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Abstract 24 

Anthropogenic underwater noise may negatively affect marine animals. Yet, while fish are highly 25 

sensitive to sounds, effects of acoustic disturbances on fish have not been extensively studied at 26 

the population level. In this study, we use a size-structured model based on energy budgets to 27 

analyse potential population-level effects of anthropogenic noise on Atlantic cod (Gadus 28 

morhua). Using the model framework, we assess the impact of four possible effect pathways of  29 

disturbance on the cod population growth rate. Through increased stress, changes in foraging 30 

and movement behaviour, and effects on the auditory system, anthropogenic noise can lead to: 31 

1. increased energy expenditure, 2. reduced food intake, 3. increased mortality and 4. reduced 32 

reproductive output. Our results show that population growth rates are particularly sensitive to 33 

changes in energy expenditure and food intake because they indirectly affect the age of 34 

maturation, survival, and fecundity. Sub-lethal effects of sound exposure may thus affect 35 

populations of cod and fishes with similar life histories more than lethal effects of sound 36 

exposure. Moreover, anthropogenic noise may negatively affect populations when causing 37 

persistent increases of energy expenditure or decreases of food intake. Effects of specific 38 

acoustic pollutants on energy acquisition and expenditure should therefore be further 39 

investigated. 40 

41 



Introduction 42 

Anthropogenic noise forms a potential threat to fish [1,2] since fish rely on advanced hearing 43 

and sound production systems for orientation and communication [3]. Although the extent 44 

varies geographically, ambient noise levels have increased considerably over the past 40 years 45 

[4,5]. This increase has been related to an increase of anthropogenic activities of which the most 46 

important are probably shipping and seismic surveys (explorations for oil and gas) [5].  Also 47 

anthropogenic activities such as drilling (oil and gas), operation of wind farms, pile driving 48 

(wind farm construction), the use of sonar (fisheries & navy) and underwater explosions 49 

produce sounds underwater. Because low-frequency sounds spread easily underwater and 50 

attenuate slowly over large distances [6,7], acoustic disturbances can lead to moderately 51 

elevated sound levels over large areas.  Exposure to loud sounds, such as produced during pile 52 

driving, may cause serious (lethal) injuries in animals that are close by [8]. More often, sound 53 

exposure leads to non-lethal effects [9]. In experimental studies, anthropogenic noise has been 54 

found to increase stress, reduce foraging, reduce sound perception and increase movement in 55 

fish [9].  56 

The non-lethal effects of sound exposure on fish seem subtle, but small changes in behaviour can 57 

lead to significant reductions in growth and reproduction [10,11]. Non-lethal effects of acoustic 58 

disturbance can be assessed using the “Population Consequences of Disturbance approach” 59 

(PCoD) framework, which was originally developed for marine mammals [11,12]. The PCoD 60 

framework translates changes in physiology or behaviour into changes in vital rates (e.g. 61 

reproduction, mortality and growth) to estimate population-level effects. Population-level 62 

effects form the basis of many current policy decisions regarding disturbance mitigation and 63 

nature conservation, such as, for example, the Birds and Habitats Directives of the European 64 

Union (Council directives 92/43/EEC [13] and 2009/147/EC [14]). However, there is currently 65 

no assessment method to estimate population-level effects of acoustic disturbances on fish. 66 



In this study, we use a model to evaluate the population-level consequences of changes in 67 

individual-level processes that might result from lethal and non-lethal effects of sound exposure 68 

for Atlantic cod (Gadus morhua). The size-structured life history model for cod is based on 69 

individual energy budgets. The advantage of using such a mechanistic model is that effects of 70 

changes in food intake or energy expenditure are, through both direct and indirect effects, 71 

translated to changes in the vital rates.  This type of model is considered suitable for estimating  72 

population-level effects of non-lethal disturbances [11,15]. Using the model, we explore the 73 

sensitivity of the cod population growth rate to changes in four different processes that can be 74 

affected by sound disturbance. The population growth rate is a relevant metric for population 75 

consequences of disturbances because it indicates when disturbance leads to negative 76 

population growth [16]. 77 

The effect of sound exposure on fish is not thoroughly understood and quantitative data on the 78 

relationship between sound exposure and vital rates is unavailable. Yet, a number of effect 79 

pathways have been suggested (Table S1), including increased stress, changes in foraging and 80 

movement behaviour, and effects on the auditory system. These effects may lead to changes in 81 

energy expenditure, food intake, mortality and reproduction (Table S1). We use the size-82 

structured life history model introduced above, to examine the relative importance of these four 83 

potential effect pathways. This work lays the foundation for an assessment framework for 84 

anthropogenic noise effects on Atlantic cod populations. As understanding of the effects of 85 

acoustic disturbance on cod develops further, the model can be used to study population 86 

consequences of specific anthropogenic sources of noise pollution. The current analysis shows 87 

which mechanisms potentially lead to the largest population-level effects. The outcomes give an 88 

indication of how acoustic disturbances may affect cod most and provide guidance for future 89 

experimental and empirical research. 90 



Model description 91 

Population model framework 92 

To analyse the effect of acoustic disturbances on fish, we conduct a demographic analysis of a 93 

size-structured life history model of cod. The life history model is based on the model previously 94 

described by van Leeuwen et al. [17]. Our model is adjusted to use a constant, size-dependent 95 

feeding level representing individual-level food availability. We do not consider starvation 96 

conditions; we assume a feeding level which is sufficiently high to cover the metabolic rate for 97 

fish of all body sizes. The energy budget is affected by two of the disturbance pathways that we 98 

test. As soon as the net-energy drops below zero at any point in the life history before 99 

maturation occurs, the model calculations stop. Without maturation, the population growth rate 100 

is undefined as reproduction does not take place. In other respects, we follow the model 101 

structure previously described by van Leeuwen et al. [17]. Here, we describe the model in 102 

general terms and the functions related to the implementation of acoustic disturbance. 103 

Additional details are provided in Appendix A. 104 

From the moment an individual starts feeding actively, the model continuously tracks its age and 105 

body size. The model uses size-dependent functions for energy uptake, storage and expenditure. 106 

Energy uptake depends on the feeding level, which is defined as the food uptake rate as a 107 

fraction of the maximum feeding rate given an individual’s body size. The feeding level is 108 

assumed to be size-dependent but constant in time. Reproduction is modelled as a discrete 109 

process occurring once per year. Following the demographic analysis method described in de 110 

Roos [18], we calculated population growth rates for exponentially growing populations based 111 

on Lotka's integral equation. Using this analysis method and the cod life history model, we tested 112 

the sensitivity of the population growth rate to changes in energy expenditure, food intake, 113 

mortality and reproductive output.  Since fish populations are generally spread out over large 114 

areas, we expect that a given acoustic disturbance often only affects part of the population.  115 

Therefore, we tested how the disturbance of a fraction of the population, rather than the entire 116 

population, affects the population growth rate. 117 



Accounting for acoustic disturbance 118 

There is no quantitative empirical information available regarding sound exposure levels of cod 119 

in the field or the effects of sound exposure on cod. An overview of experimental studies with 120 

fish shows that anthropogenic noise may lead to increased stress, changes in foraging and 121 

movement behaviour, and effects on the auditory system (Table S1). The (combined) effects of 122 

anthropogenic noise may lead to increased energy expenditure, reduced food intake, an 123 

increased mortality rate, and a reduced reproductive output (Appendix A, Table S1). We 124 

therefore assessed the potential negative effects of sound exposure on cod by analysing the 125 

consequences of relative changes in its energy expenditure, food intake, mortality rate, and 126 

reproductive output on its population growth. Due to a lack of detailed information, the effects of 127 

sound exposure are assumed continuous through time and independent of age or size. As we 128 

have no quantitative information regarding the values of the disturbance parameters described 129 

below, we tested the effect of a range of values (Figure 2). 130 

The food ingestion rate 𝐼𝐼(𝑙𝑙) depends on length 𝑙𝑙. It is defined as the ratio between the feeding 131 

level 𝐹𝐹(𝑙𝑙) and the time the individual needs to digest a unit mass of food 𝐺𝐺(𝑙𝑙) (the inverse 1/𝐺𝐺(𝑙𝑙) 132 

equals an individual’s maximum feeding rate): 133 

𝐼𝐼(𝑙𝑙) =
1

𝐺𝐺(𝑙𝑙)
(1 − 𝜓𝜓𝐼𝐼)𝐹𝐹(𝑙𝑙). 134 

Food ingestion decreases proportionally with a sound exposure foraging effect parameter 𝜓𝜓𝐼𝐼. 135 

Reduced food intake as a result of sound exposure is thus defined as a proportional reduction of 136 

the standard food intake. 137 

Ingested food is assimilated to energy, with efficiency 𝜎𝜎. The energy is first used to cover the 138 

metabolic maintenance requirements. The net-energy 𝑁𝑁(𝑙𝑙,𝑤𝑤) thus equals: 139 

𝑁𝑁(𝑙𝑙,𝑤𝑤) = 𝜎𝜎 𝐼𝐼(𝑙𝑙) − (1 + 𝜓𝜓𝑇𝑇) 𝑇𝑇(𝑤𝑤). 142 

The standard energy expenditure for metabolic maintenance 𝑇𝑇(𝑤𝑤) depends on the total body 140 

weight 𝑤𝑤. The term 𝜓𝜓𝑇𝑇𝑇𝑇(𝑤𝑤) represents the increase in energy expenditure due to acoustic 141 



disturbance. These costs increase proportionally with the sound exposure energy expenditure 143 

effect parameter 𝜓𝜓𝑇𝑇 relative to the standard energy expenditure.  144 

Each individual suffers from background mortality 𝜇𝜇0, size-dependent background mortality 𝐷𝐷𝑠𝑠, 145 

and, fisheries mortality 𝐷𝐷𝑣𝑣. These result in the following equation for the per capita mortality 146 

rate: 147 

𝐷𝐷(𝑙𝑙) = (1 + 𝜓𝜓𝐷𝐷)𝜇𝜇0 + 𝐷𝐷𝑠𝑠(𝑙𝑙) + 𝐷𝐷𝑣𝑣(𝑙𝑙). 150 

The term 𝜓𝜓𝐷𝐷 𝜇𝜇0, background mortality multiplied by the acoustic disturbance mortality effect 148 

parameter 𝜓𝜓𝐷𝐷, represents the increase in mortality due to acoustic disturbance. 149 

For mature individuals with sufficient energy storage (see Appendix A),  spawning occurs at the 151 

end of each year 𝑛𝑛 at day Υ, at time points 𝜁𝜁𝑛𝑛 = (𝑛𝑛Υ + Υ):  152 

𝐵𝐵           = (1 −𝜓𝜓𝐵𝐵)
𝜎𝜎𝑟𝑟 𝑦𝑦𝑔𝑔(𝜁𝜁𝑛𝑛−)
𝑚𝑚(𝑙𝑙𝑏𝑏) , 153 

𝑅𝑅0(𝜁𝜁𝑛𝑛+) = 𝑅𝑅0(𝜁𝜁𝑛𝑛−) + 𝐵𝐵 𝑠𝑠(𝜁𝜁𝑛𝑛−), 154 

𝑦𝑦𝑔𝑔(𝜁𝜁𝑛𝑛+) = 0.0. 155 

Here, 𝜁𝜁𝑛𝑛− and 𝜁𝜁𝑛𝑛+ respectively represent the time points just prior to and following reproduction. 156 

The number of offspring 𝐵𝐵 that the individual produces depends on the mass of the gonads 𝑦𝑦𝑔𝑔 157 

prior to spawning, the mass at the size of birth 𝑚𝑚(𝑙𝑙𝑏𝑏) and the gonad-to-offspring conversion 158 

efficiency 𝜎𝜎𝑟𝑟. The number of offspring produced decreases proportionally with the acoustic 159 

disturbance reproductive failure effect parameter 𝜓𝜓𝐵𝐵. To calculate the expected cumulative 160 

lifetime reproductive output 𝑅𝑅0, the number of offspring is multiplied by the survival probability 161 

𝑠𝑠 of the individual and added to the offspring the individual has produced so far. After spawning 162 

the gonadal mass is depleted, while all other variables are unchanged.  163 

Analytical method 164 

Individual life histories were modelled with a mix of continuous time ordinary differential 165 

equations (ODEs) and discrete time recurrence relations (see Appendix A). The computation of 166 



the population growth rate follows the approach presented by de Roos [18]. This method finds 167 

the population growth rate �̃�𝑟 by calculating the value of 𝑟𝑟 that satisfies the equation: 168 

𝐿𝐿(𝐴𝐴𝑛𝑛, 𝑟𝑟) = �(𝑅𝑅0(𝐴𝐴𝑖𝑖) − 𝑅𝑅0(𝐴𝐴𝑖𝑖−1) )𝑒𝑒−𝑟𝑟𝐴𝐴𝑖𝑖
𝑛𝑛

𝑖𝑖=1

= 1. 169 

This is equivalent to the discrete-time Euler-Lotka equation for computation of the population 170 

growth rate, 𝑟𝑟. As in the discrete-time Euler-Lotka equation, the summed quantity 𝐿𝐿(𝐴𝐴𝑛𝑛, 𝑟𝑟) 171 

discounts the expected offspring produced at every age with the growth-rate dependent factor 172 

𝑒𝑒−𝑟𝑟𝐴𝐴𝑖𝑖 . The expected cumulative lifetime reproductive output 𝑅𝑅0(𝐴𝐴𝑖𝑖) represents reproduction up 173 

to and including reproduction occurring at age 𝐴𝐴𝑖𝑖 , which depends on the survival probability up 174 

to age 𝐴𝐴𝑖𝑖 . The increase in lifetime reproductive output 𝑅𝑅0 from age 𝐴𝐴𝑖𝑖−1 to age 𝐴𝐴𝑖𝑖  is computed by 175 

integration of the continuous-time ODE system for life history processes and application of 176 

recurrence relations for discrete events related to reproduction (see Appendix A). The maximum 177 

age 𝐴𝐴𝑛𝑛 is defined as the moment at which the survival probability of the individual is lower than 178 

10−9.   179 

When a fraction 𝑝𝑝𝑠𝑠 of the population experiences a disturbance, the population growth rate 𝑟𝑟  is 180 

equal to the value for which the dominant eigenvalue of the following matrix is 1 (see [18], for 181 

the theoretical background):  182 

Unstressed parent Stressed parent
Unstressed offspring

Stressed offspring
�

(1 − 𝑝𝑝𝑠𝑠) 𝐿𝐿𝑛𝑛𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) (1 − 𝑝𝑝𝑠𝑠) 𝐿𝐿𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) 

𝑝𝑝𝑠𝑠 𝐿𝐿𝑛𝑛𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) 𝑝𝑝𝑠𝑠 𝐿𝐿𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟)
�

. 183 

 184 

Stressed individuals, which experience a disturbance, produce an expected number 𝐿𝐿𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) of 185 

offspring during their lives. The analogous quantity for unstressed individuals is given by 186 

𝐿𝐿𝑛𝑛𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟). Of these newly produced offspring, a fraction 𝑝𝑝𝑠𝑠 will experience a disturbance, while 187 

a fraction (1 − 𝑝𝑝𝑠𝑠) will not. The resultant population growth rate 𝑟𝑟 of a partly stressed 188 

population hence satisfies the condition: 189 



�
(1 − 𝑝𝑝𝑠𝑠) 𝐿𝐿𝑛𝑛𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) − 1 (1 − 𝑝𝑝𝑠𝑠) 𝐿𝐿𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) 

𝑝𝑝𝑠𝑠 𝐿𝐿𝑛𝑛𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) 𝑝𝑝𝑠𝑠 𝐿𝐿𝑠𝑠(𝐴𝐴𝑛𝑛, 𝑟𝑟) − 1
� = 0. 190 

We used the R package deSolve [19] to solve the system of ODEs and recurrence relations. The 191 

population growth rate calculations were executed using a C-based, open source software 192 

package that solves generic systems of nonlinear equations 193 

(https://bitbucket.org/amderoos/findcurve). We made the model implementation files publicly 194 

available online (files available from the journals office). 195 

Parameterization of the model 196 

Parameters and their values are listed in Table S2; details regarding parameter derivation are 197 

described in Appendix A. The parameter values used by van Leeuwen et al. [17] are based on 198 

Atlantic cod in the Baltic Sea. We adjusted length at maturation, adult condition target and size-199 

dependent functions for the maintenance rate, digestion time and fisheries retention (Figure S1) 200 

on the basis of available literature data on Atlantic cod in the North Sea. Otherwise, parameter 201 

values are as given in van Leeuwen et al. [17].  202 

The feeding level 𝐹𝐹(𝑙𝑙) is assumed constant in time, but body size-dependent (Figure S1). The 203 

high feeding-level function corresponds to a situation with unlimited food (Appendix A).  Under 204 

these conditions, growth depends only on the parameters of maximum feeding and energy 205 

expenditure. These were derived from experimental data from the literature (Appendix A). We 206 

chose the shape and parameters of an intermediate and a low feeding level function to match 207 

observed growth patterns of Atlantic cod in the North Sea (Figure 1). Together with the high 208 

feeding level function, the intermediate and low feeding level functions cover the range of 209 

observed growth patterns of Atlantic cod in the North Sea (Figure S1, Figure1).  210 

Data of Atlantic cod 211 

We used lengths at age from North Sea IBTS-survey data for Atlantic cod between 1970 – 2018 212 

(Figure 1, [20] ). We adjusted the ages for the quarter of the year in which the survey took place 213 

(quarter 1, no adjustment; quarter 2, +0.25 year; quarter 3, +0.5 year; quarter 4, +0.75 year). 214 



Fecundity-length relationships are based on field data of Atlantic cod in the North Sea in several 215 

different years (Figure 1, [21]). 216 

Results 217 

For unlimited food (high feeding level), we compared model output to length-at-age and 218 

fecundity-length data for Atlantic cod in the North Sea. The model growth curve for the high 219 

feeding level corresponds well to the high end of the length-at-age data range (Figure 1). This 220 

indicates that maximum growth in the model is similar to that in field observations. Fecundity in 221 

the model is similar to field observations for small-sized cod but deviates for large-sized cod 222 

(Figure 1). 223 

Without acoustic disturbance, the population growth rate is estimated to be 0.0125 for high, 224 

0.0072 for intermediate and 0.0048 for low feeding levels (Figure 2).  The population growth 225 

rates thus predict undisturbed populations to grow for all three feeding levels. The population 226 

growth rates are negatively affected through all sound exposure effect pathways. They are more 227 

strongly affected by increased energy expenditure and a lower food intake than by additional 228 

mortality and lower reproductive output (Figure 2). For the highest feeding level, the population 229 

growth rate becomes negative with a ~60% increase in energy expenditure or a ~35% 230 

reduction of the food intake. This switch occurs at  ~450% additional mortality and a ~99.9% 231 

reduction of the reproductive output (Figure 2). For intermediate and low feeding levels, the 232 

population growth rate is lower overall. As a result, it becomes negative already at lower 233 

disturbance levels (Figure 2). For example, for the low feeding level, a negative population 234 

growth rate already occurs at a ~20% reduction in food intake (Figure 2B). 235 

These results are based on a situation where the entire population is affected equally. We also 236 

test the effect of the proportion of the population that is disturbed (Figure 3).  Increasing the 237 

proportion affected decreases the population growth rate. The shape of this relationship 238 

depends on the strength of the disturbance. For a weak disturbance, for example a 10% increase 239 

of the energy expenditure, the population growth rate shows a slow decrease with the 240 



proportion affected (Figure 3). For strong disturbances, the population growth rate initially 241 

decreases slowly. When 50% or more of the population is affected, it decreases more rapidly. 242 

The shape of the relationship between the population growth rate and proportion affected is 243 

independent of the sound exposure effect pathway (energy expenditure, food intake, mortality 244 

or reproductive failure, results not shown).  245 

The individual-level life history trajectories can be used to explain the different effects of the 246 

sound exposure effect pathways on the population growth rates (Figure 4). A reduction of the 247 

population growth rate results from a decrease of the cumulative lifetime reproductive output. 248 

The cumulative lifetime reproductive output is more strongly affected by a 30% decrease of the 249 

food intake than by 30% additional mortality (Figure 4A, B). It depends on age at maturation, 250 

survival and the annual reproductive output. Somatic growth is inhibited by a lower food intake 251 

but unaffected by additional mortality (Figure 4C, D, note that the black line lies on top of the 252 

green line). As a result, maturation is delayed from year 2 to 5 for individuals with a lower food 253 

intake (Figure 4C, D). Survival is reduced by both a lower food intake and additional mortality 254 

(Figure 4E, F). For the lower food intake, individuals grow more slowly and are subject for 255 

longer to high mortality in the smallest size range (Figure S1D). Finally, the energy in the gonads, 256 

and thus the annual reproductive output, is reduced by a lower food intake but unaffected by 257 

mortality (Figure 4G, H).  In summary, changes in food intake directly affect the individual 258 

growth curve and indirectly affect the age at maturation, the survival up to maturation and the 259 

annual reproductive output. On the other hand, mortality and reproductive failure directly 260 

reduce respectively survival and the annual reproductive output, while both have no further 261 

indirect effects. The effect of increased energy expenditure is similar to a reduction in food 262 

intake:  both lead to a reduction of the net-energy availability and affect the individual growth 263 

curve.  264 



Discussion 265 

Our study uses a size-structured life history model to evaluate population-level consequences of 266 

changes in individual-level processes that might result from noise pollution for Atlantic cod.  The 267 

model framework incorporates energetics and, with the exception of the fecundity of large cod, 268 

matches patterns of maximum growth and reproductive output observed for cod in the field.  269 

Based on experimental studies with fish, anthropogenic noise may directly lead to higher energy 270 

expenditure, lower food intake, higher mortality and lower reproductive output (Table S1). Of 271 

these four possible effect pathways, a higher energy expenditure and a lower food intake have a 272 

strong effect on the population growth rate in particular. This is because indirect effects lead to 273 

an increased age at maturation, a decreased survival up to maturation and a decreased annual 274 

reproductive output. The population growth rate decreases most rapidly in response to 275 

disturbances that affect at least 50% of the population. 276 

In this study, we test the relative importance of gradual changes in four processes that could be 277 

affected by acoustic disturbance. We have chosen this approach because there is still insufficient 278 

empirical information available to relate sound exposure explicitly to changes in life-history 279 

parameters. The actual importance of each of the pathways is, of course, determined by how 280 

strongly each of them is affected by sound exposure. For example, despite the fact that the 281 

population growth rate is more sensitive to changes in food intake, a large increase in mortality 282 

per-unit-disturbance may cause a stronger effect on the population growth rate than a small 283 

decrease in food intake per-unit-disturbance. When dose-response relationships that estimate 284 

effects of sound exposure for cod become available, the modelling approach we have developed 285 

can be used to estimate the effects of sound exposure on cod populations. Our results suggest 286 

that the strongest population level effects will, through effects on energetics,  stem from the sub-287 

lethal effects of sound exposure on individuals. 288 



Empirical sound exposure studies 289 

In our model, the population growth rate is most sensitive to sound exposure effects through 290 

increased energy expenditure and a lower food intake. The energy expenditure and food intake 291 

of fish are likely affected by anthropogenic noise through stress and changes in foraging and 292 

movement behaviour (Table S1). Stress increases the metabolic rate [22]. Foraging success 293 

would be affected by sound exposure when it distracts fish from or masks acoustic stimuli of 294 

prey [23,24]. Alternatively, foraging may be affected by sound exposure indirectly through shifts 295 

in behaviour [23] or lower appetite due to stress [25,26]. Changes in movement behaviour in 296 

response to anthropogenic noise include changes such as higher activity and swimming speed as 297 

well as partial disintegration of schools [27–29], which all cost energy [30,31]. 298 

At the same time, the population growth rate is relatively insensitive to direct additional 299 

mortality and reduced reproductive output. At the lowest feeding level, the population growth 300 

rate becomes negative only when mortality reaches ~250% compared to natural mortality. Fish 301 

mortality after sound exposure has mostly been studied for pile driving [e.g. 8,32,33]. It is 302 

generally thought that mortal injuries after sound exposure occur in relatively few individuals, 303 

situated close to the sound source. Mortality after sound exposure might also occur further away 304 

from the source, through additional predation mortality due to masking [34]. For example, 305 

predation risk was found to increase for Ambon damselfish (Pomacentrus amboinensis) exposed 306 

to boat noise [35]. However, in a recent meta-analysis of sound experiments with fish, predation 307 

mortality showed no significant relation with anthropogenic noise [9].  Reproductive output may 308 

also be directly affected by sound exposure, as the mating success of cod depends on auditory 309 

cues [36]. However, our results show that the population growth rate is only significantly 310 

reduced by a strong decrease of the reproductive output. 311 

The high sound exposure levels needed for direct mortality are likely to occur only in limited 312 

areas directly around loud sound sources. Since sound attenuates over large distances 313 

underwater, low to moderate sound exposure levels will be experienced by many individuals 314 



during sound disturbances. These scale differences imply that the sub-lethal effects of sound 315 

exposure are likely to occur in a larger part of the population than lethal effects. The most 316 

influential sound exposure effect pathways at the population level could thus also be the 317 

pathways that occur on a larger scale at the individual level.  318 

In summary, empirical support exists for the effect of sound exposure on fish through all of the 319 

four pathways that we investigated. Our understanding is far from complete [37], also because 320 

different fish species react differently to anthropogenic noise [38]. While the effect of sound 321 

exposure on Atlantic cod specifically has received little attention, available studies of cod 322 

indicate that sound exposure may affect foraging activity and movement [39], cortisol levels [40] 323 

and larval growth [41]. A more exact quantification of the effects of sound exposure on cod is 324 

needed to allow assessments of the impact of noise pollution on cod populations. 325 

Theoretical sound exposure studies 326 

Previous theoretical studies applied a bioenergetics approach to study population consequences 327 

of sound exposure for several species of marine mammals [e.g. 15,42–44]. Our study is the first 328 

to develop such methodology for a species of fish. A similar approach was used by Hin, 329 

Hardwood and de Roos [15] to study the effect of sound disturbance on the population growth 330 

rate of pilot whales (Globicephala melas). Together with the work described here, this illustrates 331 

the usefulness of our methodology; an energy-budget model continuously tracks the effect of 332 

sound exposure on growth, reproduction and survival throughout the life history of an 333 

individual. Subsequently, it expresses the significance of these effects on the population level in 334 

the form of changes in the cumulative lifetime reproductive output and population growth rate. 335 

The approach appears to be generally applicable across different taxa.  336 

Future model improvements 337 

Our model contains size-dependent functions for feeding and energy expenditure that are 338 

parameterized on the basis of empirical data. Our model predictions match maximum growth 339 

observations of Atlantic cod quite well. Yet, like many other theoretical models [45], our model 340 

underestimates the fecundity of large fish. This is either due to an underestimation of the 341 



feeding rate, or,  an overestimation of the energetic or reproduction costs for these large-sized 342 

individuals. As a consequence, our model may underestimate the population growth rate of cod  343 

and the sensitivity of the population growth rate to lower food intake and increased energy 344 

expenditure. A lower food intake and increased energy expenditure reduce early stage survival 345 

and thus the occurrence of large-sized individuals.  346 

Our model could be further refined by incorporating temporal variation, in terms of life history 347 

stages, seasonality and sound exposure. Life history is likely to modulate the effects of sound 348 

exposure, since cod undergo morphological, diet and habitat changes over their lifetime. If the 349 

effects of sound exposure or sound exposure levels change between life stages, this could affect 350 

our results but it is impossible to say how. Seasonal variation in sound exposure can be 351 

important when the food availability displays seasonal variation and sound exposure decreases 352 

food intake. For example, for pilot whales,  sound exposure is expected to have a stronger effect 353 

during a period with low food availability [15]. Furthermore, sound exposure may affect species 354 

that cod depend on as a food source [46,47]. The effect of changes in food availability can be 355 

assessed by changing the feeding level function in the current framework. Finally, the model 356 

assumes processes to be density independent. A more complex, density-dependent model 357 

framework, which is available for cod, includes multiple food sources and feedbacks between the 358 

food sources and the cod population [17]. However, this level of model complexity is unsuited 359 

for a first exploration of potential effects with unknown magnitude.  360 

Perspectives for future studies 361 

During spawning, cod aggregate in specific areas [48] and male cod produce mating grunts 362 

during courting [36]. Sound exposure of cod during the spawning period could thus potentially 363 

result in failure of reproduction for part of the population. It is often thought that reproduction 364 

is the most sensitive part of cod life history [49]. At the same time, our analysis shows that, for 365 

cod,  reproductive failure per se does not have a strong effect at the population level. Our work 366 

highlights that subtle effects of sound exposure on fish, e.g. on their behaviour and physiology, 367 



most easily reduce population growth rates. This finding has important ramifications for future 368 

experimental and empirical work, as well as for management aimed at mitigating effects of 369 

sound exposure.  This work calls for elucidation of the relationship between sound exposure and 370 

individual-level effects for cod and other fish species. Only then, can our model framework be 371 

used to properly assess the effects of marine underwater noise disturbance. 372 
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Appendix A 512 

Acoustic disturbance 513 

Based on a meta-analysis of sound exposure experiments [1], we summarize known effects of 514 

anthropogenic noise for fish in Table S1. Subsequently, we identify, based on documented 515 

responses of fish to changes in physiology or behaviour, potential direct consequences for 516 

individual-level processes in the model (energy expenditure, food intake, mortality and 517 

reproductive output; Table S1). It should be noted that, while many acoustic disturbances are of 518 

an impulsive nature (seismic surveys, pile driving), our choice of ‘potential effects’ relate to 519 

regular exposure to such pulses, not the effects of individual pulses.  We give a broad overview 520 

of how acoustic disturbances may affect individual-level processes (Table S1) to motivate the 521 

link between acoustic disturbances and changes in individual level processes. 522 

Across different fish species, anthropogenic noise has been shown to increase stress and affect 523 

foraging behaviour, movement behaviour and the auditory system [1]. Stress has been linked to 524 

increased energy expenditure, decreased food intake, increased mortality and decreased 525 

reproductive output (Table S1). Changes in foraging behaviour may result in increased energy 526 

expenditure or lower food intake, while short-term consequences for mortality or reproductive 527 

output seem unlikely (Table S1). Changes in movement behaviour may lead to increased energy 528 

expenditure (Table S1) but have not been documented to affect food intake or reproductive 529 

output. Changes in the auditory system of fish may lead to decreased food intake, increased 530 

mortality and decreased reproduction (for example, through the negative consequences of 531 

elevated hearing thresholds; Table S1). Although it has often been argued that displacement 532 

from foraging areas and spawning grounds affects fish [2], these effects play on a larger scale 533 

than the experiments reviewed by Cox et al. [1] and we did not include this link in our table. Yet, 534 

we do analyse the effect of reduced reproductive output on the population growth rate based on 535 

another link in the table. In summary, anthropogenic noise could eventually lead to increased 536 

energy expenditure, reduced food intake, increased mortality and reduced reproductive output 537 

for individual cod (Table S1). 538 



Model formulation 539 

The body mass of an individual is assumed to consist of structural mass 𝑥𝑥 (muscles and bones), 540 

reserves 𝑦𝑦𝑟𝑟 (lipids and fat) and gonads 𝑦𝑦𝑔𝑔. Total individual body mass 𝑤𝑤 is hence given by: 541 

𝑤𝑤 = 𝑥𝑥 + 𝑦𝑦𝑟𝑟 + 𝑦𝑦𝑔𝑔. 542 

The mass-length relationship equals: 543 

𝑥𝑥 =
𝛾𝛾 𝑙𝑙𝛿𝛿

�1 + 𝑞𝑞𝑗𝑗�
, 544 

which relates the structural mass 𝑥𝑥  to the condition parameter 𝑞𝑞𝑗𝑗 and the length 𝑙𝑙 with scaling 545 

parameters 𝛾𝛾 and 𝛿𝛿. 546 

Food ingestion follows a Holling type-II functional response. Unlike van Leeuwen et al. [3], we do 547 

not explicitly consider multiple food resources.  Instead, the food ingestion rate 𝐼𝐼(𝑙𝑙) is defined as 548 

the ratio between the feeding level 𝐹𝐹(𝑙𝑙) and the time the individual needs to digest a unit mass 549 

of food 𝐺𝐺(𝑙𝑙) (the inverse 1/𝐺𝐺(𝑙𝑙) equals an individual’s maximum feeding rate): 550 

𝐼𝐼(𝑙𝑙) =
1

𝐺𝐺(𝑙𝑙)
(1 − 𝜓𝜓𝐼𝐼)𝐹𝐹(𝑙𝑙). 551 

The feeding level 𝐹𝐹(𝑙𝑙) is assumed constant in time, but body size-dependent (figure S1B). Food 552 

ingestion decreases proportionally with acoustic foraging disturbance multiplier 𝜓𝜓𝐼𝐼.Digestion 553 

time scales with length as: 554 

𝐺𝐺(𝑙𝑙) = 𝜀𝜀 𝑙𝑙𝜃𝜃, 555 

with scaling constant 𝜀𝜀 and exponent 𝜃𝜃.  556 

The net-energy 𝑁𝑁(𝑙𝑙,𝑤𝑤) equals:    557 

𝑁𝑁(𝑙𝑙,𝑤𝑤) = 𝜎𝜎 𝐼𝐼(𝑙𝑙) − (1 + 𝜓𝜓𝑇𝑇) 𝑇𝑇(𝑤𝑤). 558 



Ingested food is assimilated to energy with efficiency 𝜎𝜎. The energy is then first used to cover the 559 

energy expenditure for metabolic maintenance. The standard metabolic maintenance 560 

requirements are represented by term  𝑇𝑇(𝑤𝑤). The energy expenditure increases proportionally 561 

with the acoustic disturbance energy expenditure multiplier 𝜓𝜓𝑇𝑇 relative to the standard 562 

metabolic maintenance requirements. The standard metabolic requirements depend on the total 563 

body weight, including both structural and reversible mass: 564 

𝑇𝑇(𝑤𝑤) = 𝛼𝛼 𝑤𝑤𝛽𝛽 , 565 

with scaling constant 𝛼𝛼 and exponent 𝛽𝛽.  566 

To assess the population growth rate, we consider a situation with ample food availability. The 567 

net-energy is always taken to be positive and we do not consider starvation conditions.  568 

A proportion 𝑘𝑘 of the net-energy is invested in growth in structural mass; the remaining 569 

proportion 1 − 𝑘𝑘 of the net-energy is invested in reversible and gonad mass (see below). The 570 

proportion 𝑘𝑘 is defined as: 571 

𝑘𝑘�𝑙𝑙, 𝑥𝑥,𝑦𝑦𝑟𝑟 ,𝑦𝑦𝑔𝑔� =

⎩
⎪
⎨

⎪
⎧

 

1
𝑞𝑞(𝑙𝑙) + 1

,
𝑦𝑦𝑟𝑟 + 𝑦𝑦𝑔𝑔

𝑥𝑥
> 𝑞𝑞(𝑙𝑙)

1
𝑞𝑞(𝑙𝑙) + 1

�
𝑦𝑦𝑟𝑟 + 𝑦𝑦𝑔𝑔
𝑞𝑞(𝑙𝑙) 𝑥𝑥

�
2

, otherwise.

 572 

𝑞𝑞(𝑙𝑙) = � 
𝑞𝑞𝑗𝑗,               𝑙𝑙 < 𝑙𝑙𝑚𝑚;
𝑞𝑞𝑎𝑎 ,        otherwise. 573 

The proportion 𝑘𝑘 depends on the ratio between the reversible (𝑦𝑦𝑟𝑟 + 𝑦𝑦𝑔𝑔) and structural (𝑥𝑥) mass. 574 

The proportion 𝑘𝑘 targets for a constant ratio 𝑞𝑞(𝑙𝑙) between reversible and structural mass (note 575 

that 𝑘𝑘 = 1/(𝑞𝑞(𝑙𝑙) + 1) when  𝑦𝑦𝑟𝑟 + 𝑦𝑦𝑔𝑔 = 𝑞𝑞(𝑙𝑙)𝑥𝑥). When the actual ratio between reversible and 576 

structural mass drops below the target condition level 𝑞𝑞(𝑙𝑙), 𝑘𝑘(𝑙𝑙, 𝑥𝑥,𝑦𝑦𝑟𝑟 ,𝑦𝑦𝑔𝑔) decreases with a 577 

decrease in the ratio between the reversible and structural mass. This slows down growth in 578 

structural mass and favours restoring reserve mass to reach the target condition. The value of 579 

𝑞𝑞(𝑙𝑙) depends on the size of the individual, it is equal to 𝑞𝑞𝑗𝑗 before, and equal to 𝑞𝑞𝑎𝑎 after they have 580 



become sexually mature. Sexual maturity is reached when an individual reaches the size at 581 

maturation 𝑙𝑙𝑚𝑚. Since 𝑞𝑞𝑗𝑗 < 𝑞𝑞𝑎𝑎, adults accumulate more reserves than juveniles, a surplus they 582 

allocate to reproduction.  583 

For each individual, mortality is a sum of background mortality 𝜇𝜇0, size-dependent background 584 

mortality 𝐷𝐷𝑠𝑠, and, fisheries 𝐷𝐷𝑣𝑣 mortality, resulting in the following equation for the per capita 585 

mortality rate: 586 

𝐷𝐷(𝑙𝑙) = (1 + 𝜓𝜓𝐷𝐷)𝜇𝜇0 + 𝐷𝐷𝑠𝑠(𝑙𝑙) + 𝐷𝐷𝑣𝑣(𝑙𝑙). 587 

The term 𝜓𝜓𝐷𝐷 𝜇𝜇0, background mortality multiplied by acoustic disturbance mortality multiplier 588 

𝜓𝜓𝐷𝐷, represents the increase in mortality due to acoustic disturbance. The size-dependent 589 

background mortality 𝐷𝐷𝑠𝑠(𝑙𝑙) decreases exponentially with body size: 590 

𝐷𝐷𝑠𝑠(𝑙𝑙) = 𝜇𝜇𝑠𝑠𝑒𝑒
−( 𝑙𝑙𝑙𝑙𝑠𝑠

)𝛿𝛿 , 591 

with mortality constant 𝜇𝜇𝑠𝑠 and characteristic size 𝑙𝑙𝑠𝑠. Fisheries mortality 𝐷𝐷𝑣𝑣(𝑙𝑙) depends on body 592 

size following a double sigmoid function (see Figure S1C): 593 

𝐷𝐷𝑣𝑣(𝑙𝑙) = 𝜇𝜇𝑣𝑣�𝑋𝑋(𝑙𝑙, 𝑙𝑙𝑣𝑣 , 𝑙𝑙𝑣𝑣ℎ)− (1 − 𝜌𝜌)𝑋𝑋(𝑙𝑙, 𝑙𝑙𝑣𝑣𝑣𝑣 , 𝑙𝑙𝑣𝑣𝑣𝑣ℎ)�, 594 

in which 𝑋𝑋(𝑙𝑙, 𝑙𝑙1, 𝑙𝑙2) is defined as: 595 

𝑋𝑋(𝑙𝑙, 𝑙𝑙1, 𝑙𝑙2) =

⎩
⎪⎪
⎨

⎪⎪
⎧

 

0.0, 𝑛𝑛𝑥𝑥 ≤ 0.0
 1
6
 𝑛𝑛𝑥𝑥3, 0.0 < 𝑛𝑛𝑥𝑥 ≤ 1.0

(−3
2
 𝑛𝑛𝑥𝑥 +  3

2
 𝑛𝑛𝑥𝑥2 − 1

3
 𝑛𝑛𝑥𝑥3 + 0.5), 1.0 < 𝑛𝑛𝑥𝑥 ≤ 2.0

(9
2
 𝑛𝑛𝑥𝑥 −  3

2
 𝑛𝑛𝑥𝑥2 + 1

6
 𝑛𝑛𝑥𝑥3 − 3.5), 2.0 < 𝑛𝑛𝑥𝑥 ≤ 3.0

1.0, otherwise

      with 𝑛𝑛𝑥𝑥 = 1.5 
(𝑙𝑙 − 𝑙𝑙1)
(𝑙𝑙2 − 𝑙𝑙1)

. 596 

The fisheries mortality depends on mortality constant 𝜇𝜇𝑣𝑣, the average fisheries retention in the 597 

largest size classes’ 𝜌𝜌 and sigmoid function 𝑋𝑋(𝑙𝑙, 𝑙𝑙1, 𝑙𝑙2) . The sigmoid function depends on the 598 

body length 𝑙𝑙, the length at the start 𝑙𝑙1 and at 50% 𝑙𝑙2 of the s-shaped part of the function. For the 599 

increasing part of 𝐷𝐷𝑣𝑣  (𝑙𝑙), the sigmoid is defined by the length at the start (𝑙𝑙𝑣𝑣) and at 50% (𝑙𝑙𝑣𝑣ℎ) of 600 



fisheries retention. For the decreasing part of 𝐷𝐷𝑣𝑣(𝑙𝑙), the sigmoid depends on the length at the 601 

start (𝑙𝑙𝑣𝑣𝑣𝑣) and at 50% (𝑙𝑙𝑣𝑣𝑣𝑣ℎ) of the fisheries mortality decline (Figure S1C). 602 

The individual life history is a mix of continuous and discrete time processes that operate within 603 

each year. The individual-level functions for feeding, energy allocation and mortality lead to a set 604 

of ODEs that describe the continuous-time changes of the individual throughout its life. The age 605 

𝑎𝑎, structural mass 𝑥𝑥, length 𝑙𝑙 and survival probability 𝑠𝑠 change continuously with time 𝜏𝜏 as: 606 

𝑑𝑑𝑎𝑎
𝑑𝑑𝜏𝜏

  = 1.0, 607 

𝑑𝑑𝑥𝑥
𝑑𝑑𝜏𝜏

  = 𝜅𝜅 𝑁𝑁, 608 

𝑑𝑑𝑙𝑙
𝑑𝑑𝜏𝜏

  =
𝑑𝑑𝑥𝑥
𝑑𝑑𝜏𝜏

𝑑𝑑𝑥𝑥
𝑑𝑑𝑙𝑙

� = 𝑘𝑘𝑁𝑁 
𝑙𝑙
𝛿𝛿 𝑥𝑥

, 609 

𝑑𝑑𝑠𝑠
𝑑𝑑𝜏𝜏

  = −𝐷𝐷(𝑙𝑙)𝑠𝑠. 610 

The dynamics of the reversible mass of reserves 𝑦𝑦𝑟𝑟 and gonads 𝑦𝑦𝑔𝑔 depend on the time of the year 611 

and the sexual maturity of the individual. During the first period, with length 𝜏𝜏𝑟𝑟, of each year, the 612 

energy invested in reversible and gonad mass is stored in the reserves only and the gonads 613 

remain empty. Within each year 𝑛𝑛 with length Υ, these dynamics during the intervals (𝑛𝑛Υ) ≤ 𝜏𝜏 <614 

(𝑛𝑛Υ + 𝜏𝜏𝑟𝑟) are hence described by: 615 

𝑑𝑑𝑦𝑦𝑟𝑟
𝑑𝑑𝜏𝜏

= (1 − 𝑘𝑘) 𝜂𝜂 617 

𝑑𝑑𝑦𝑦𝑔𝑔
𝑑𝑑𝜏𝜏

= 0.0. 618 

 616 

At day 𝜏𝜏𝑟𝑟 within each year (that is, at all time-points 𝜚𝜚𝑛𝑛 = (𝑛𝑛Υ+ 𝜏𝜏𝑟𝑟)), the individual decides 619 

whether it will spawn at the end of the year. This decision depends on the reserve mass in 620 

relation to the target body condition:  621 

𝑦𝑦𝑔𝑔(𝜚𝜚𝑛𝑛+) = �
0.0, 𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛−) ≤ 𝑞𝑞𝑗𝑗𝑥𝑥(𝜚𝜚𝑛𝑛−)

𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛−) − 𝑞𝑞𝑗𝑗𝑥𝑥(𝜚𝜚𝑛𝑛−), 𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛−) > 𝑞𝑞𝑗𝑗𝑥𝑥(𝜚𝜚𝑛𝑛−)  622 



𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛+) = �
                     𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛−), 𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛−) ≤ 𝑞𝑞𝑗𝑗𝑥𝑥(𝜚𝜚𝑛𝑛−)

𝑞𝑞𝑗𝑗𝑥𝑥(𝜚𝜚𝑛𝑛−), 𝑦𝑦𝑟𝑟(𝜚𝜚𝑛𝑛−) > 𝑞𝑞𝑗𝑗𝑥𝑥(𝜚𝜚𝑛𝑛−). 623 

If the ratio of reserves over structural mass is smaller than or equal to 𝑞𝑞𝑗𝑗, the individual will not 624 

spawn because any investment in reproduction would lower the body condition below the 625 

target condition 𝑞𝑞𝑗𝑗. In this case, all variables stay the same. On the other hand, if the ratio of 626 

reserves over structural mass is larger than 𝑞𝑞𝑗𝑗, the individual will spawn. In this case, the 627 

surplus of reserve mass, in excess of the target body condition 𝑞𝑞𝑗𝑗, is transferred to the gonads. 628 

All other variables stay the same. 629 

Depending on the decisions about spawning at time points 𝜚𝜚𝑛𝑛, the dynamics that occur 630 

subsequently until the end of the year, during intervals (𝑛𝑛Υ+ 𝜏𝜏𝑟𝑟)  ≤ 𝜏𝜏 < (𝑛𝑛Υ + Υ), are: 631 

for years without spawning: 632 

𝑑𝑑𝑦𝑦𝑟𝑟
𝑑𝑑𝜏𝜏

= (1 − 𝑘𝑘)𝑁𝑁, 633 

𝑑𝑑𝑦𝑦𝑔𝑔
𝑑𝑑𝜏𝜏

= 0.0, 634 

for years with spawning: 635 

𝑑𝑑𝑦𝑦𝑟𝑟
𝑑𝑑𝜏𝜏

= �
(1 − 𝑘𝑘) 𝑁𝑁 , 𝑙𝑙 < 𝑙𝑙𝑚𝑚,

0.0, 𝑙𝑙 ≥ 𝑙𝑙𝑚𝑚, 636 

𝑑𝑑𝑦𝑦𝑔𝑔
𝑑𝑑𝜏𝜏

= �
0.0, 𝑙𝑙 < 𝑙𝑙𝑚𝑚,

(1 − 𝑘𝑘)𝑁𝑁, 𝑙𝑙 ≥ 𝑙𝑙𝑚𝑚. 637 

If no spawning occurs, energy invested in reversible mass is stored in reserves by all individuals. 638 

In years with spawning, energy invested in reversible mass is stored in the gonads by 639 

individuals with a length larger than  𝑙𝑙𝑚𝑚. while energy invested in reversible mass is stored in 640 

the reserves by immature individuals, with length smaller than 𝑙𝑙𝑚𝑚 .  641 

Spawning occurs at the end of each year at day Υ, at the time points 𝜁𝜁𝑛𝑛 = (𝑛𝑛Υ + Υ):  642 

𝐵𝐵           = (1 −𝜓𝜓𝐵𝐵)
𝜎𝜎𝑟𝑟 𝑦𝑦𝑔𝑔(𝜁𝜁𝑛𝑛−)
𝑚𝑚(𝑙𝑙𝑏𝑏) , 643 



𝑅𝑅0(𝜁𝜁𝑛𝑛+) = 𝑅𝑅0(𝜁𝜁𝑛𝑛−) + 𝐵𝐵 𝑠𝑠(𝜁𝜁𝑛𝑛−), 651 

𝑦𝑦𝑔𝑔(𝜁𝜁𝑛𝑛+) = 0.0. 652 

The number of offspring 𝐵𝐵 that an individual produces depends on the mass of the gonads, the 644 

mass 𝑚𝑚(𝑙𝑙𝑏𝑏) at the size of birth 𝑙𝑙𝑏𝑏 and the gonad-to-offspring conversion efficiency 𝜎𝜎𝑟𝑟. The 645 

number of offspring produced decreases proportionally with the reproductive failure multiplier 646 

𝜓𝜓𝐵𝐵 due to acoustic disturbance.  To calculate the lifetime reproductive output 𝑅𝑅0, the number of 647 

offspring 𝐵𝐵 is multiplied by the survival probability of the individual and added to the offspring 648 

the individual has produced so far. The gonadal mass is set to zero. All other variables do not 649 

change. 650 

The initial state of an individual in the model is defined at the moment at which the individual 653 

starts feeding actively. At this moment, the individual age  is 𝑎𝑎𝑏𝑏 and body size is 𝑙𝑙𝑏𝑏. Its survival 654 

probability up to that moment depends on the mortality in the egg and larval phase 𝜇𝜇𝑒𝑒 . The 655 

individuals reserves contain a portion of the total mass such that, while the gonads are empty, 656 

the ratio between reversible and structural mass is equal to the target ratio 𝑞𝑞𝑗𝑗. This results in the 657 

following state of the model variables for newborns:  658 

𝑎𝑎(0) = 𝑎𝑎𝑏𝑏 , 660 

𝑥𝑥(0) =  
1

�1 + 𝑞𝑞𝑗𝑗�
𝑚𝑚(𝑙𝑙𝑏𝑏), 661 

𝑙𝑙(0) = 𝑙𝑙𝑏𝑏, 662 

𝑠𝑠(0) = 𝑒𝑒−𝜇𝜇𝑒𝑒 𝑎𝑎𝑏𝑏 , 663 

ℎ(0) = 0.0, 664 

𝑦𝑦𝑟𝑟(0) =
𝑞𝑞𝑗𝑗

�1 + 𝑞𝑞𝑗𝑗�
𝑚𝑚(𝑙𝑙𝑏𝑏), 665 

𝑦𝑦𝑔𝑔(0) = 0.0. 666 

 659 

Feeding level functions 667 

For the intermediate and low feeding-levels, we assume sigmoid function: 668 



𝐹𝐹 = 𝑓𝑓1 + 𝑓𝑓2𝑋𝑋(𝑙𝑙, 𝑙𝑙1, 𝑙𝑙2). 669 

The feeding-level starts at level 𝑓𝑓1 and gradually shifts following function 𝑋𝑋 with length to 𝑓𝑓1 +670 

 𝑓𝑓2. The shift starts at 𝑙𝑙1 and at length 𝑙𝑙2 the shift is halfway. With 𝑙𝑙1 = 0.39 cm and 𝑙𝑙2 = 30 cm, 671 

we define the intermediate feeding level function as 𝐹𝐹𝑖𝑖𝑛𝑛𝑖𝑖 = 0.7 +  0.25 𝑋𝑋(𝑙𝑙, 0.39,30) and the low 672 

feeding level function as 𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙 = 0.55 +  0.35 𝑋𝑋(𝑙𝑙, 0.39,30) (Figure S1B).   673 

Model parameters 674 

Parameters and their values are listed in Table S2. The parameter values used by van Leeuwen 675 

et al. [3] are based on Baltic Sea cod. To represent Atlantic cod in the North Sea, we adjust the 676 

length at maturation (𝑙𝑙𝑚𝑚), adult target condition (𝑞𝑞𝑎𝑎) and the size-dependent functions for 677 

fisheries retention,  energy expenditure for metabolic maintenance, and digestion time (Figure 678 

S1A-C). The derivation of these parameter values is described below. Otherwise, we use the 679 

parameter values as given in van Leeuwen et al. [3].  680 

The metabolic rate and the digestion time are temperature dependent. The average annual 681 

North Sea SST is ~10 ˚C [4]. Assuming the sea bottom is about 2 degrees colder, we use 8 ˚C for 682 

the derivation of the size-dependent metabolic rate and the digestion time. The metabolic rate is 683 

derived from oxygen consumption of cod reared in light at 8 ˚C [5]. We convert dry-to-wet body-684 

mass with conversion factor 5 [see data in 5], oxygen to grams energy using an oxy-calorific 685 

coefficient of 13.6 kJ ∙ g−1 O2 [6] and energy-to-wet-weight ratio of 7 kJ/g [7]. To compress 686 

annual activity into 𝑌𝑌 = 250 days (Table S2), we rescale the metabolic rate parameters to 𝛽𝛽 =687 

0.9124 and 𝛼𝛼 = 0.022 (Figure S1A). The digestion time 𝐺𝐺 is derived from data of maximum 688 

growth in body mass in Atlantic cod, fed ad lib in captivity [8]. For a situation with maximum 689 

feeding, the growth in body mass equals the weight increase (𝑁𝑁) in the model; 𝑁𝑁 = 𝜎𝜎 1
𝐺𝐺
− 𝑇𝑇. We 690 

derive digestion time scaling parameters 𝜀𝜀 = 270.651 and 𝜃𝜃 = −2.389 from the growth rate 691 

between 𝑙𝑙 = 0.39− 150 cm at 8 ˚C, using a year with length 𝑌𝑌 = 250 days, 𝜎𝜎 = 0.6 (Table S2) 692 

and the metabolic  rate above (Table S2, Figure 1B) .  693 



Fisheries retention is defined as the ratio between the age-specific annual fisheries mortality 694 

rate and the maximum fisheries mortality rate in the same year. We use data from the ICES 695 

fisheries assessments between 2000-2016 [9]. Each age class is converted to a mean annual size-696 

at-age based on the mean size per age class in the years 2000-2016 of the cod IBTS-survey data 697 

[10]. We use a double s-shaped function for the relationship between fisheries retention and 698 

body size and fitted the curve to the data points manually (Figure S1C). Fisheries retention starts 699 

at 𝑙𝑙𝑣𝑣 = 10 cm and reaches 50% of its maximum at 𝑙𝑙𝑣𝑣ℎ = 34 cm. From 𝑙𝑙𝑣𝑣𝑣𝑣 = 58 cm, fisheries 700 

retention gradually decreases to the average retention in the last age class (6+ years old) 𝜌𝜌 =701 

0.55 and reaches 50% of this level at 𝑙𝑙𝑣𝑣𝑣𝑣ℎ = 78 cm. Over the last ten years, the maximum 702 

fisheries mortality for North Sea cod ranged between 0.35 (2016) and 0.75 (2006; [9]). We use a 703 

daily mortality rate of  0.31
Υ

=  0.00124 d−1, which is the currently advised maximum cod 704 

fisheries mortality [11].  705 

The typical size at maturation of Atlantic  cod varies across regions; we use 𝑙𝑙𝑚𝑚 = 62 cm, which is 706 

the length where 50% of Atlantic cod in the North Sea are reported mature by Thorsen et al. 707 

[12]. The adult target body condition is taken as 𝑞𝑞𝑎𝑎 = 1.2 based on a mean 24% somatic weight 708 

loss after spawning in Atlantic cod from the Gulf of St. Lawrence [13].  709 



 710 

Figure S1 (A) Maintenance costs (black solid line) and maximum ingestion rate  1
𝐺𝐺

 (red dashed line), (B) feeding level in case 711 

of high (green), intermediate (blue) and low (red) food availability, (C) fisheries retention data (black dots; 2000-2016, 65), 712 

the length at the start of the increase 𝑙𝑙𝑣𝑣 (blue solid line), at 50% of the increase 𝑙𝑙𝑣𝑣ℎ (green solid line) , at the start of the 713 

decline 𝑙𝑙𝑣𝑣𝑣𝑣 (blue dashed line) and 50% of the decline 𝑙𝑙𝑣𝑣𝑣𝑣ℎ (green dashed line) of fisheries retention and fisheries retention 714 

implemented in the model (black line) and (D) mortality rate as a function of body size implemented in the model. 715 

716 



Table S1 Potential consequences of anthropogenic noise for individual level processes. The observed effects of anthropogenic noise on fish (row names on the left) were chosen based on a 717 

meta-analysis of anthropogenic noise experiments with fish by Cox et al. [1]. We show an overview of potential consequences of the observed effects of anthropogenic noise for individual 718 

level processes (column names on top) that have been documented for fish. Colours of the cells indicate the quality of evidence (orange – documented consequences for individual level 719 

process; yellow – logical consequence but no consequences have been documented, or, only anecdotal studies of consequences for individual level process; blue – no short-term consequences 720 

for individual level process have been documented) 721 

Consequences  

Observations                                        Energy expenditure Food intake Mortality Reproductive output 

Stress 
(Higher levels of cortisol)  Elevated cortisol increases 

the metabolic rate [14]. 
 Elevated cortisol reduces 

food intake [15,16]. 
? Stress may lead to 

mortality [17]. 

 Elevated cortisol decreases 
fertilization rate [18] , and, 
leads to deformities in fish 
larvae [19] . 

Foraging behaviour 
(Decrease of foraging behavior, such as: food 
consumption, foraging efficiency, and 
discrimination error of prey items.) 

 More energy spent to come 
to the same food intake  
[20,21].  

 Lower food intake due to 
less successful foraging or 
less time spent foraging  

[22]. 

× No direct consequences 
documented. 

× No direct consequences 
documented. 

Movement behaviour 
(Increase of movement related behaviour, 
such as: adjusted swimming depth, 
directional changes, schooling adjustments, 
swimming speed.) 

 Schooling reduces the 
energetic costs of 
movement [23] and faster 
swimming costs more 
energy [24]. 

× No direct consequences 
documented. 

× No direct consequences 
documented. 

× No direct consequences 
documented. 

Auditory system 
(Changes in the auditory system, such as the 
hearing threshold.) 

× No direct consequences 
documented. ? Lower prey detection. ? Lower predator detection. ? Cod uses sounds for mate 

finding [25].  

 

722 



Table S2 Model variables and default parameter values based on van Leeuwen et al. (2013). 723 

Symbol Unit Description Value Source Derivation 

Model variables    

𝑎𝑎 [d] Age    

𝑥𝑥 [g] Structural mass    

𝑦𝑦𝑟𝑟 [g] Reserves    

𝑦𝑦𝑔𝑔 [g] Gonads    

𝑠𝑠 - Survival probability    

𝑅𝑅0 - Reproductive 

output 

   

Derived model variables    

𝑙𝑙 [cm] Length 𝑚𝑚 = 𝛾𝛾 𝑙𝑙𝛿𝛿   

𝑤𝑤 [g] Total body mass 𝑤𝑤 = 𝑥𝑥 + 𝑦𝑦𝑟𝑟 + 𝑦𝑦𝑔𝑔   

𝑚𝑚 [g] Length-based mass  𝑚𝑚 = 𝑥𝑥(1 + 𝑞𝑞𝑗𝑗)  Structural mass 

and liver weight 

Parameters     

Υ [d] Length of growing 

season 

250 [3]  

𝜏𝜏𝑟𝑟 [d] Day of spawning 

decision 

200 [3]  

𝑎𝑎𝑏𝑏 [d] Age of first feeding 22 [3] Atlantic cod, 

Norway  

𝑙𝑙𝑏𝑏 [cm] Length at birth 0.39 [3] Atlantic cod, 

Norway 

𝑙𝑙𝑠𝑠 [cm] Characteristic 

length mortality 

3.68 [3]  

𝑙𝑙𝑚𝑚 [cm] Maturation length 62 [12] Length 50% 

mature (North Sea 

cod)  

𝑙𝑙𝑣𝑣 [cm] Size of start fishing 

vulnerability 

10 [9] North Sea cod 

𝑙𝑙𝑣𝑣ℎ  [cm] Size of 50% fishing 

vulnerability 

34 [9] North Sea cod 

𝑙𝑙𝑣𝑣𝑣𝑣  [cm] Size of start 

decrease fisheries 

vulnerability 

58 [9] North Sea cod 



𝑙𝑙𝑣𝑣𝑣𝑣ℎ  [cm] Size of %50 

decrease fisheries 

vulnerability 

78 [9] North Sea cod 

𝜌𝜌 -  0.55 [9] North Sea cod 

𝑞𝑞𝑗𝑗  - Juvenile condition 

target 

0.7 [3]  

𝑞𝑞𝑎𝑎  - Adult condition 

target 

1.2 [13] Atlantic cod, NW 

Atlantic 

𝛾𝛾 [(g cm−1)𝛿𝛿] Length-weight 

scaling constant 

0.01 [3] Atlantic cod, NE 

Atlantic 

𝛿𝛿 - Length-weight 

scaling exponent 

3.0 [3] Atlantic cod, NE 

Atlantic 

𝜀𝜀 [d cm− 𝜃𝜃g−1] Digestion time 

scaling constant 

 

270.651  [5,8] Derived from 

maximum growth 

rate, metabolic 

rate and 𝐼𝐼(𝑙𝑙) 

𝜃𝜃 - Digestion time 

scaling exponent 

 

-2.389 [5,8] Derived from 

maximum growth 

rate, metabolic 

rate and 𝐼𝐼(𝑙𝑙) 

𝛼𝛼 [g1−𝛽𝛽𝑑𝑑−1𝑔𝑔−1] Metabolic rate 

scaling constant 

 

0.022  [5] Derived from 

oxygen 

consumption of 

Atlantic cod at 8 C 

𝛽𝛽 - Metabolic rate 

scaling exponent 

0.9124 [5] Derived from 

oxygen 

consumption of 

Atlantic cod at 8 C 

𝜎𝜎0 - Conversion 

efficiency 

0.6 [3] Across fish 

species 

𝜎𝜎𝑟𝑟 - Gonad-offspring 

conversion 

efficiency 

0.5 [3] Female offspring 
only 

𝜇𝜇𝑒𝑒  [d−1] Egg mortality 0.03 [3]  

𝜇𝜇𝑠𝑠 [d−1] Size-dependent 

mortality constant 

0.03 [3]  

𝜇𝜇0 [d−1] Size-independent 

background 

mortality 

0.003 [3]  



𝜇𝜇𝑣𝑣 [d−1] Fishing mortality 0.00124 [11] North Sea cod 

fisheries, FMSY 

𝐹𝐹ℎ𝑖𝑖𝑔𝑔ℎ    1.0   

𝐹𝐹𝑖𝑖𝑛𝑛𝑖𝑖    0.7

+  0.25 𝑋𝑋(𝑙𝑙, 0.39,30) 

 Length dependent 

𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙    0.55

+  0.35 𝑋𝑋(𝑙𝑙, 0.39,30) 

 Length dependent 

𝜓𝜓𝐷𝐷  Acoustic mortality 

multiplier 

0 - 10   

𝜓𝜓𝐵𝐵   Acoustic 

reproductive failure 

multiplier 

0 - 1   

𝜓𝜓𝑇𝑇   Acoustic energy 

expenditure 

multiplier 

0 - 1   

𝜓𝜓𝐼𝐼   Acoustic feeding 

failure multiplier 

0 - 1   
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