282 

Two initial fish were withdrawn from the GSI and HSI analyses because their sex was not 283 

determined with certainty. As fish selection to be used in the experiment was performed randomly, 284 

sampling of pre-experimental control males was low (n = 3) compared to post-experimental control 285 

males (brackish water n = 25, fresh water n = 26).  286 

For the females, a significant difference was found for the treatment (F2 = 10.73; p < 0.001; 287 

Table 3) but not for the line (F1 = 0.65; p = 0.42; Table 3). A treatment effect was observed for 288 

male GSI in the control (Χ2
2 = 8.87; p = 0.01; Table 3) and in the selected line (Χ2

2 = 7.13; 289 

p = 0.03; Table 3). For both lines, the initial treatment was significantly lower than the two 290 

experimental treatments. No significant difference was observed between fresh and brackish water. 291 

Hepatosomatic index 292 

No interaction was found between treatments and genetic line for female HSI (F2 = 0.92; 293 

p = 0.40; Table 3). Female brook charr from the selected line had significantly lower HSI than 294 

those from the control line (F1 = 16.85; p < 0.001; Table 3). Significantly lower initial HSI was 295 

found compared to fresh (p < 0.001; Table 3) and brackish water (p < 0.001; Table 3). For male 296 

HSI, a treatment effect was observed only in the selected line (Χ2
2 = 8.15; p = 0.02; Table 3) where 297 

initial males had significantly lower HSI than those reared in brackish water but not with fish reared 298 

in fresh water. Therefore, there was a significant difference between fresh and brackish water 299 

treatments for males. 300 

Energy density 301 
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There was no significant difference for muscle energy density between families at the 302 

beginning of the experiment (F6 = 1.27; p = 0.30). Therefore, mean muscle energy density was 303 

used for each genetic line as an input for the WEB model without considering family effects. 304 

However, muscle energy density differed significantly between the initial values measured and 305 

both salinity treatments (p < 0.001; Fig. 2). 306 

The relationship between dry to wet mass ratio (DWR) and energy density (ED) for age-2+ 307 

brook charr was calculated in fresh (ED = 30382.3 x DWR – 1766.26; r2 = 0.88; Fig. 3) and 308 

brackish water (ED = 32690.4 x DWR – 2315.08, r2 = 0.90; Fig. 3) for 36 fish per treatment. For 309 

the remaining hundred fish whose ED was not estimated by bomb calorimetry, these regressions 310 

were used to estimate ED depending on the treatment fish were reared in and their respective DWR 311 

since they vary depending on the environmental conditions and the species (Hartman and Brandt 312 

1995; Johnson et al. 2017). 313 

Feed energy density did not significantly differ between the two bags used in the experiment 314 

(n = 3 per bag, Welch’s t test; df = 3.86; p = 0.1942). The mean energy density for the first bag of 315 

feed was of 20 244 ± 543 J g-1 of wet mass while it was of 21 017 ± 657 J g-1 of wet mass for the 316 

second one. Even without significant difference, both values were still used in the WEB model 317 

simulations to represent reality more accurately.  318 

Bioenergetics modeling 319 

Linear model confidence intervals of WEB final mass predictions against brook charr final 320 

mass observations did include the values of 1 for the slope [CI 95% 0.89, 1.49] and 0 for the 321 

intercept [CI 95% -113.64, 36.94] for the fresh-water treatment (Fig. 4). Confidence intervals for 322 

the brackish water treatment included the value of 0 for the intercept [CI 95% -103.89, 13.02] but 323 
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not the value of 1 for the slope [CI 95% 1.10, 1.59] (Fig. 4). Final mass prediction error rates in 324 

fresh and brackish water were of 3.38 ± 3.64 % and 15.1 ± 3.91 % respectively (Fig. 4). The 325 

absolute difference between the final mass predictions and the observed value was of 9.16 ± 10.9 g 326 

in fresh water and of 37.0 ± 14.5 g in brackish water.  327 

Overall food consumption was also estimated with the WEB model by fitting it to the final 328 

mass of each fish. The confidence intervals of the linear models for predicted and observed mass 329 

in fresh and brackish water both include the value of 1 for the slope and 0 for the intercept (FW 330 

0.75 [CI 95% 0.25, 1.25], 26.30 [CI 95% -28.86, 81.29]; BW 0.75 [CI 95% 0.33, 1.17], 10.94 [CI 331 

95% -34.92, 56.81]), Fig. 5). Food consumption error rates were of 3.2 ± 4.2 % in fresh water and 332 

of 14.4 ± 3.2 % in brackish water (Fig. 5). The absolute difference between food consumption 333 

predictions and the observations was of 56.7 ± 82.3 g in fresh water and 225.0 ± 67.0 g in brackish 334 

water. 335 

Discussion 336 

Altogether, our results showed that the brook charr WEB model better predicted growth 337 

variations occurring in fresh water compared to brackish water. Indeed, the WEB model better 338 

performed at estimating mass in fresh water. Ney (1993) suggested a maximum error rate between 339 

30 and 50 % to validate the model in the laboratory which means that even if the slope confidence 340 

intervals did not include 1 in brackish water, the brook charr WEB model is still validated in fresh 341 

and brackish water with 3.38 ± 3.64 % and 15.1 ± 3.91 % error rates, respectively. While we 342 

validated the model with an anadromous strain, Hartman and Cox (2008) showed that predictions 343 

were within 1.7 ± 5.1 % of the measured final mass after refining parameters for metabolism and 344 

activity rate. This implies that the model performance varies depending on the environmental 345 

conditions, the fish rearing density, the energy density of the feed and the brook charr strain being 346 
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used. Indeed, the greater energy density of the feed compared to the natural prey used by Hartman 347 

and Cox (2008) could exacerbate errors in the predictions because of its impact on consumption 348 

and, ultimately, growth.  349 

We had initially hypothesised that the WEB model should have underestimated growth in 350 

brackish water, but the opposite was observed in this study. While we expected increased growth 351 

in brackish water because salinity enhances the production of a growth hormone in anadromous 352 

brook charr (McCormick 1994), no difference was observed during this experiment and it might 353 

explain why predictions in brackish water were not underestimated. Furthermore, considering that 354 

selected fish had a greater initial mass and ate the same ration as the control fish, we may presume 355 

that this could have limited their growth potential, which indicates that size differences may not 356 

account for the resulting higher growth observed in the selected fish. Adaptations in the migratory 357 

behaviour of this species may also imply a variation in energy demands between populations 358 

(Bernatchez and Dodson 1987), variations that are not considered by the WEB model. This 359 

particularity could explain the higher error rates in comparison to the original model by Hartman 360 

and Cox (2008). It has also been shown that growth efficiency is lower in anadromous brook charr 361 

a year before the onset of migration compared to the residents inferring that their metabolic costs 362 

are higher (Morinville and Rasmussen 2003). Trudel et al. (2004) showed that standard metabolic 363 

rates are underestimated for steelhead in salt water, which only confirms the need to consider 364 

salinity in bioenergetics models. Even though the ACT parameter was refined from 1 to 2.89 365 

because fish were more active than what had been originally anticipated (Hartman and Cox 2008), 366 

further experiments should aim to refine this parameter for an anadromous strain considering that 367 

bioenergetics models are sensitive towards parameters associated with metabolism (Hartman and 368 

Brandt 1993, Ney 1993). 369 
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Given that there was no significant difference between brackish and freshwater treatments in 370 

any of the physiological factors such as growth rate, Fulton’s condition factor, HSI (except for 371 

male) and GSI, temperature was one factor that could influence the WEB predictions. Indeed, 372 

ambient temperature conditions that were used in the experiment resulted in a colder environment 373 

in brackish water, where the mean temperature was ~1.5 °C lower than the freshwater treatment. 374 

Both treatments ate the same ration, so colder temperature for the brackish water group could 375 

suppose lower metabolic costs leading to a surplus of available energy allowing the WEB model 376 

to overestimate the final mass. By re-running the brackish treatment fish simulations with the mean 377 

temperature from the freshwater treatment, it was shown that the slope and intercept of the brackish 378 

water treatment was closer to the freshwater linear model (Fig. S1). The same was observed when 379 

using mean brackish water temperature, whereas the freshwater treatment slope and intercept were 380 

closer to the brackish water we initially had. Salinity is not an input in this bioenergetics model 381 

while other applications have shown that salinity has an effect on physiological rates and oxygen 382 

consumption (Atlantic sturgeon (Acipenser oxyrinchus), Niklitschek and Secor 2009). This 383 

experiment also suggests that WEB model’s predictions are affected by salinity as, in brackish 384 

water, growth was overestimated while food consumption was underestimated. 385 

While the WEB model respectably predicted brook charr final mass in both water treatments, 386 

it performed better at predicting overall food consumption for the 60 days as it has been shown in 387 

other studies (Rice and Cochran 1984, Wahl and Stein 1991). Brook charr is known to display 388 

dominance in certain situations and it has already been established that dominance in salmonids is 389 

frequently linked to the size of individuals and population density (Grossman and Simon 2020) 390 

while prey capture success is strongly influenced by the dominance status (Sliger and Grossman 391 

2021). Therefore, this may explain why the model did not perform well to predict final fish mass 392 
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as the original model was developed using fish reared separately while we used 15 fish per tank. 393 

Indeed, it has been shown in striped bass (Morone saxatilis) that as fish density increased, 394 

consumption also increased while growth rates declined due to higher activity (Hartman and Brandt 395 

1993). Brook trout activity rates also increase when fish density doubles (Marchand and Boisclair 396 

1998), which could be attributed to the increase of spontaneous swimming (Tang and Boisclair 397 

1993) resulting in an underestimation of fish consumption rates predicted by the WEB model (Tang 398 

et al. 2000), and for which the potentially higher swimming costs caused by the increased fish 399 

density used in this study is not considered. It is also why both lines were kept separately in the 400 

study design given that it was presumed that individuals from the selected line were more voracious 401 

than the control line individuals. Because brook charr from the selected line had significantly 402 

greater initial and final mass and that dominance is often size-dependent, this also explains the 403 

rationale behind the separation of the lines. To improve consumption measurements, future studies 404 

should aim to run their experiments on fish kept separately to accurately validate bioenergetic 405 

models. 406 

As there were no significant differences in food consumption between salinity treatments, 407 

there was one between lines whereas brook charr from the selected line ate more than those from 408 

the control line. However, the 1.5 % ration was chosen according to the initial tank biomass. Brook 409 

charr from the selected line had significantly higher initial mass than those from the control line. 410 

Therefore, even if there was a significant difference in overall food consumption, it could not 411 

explain the difference in WEB predictions. In contrast, it could have influenced brook charr growth 412 

rate which was significantly lower for the control line. This is in line with our assumption because 413 

these individuals were not selected for their growth characteristics. Observed Brook charr lower 414 

growth rates from the control line could have occurred because it has been shown that gonad 415 
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development can take 8 to 15 % of the total body energy in rainbow trout (Kaushik and Médale 416 

1994). However, our experiment was conducted from June to July, and age 2+ anadromous brook 417 

charr do not start investing in reproduction until the end of August (De Montgolfier et al. 2009), 418 

which infers that gonads were undeveloped at the time of our experiment. Hence, the 1.5 % ration 419 

could have been the limitation to growth for the control line since smaller fish have higher specific 420 

consumption rates than larger fish at a given temperature.  421 

In this study, predictions for fish reared in fresh water better estimated growth rate and mass 422 

gain than for fish reared in brackish, for which growth was overestimated even though we had 423 

predicted the opposite. This experiment suggests that there is a difference for the WEB model’s 424 

prediction depending on the water temperature and salinity, which means that for conservation and 425 

management purposes, it is important to consider both. Indeed, this bioenergetics model can be 426 

used to predict final mass and food consumption for anadromous brook charr populations in 427 

Québec, Canada, to evaluate stocking impacts but there would be a need to refine the ACT 428 

parameter to improve the predictions and reduce the error rates of the WEB model for the strains 429 

considered. There is also a need to refine the respiration and consumption submodels for the 430 

anadromous ecotype as metabolic rates are approximately 30 % higher in salt water than in fresh 431 

water (Rao, 1968) and because consumption rates can vary depending on the diet. 432 
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Tables 579 

Table 1. Mean (± S.D., n = 6) experimental water parameters for brook charr (Salvelinus 580 

fontinalis) reared in fresh or brackish water for 60 days. The salinity value does not include 581 

the seven days of acclimation to brackish water. 582 

Treatment Temperature (°C) Salinity (PSU) Oxygen (mg/L) 

Brackish water  10.9 ± 1.3 13.98 ± 1.23 9.41 ± 1.77 

Fresh water  12.4 ± 1.6 0.19 ± 0.04 8.06 ± 2.48 

 583 

584 
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Table 2. Summary of mean (± SD) initial and final mass, fork length, energy density, and delta Fulton’s condition factor for 172 brook 585 

charr (Salvelinus fontinalis) reared in fresh or brackish water for 60 days. 586 

Treatment Line n 

Initial 

mass (g) 

Final 

mass (g) 

Initial fork 

length 

(mm) 

Final 

fork 

length 

(mm) 

Initial energy 

density (J g-1 

of wet mass) 

Final energy 

density (J g-1 

of wet mass) 

ΔK 

Brackish 

water 

Selected 43 148 ± 55 261 ± 90 240 ± 28 276 ± 29 5182 ± 161 5874 ± 427 0.18 ± 0.07 

Control 43 118 ± 57 215 ± 86 214 ± 35 251 ± 34 5181 ± 256 5794 ± 324 0.18 ± 0.09 

Fresh 

water 

Selected 42 151 ± 63 276 ± 107 241 ± 33 279 ± 38 5182 ± 161 5766 ± 392 0.24 ± 0.48 

Control 44 120 ± 49 222 ± 81 217 ± 32 256 ± 35 5181 ± 256 5794 ± 342 0.16 ± 0.06 

 587 

 588 
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Table 3. Mean (± S.D.) hepatosomatic index (HSI) and gonadosomatic index (GSI) for male and female age-2+ brook charr 589 

(Salvelinus fontinalis) reared in fresh or brackish water for 60 days. The initial treatment represents fish sacrificed on day 1 590 

while fresh and brackish water treatments represent fish sacrificed on day 60. Superscript letters indicate significant differences 591 

between treatments. Lowercase superscript letters represent significant differences between the genetic lines. n is the number 592 

of fish sampled for each treatment. 593 

Line Treatment 

HSI GSI N 

Male Female Male Female Male Female 

Control 

Initial 1.91 ± 0.27 a 1.79 ± 0.37 A 0.15 ± 0.02 a 0.63 ± 0.20 a  3 12 

Fresh water 1.79 ± 0.24 a 2.18 ± 0.22 B 1.41 ± 0.83 b 0.87 ± 0.49 b 26 18 

Brackish water 1.85 ± 0.23 a 2.28 ± 0.31 B 0.22 ± 0.26 b 1.11 ± 0.50 b 25 18 

Selected 

Initial 1.24 ± 0.29 a 1.30 ± 0.38 a 0.11 ± 0.07 a 0.53 ± 0.08 a 9 10 

Fresh water 1.46 ± 0.28 ab 1.93 ± 0.30 b 0.63 ± 0.54 b 0.96 ± 0.32 b 24 18 
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Brackish water 1.58 ± 0.20 b 1.92 ± 0.36 b 0.68 ± 0.62 b 0.85 ± 0.26 b 18 25 

 594 
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Figure Captions 595 

Figure 1. Box plot representing the growth rate (g day-1) of 172 age-2+ brook charr 596 

(Salvelinus fontinalis) reared in fresh or brackish water for 60 days. The middle hinge of the 597 

boxplot is the median, the lower and upper hinges correspond to the first and third quartiles, 598 

and the lower and upper whisker extend at most 1.5 x the inter-quartile range from the hinges. 599 

Dots represent outliers. The value on top of each box is the sample size. All data points were 600 

used for statistical analysis. Letters at the top of the figure indicate the significant differences 601 

between treatments and lines. 602 

Figure 2. Energy density (J g-1 of wet mass) of age-2+ brook charr (Salvelinus fontinalis) at 603 

the beginning and end of the experiment where fish were reared in fresh or brackish water 604 

for 60 days. The initial treatment represents fish sacrificed on day 1 of the experiment while 605 

fresh and brackish water treatments represent fish sacrificed on day 60. The middle hinge of 606 

the boxplot is the median while the lower and upper hinges correspond to the first and third 607 

quartiles and the lower and upper whisker extend at most 1.5 x the inter-quartile range from 608 

the hinges. Dots represent outliers. Values at the top of each box is the sample size. 609 

Figure 3. Relationship between dry to wet mass ratio and energy density (J g-1 of wet mass) 610 

measured in 72 age-2+ brook charr (Salvelinus fontinalis) at the end of the 60-day 611 

experiment: 36 in fresh water and 36 in brackish water. The solid line represents the 612 

regression through the actual data for both treatments. The shaded area represents the 613 

confidence intervals. 614 
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Figure 4. Predicted mass by the WEB model (g) compared to the mass observed 615 

experimentally (g) per tank of age-2+ brook charr (Salvelinus fontinalis) reared in fresh or 616 

brackish water for 60 days. The solid lines represent the regression through the actual data 617 

for both treatments. The shape of the points represents the genetic line. The shaded area 618 

represents the confidence intervals. The dashed line represents a slope of 1 and an intercept 619 

of 0. 620 

Figure 5. Predicted tank total consumption by the WEB model (g) compared to consumption 621 

observed experimentally (g) where age-2+ brook charr (Salvelinus fontinalis) were reared in 622 

either fresh or brackish water for 60 days. The points shape represents the line. The shaded 623 

area represents the confidence intervals. The dashed line represents a slope of 1 and an 624 

intercept of 0. 625 
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