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Abstract 21 

The presence of senescence in natural populations remains an unsolved problem in 22 

biology. Described as an age-dependent increase in natural mortality (known as 23 

actuarial senescence) and an age-dependent decrease in fecundity (known as 24 

reproductive senescence), the role of senescence in nature is still poorly understood. 25 

Based on empirical estimates of reproductive and actuarial senescence, we explored 26 

how senescence affects the population dynamics of Coregonus albula, a small, 27 

schooling salmonid fish. Using an empirically-based eco-evolutionary model, we 28 

investigated how the presence or absence of senescence affects how the fish 29 

population responds to pristine, intensive harvest, and recovery phases. Our results 30 

showed that at an individual level, the presence of senescence was accompanied by 31 

life-history trade-offs, i.e. lower asymptotic length and smaller size and younger age at 32 

maturity, both in the presence and absence of fishing. At the population level, the 33 

response to different fisheries selection patterns depended on the presence or absence 34 

of senescence. Importantly, the results indicate that through the lifehistory trade-offs 35 

between early reproduction and late life survival, the young and small individuals can 36 

have an important role in population recovery, especially when senescence is present. 37 

Since most life-history and fisheries models ignore senescence, they may be over-38 

estimating reproductive capacity and under-estimating natural mortality. Our results 39 

highlight the need for increasing biological realism in these models to ensure the 40 

successful management of our natural resources. 41 

 42 

 43 
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Introduction 44 

Senescence is considered a fundamentally fitness decreasing trait, and its presence 45 

and role in natural populations remains an unsolved problem in biology (Monaghan et 46 

al. 2008; Selman et al. 2012; Nussey et al. 2013). Senescence is described as age-47 

dependent increase in natural mortality (known as actuarial senescence), and age-48 

dependent decrease in fecundity (known as reproductive senescence). For much of the 49 

20th century it was thought that very few animals in the wild experience senescence 50 

because external factors such as predators, diseases or environmental stressors would 51 

kill them before the consequences of aging would commence (Medawar 1952). Today, 52 

it is well known that this is not the case and evidence for senescence across taxa is 53 

accumulating (Nussey et al. 2013). Several studies of wild populations have shown that 54 

trade-offs exist between early and late life performance (Jensen 1996; Bonsall and 55 

Mangel 2004; Lemaitre et al. 2014; Maklakov and Chapman 2019), likely contributing to 56 

the onset or development of senescence in an individual. The early vs. late life 57 

performance has been tested in many vertebrates and has gained a lot of support, but 58 

tests in fishes are scarce, mainly owing to the difficulty of testing for senescence in 59 

species with indeterminate growth (Heino and Kaitala 1999; Reznick et al. 2002; 60 

Lemaître et al. 2015).  61 

Life-history trade-offs may take place between functions as well as within the same 62 

function. For instance, increased growth rate and increased reproductive effort early in 63 

life and higher natural mortality rate later in life are known to be linked (Kirkwood and 64 

Rose 1991; Lester et al. 2004). Similarly, investment in future reproductive effort is 65 

thought to be of lesser value in terms of fitness benefits than current reproductive effort, 66 
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mainly due to the uncertainty of future reproduction (Zhang and Hood 2016). Following 67 

the close link between life history characters and senescence, it is therefore likely, as 68 

hypothesised by Benoît et al. (2018), that assuming that increased allocation to 69 

reproduction in early life leads to an increased rate of ageing later, fishing-induced 70 

changes in maturation age and senescence could actually be linked. Indeed, the natural 71 

mortality rate of many fish populations is thought to have increased in the recent 72 

decades (Gislason et al. 2010). 73 

While most fishes express indeterminate growth and high longevity (Carey and Judge, 74 

2000), it has been suggested that fish experience delayed senescence relative to birds 75 

and mammals, facilitated in part by the capacity for increasing fecundity with age 76 

(Reznick et al. 2002). Indeed, female body size and reproductive output in fish are 77 

known to be positively correlated, indicating that the older and larger the fish, the higher 78 

its reproductive output. Most fisheries and fish population models (Beverton-Holt, 1957; 79 

Enberg et al., 2010; Andersen and Beyer, 2015; Zimmermann and Jørgensen, 2015) 80 

and life-history models (Roff, 1983; Brunel et al., 2013; Charnov et al., 2013) assume 81 

that body size (weight) scales isometrically with reproductive output. Recent meta-82 

analysis has provided cues that the scaling might even be hyper-allometric in some 83 

cases (Barneche et al. 2018), further stressing the role of large and old individuals for 84 

population growth or, in case of over-exploitation, for recovery. Additionally, in fisheries 85 

and life-history models, the natural mortality of fish is often assumed to be independent 86 

of the age or size of the fish (Gislason et al. 2010). Models with increasing fecundity 87 

with age and size, and age- and size-independent natural mortality essentially describe 88 

fish as having no reproductive or actuarial senescence at all.  89 
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While rarely included in fisheries and life-history models, senescence in fish was first 90 

documented over 60 years ago (Gerking 1957; Comfort 1960, 1963; Woodhead and 91 

Ellett 1966, 1967, 1969a, b). Over the past few decades, evidence for both reproductive 92 

(Reznick et al. 2006; Benoît et al. 2018) and actuarial (Beverton et al. 2004; Uriarte et 93 

al. 2016) senescence as well as general deterioration with age (Patnaik et al. 1994; 94 

Hendry et al. 2004; Morbey et al. 2005; Carlson et al. 2007) in fish has started to 95 

accumulate. While the importance of old and large individuals for the reproductive pool 96 

is evident, the common conservation measure of relying on the reproductive effort of 97 

large individuals could have detrimental effects on the recovery and resilience of fish 98 

populations if actuarial or reproductive senescence is indeed wide-spread in fishes (Le 99 

Bris et al. 2015). Given that senescence influences the reproductive outcome and 100 

natural mortality rate, it would also have major consequences to our understanding of 101 

fish population dynamics and would thereby affect our management efforts of fish 102 

populations.  103 

Sustainable fish populations are vital not only for food security around the world (Merino 104 

et al. 2012), but also for healthy biodiversity and climate regulation (Jackson 2008). 105 

Several fish populations that have collapsed as a result of fishing, have not recovered or 106 

are recovering slower than expected even after significant declines in fishing effort 107 

(Hutchings and Reynolds 2004). The reasons behind the lack of recovery are complex 108 

and likely include factors such as habitat destruction, climatic conditions, trends in prey-109 

predator relationships, and changes in life-history traits (Dulvy et al. 2003a; Hutchings 110 

and Reynolds 2004; Olsen et al. 2009). While much research effort has been put into 111 

understanding the links between life-history traits such as body size, growth rate, size 112 
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and age at maturity, and population dynamics (Ahti et al. 2020), the role of reproductive 113 

and actuarial senescence in population dynamics and population recovery remains 114 

poorly understood. 115 

Monitoring and measuring reproductive or actuarial senescence in nature is notoriously 116 

difficult, particularly for fish, and the fishes with the most data tend to be the fishes that 117 

are the most heavily fished, therefore likely caught before senescence commences. 118 

Here, we used empirical data to parameterise an existing eco-evolutionary model 119 

(Kuparinen et al. 2011) to overcome these obstacles and to illuminate the role of 120 

senescence in fish population dynamics and population recovery under two different 121 

fishery selection schemes. As opposed to experimental or empirical studies, the 122 

simulation model allows us to control the presence and absence of senescence and 123 

explore how, all else being equal, it influences fish population dynamics in the presence 124 

and absence of fishing. We used vendace (Coregonus albula, Linnaeus), an 125 

economically and culturally important freshwater salmonid, as a model species. 126 

Specifically, we address the following questions: 1) How does the presence or absence 127 

of senescence influence the population dynamics of fish, in terms of biomass and 128 

number of fish prior to fishing? And 2) how does the response to different fishery 129 

selection schemes differ depending on the presence or absence of senescence? Our 130 

results provide insights into the effects of senescence on population dynamics before, 131 

during, and after harvest, and how including it in fisheries and life-history models may 132 

improve our understanding of population dynamics and facilitate management efforts. 133 

Materials and methods 134 
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To explore the role of senescence in Coregonus Albula (Linnaeus) life-histories and 135 

populations, we used an individual-based model that incorporates empirical growth, 136 

fecundity, and survival data with the principles of quantitative genetics and demographic 137 

processes. The core of this mechanistic model lies in the strong negative correlations 138 

among the von Bertalanffy (vB) growth model parametres L∞ (asymptotic length), and k 139 

(intrinsic growth coefficient, i.e. how fast the fish length is approaching L∞) and the size 140 

at maturity (von Bertalanffy 1938, 1949; Quince et al. 2008). Since the simulation model 141 

has been described in detail elsewhere (Kuparinen et al. 2011), we will here limit the 142 

model description to a general description of the modelling approach and the main 143 

features and additions specific to our study design. While the empirical data are from 144 

Lake Puulavesi in Central Finland, the results can be generalised to any fish with similar 145 

life-history properties. 146 

General description of the modelling approach 147 

The eco-evolutionary model includes five main components (Fig 1a - e). These are four 148 

dependent sets of variables: growth, fecundity, survival, population demographics, and 149 

an independent variable: senescence.  150 

Life history traits such as size and age at maturity are thought to be controlled by many 151 

loci (Roff 2002). In fishes, the correlation of size at maturity and 𝐿∞ is a well-known life-152 

history invariant (Charnov 1993). Thus, in the growth component (Fig. 1a), we utilised 153 

empirical length-at-age data back-calculated from fish scales to model the 𝐿∞. The 𝐿∞ 154 

was set to be an evolving trait so that the genotype coding 𝐿∞ of each individual was 155 

described by 10 diploid loci with two alleles in each. The alleles were inherited in the 156 

classic Mendelian way, so that each offspring received one randomly drawn allele from 157 
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the mother, and one from the father. Each allele was coded as 0 or 1 and the sum of 158 

alleles across the ten loci was coupled with a normally distributed random number 159 

(mean zero) to describe phenotypic variability, and then the sum was linearly translated 160 

to values of 𝐿∞. The standard deviation of the normally distributed random number was 161 

adjusted to yield a realistic heritability of 0.2-0.3 (Mousseau and Roff 1987). The vB 162 

growth parameter k and the size at maturity were then determined based on 𝐿∞.  (For 163 

more on k see below “Model parametrisation”). We used the empirical data to determine 164 

that the maturation size threshold was at 67% of their 𝐿∞  (mean size at 2 years of age) 165 

and no earlier than on their second autumn, which is  in line with literature (Jensen 166 

1998; Karjalainen et al. 2016). This way, we ensured that the fish in the model will 167 

mature once they reach 67% of their 𝐿∞, but never before they reach their second 168 

autumn. Thus, fish younger than two years old, or two-year-olds smaller than 67% of 169 

their 𝐿∞ could not yet reproduce. 170 

The fecundity component (Fig. 1b) is based on a length-weight relationship, which was 171 

specifically calculated for C. albula from Lake Puulavesi. Using this length-weight 172 

relationship and published empirical data on egg numbers and female weights 173 

(Karjalainen et al. 2016), we fitted a linear model for the fecundity-weight relationship. 174 

The survival component (Fig. 1c) includes an empirically based (Marjomäki et al. 2014; 175 

Karjalainen et al. 2016) probability (P = 0.002) for a fertilized egg to hatch and the 176 

juvenile to survive until 2 years of age. The sex of the juveniles was drawn from a 177 

Bernoulli trial with a probability of 0.5. Mating occurred randomly, so that for each 178 

mature female a random mate was drawn from a group of mature males. The maximum 179 
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lifetime for each individual was limited to 6 years, according to local estimations in Lake 180 

Puulavesi (Marjomäki and Huolila 1994). 181 

The population component (Fig. 1d) describes density dependency so that at 75% of 182 

the population carrying capacity, the individual growth is reduced to 50% of that 183 

predicted by the individual’s vB growth curve (its L∞ and k parameters). Additionally, egg 184 

production was set to be density dependent so that the closer the population was to its 185 

carrying capacity, the fewer eggs were produced. 186 

The fifth component of the eco-evolutionary model describes senescence in its two 187 

forms: reproductive senescence and actuarial senescence (Fig. 1e). The reproductive 188 

senescence was modelled by multiplying the linear model for fecundity by the 189 

gonadosomatic index (GSI) for the year class in question. When no reproductive 190 

senescence was modelled, only the linear model for fecundity was used. Actuarial 191 

senescence was modelled by increasing the rate of natural mortality each year, as 192 

opposed to keeping natural mortality rate constant throughout lifetime as in the scenario 193 

with no actuarial senescence. All the other components were kept identical in the 194 

simulations (Fig. 1f), but the presence and absence of reproductive and actuarial 195 

senescence was altered.  196 

Each population in each scenario was then allowed to “live” for 500 years, and the 197 

individuals and populations were traced at annual time steps. At each annual step, the 198 

growth, reproduction, and mortality of each individual fish was simulated to get the 199 

population data for the next year. During those 500 years, the populations experienced 200 

three consecutive phases: 200 years of pristine phase, 100 years of intense fishing, and 201 

200 years of recovery (Fig. 1f). The output data of particular interest, i.e. asymptotic 202 
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length (𝐿∞), biomass (BM), and number of fish (N) was collected annually. Each 203 

simulation was replicated 100 times. 204 

Parametrisation of the model 205 

The empirical data were collected from Lake Puulavesi, an oligotrophic lake located in 206 

Central Finland. Its areal coverage is approximately 330 km2, with an average depth of 207 

9.2 m and the deepest part reaching 62 m. The samples for vendace age and growth 208 

determination were collected from different basins of Lake Puulavesi between 1977 and 209 

2017. The model is based on empirically observed growth trajectories (total N = 93, 210 

female N = 62, male N = 31). The age was determined from the annuli of vendace 211 

scales located below pelvic fins. The radius of the entire scale (S) and the radius from 212 

scale focus to the annulus i (Si) were measured from the anterior part of the scale that 213 

was magnified (20–40 x) using a microfiche reader. The ages were as follows: 3-year-214 

olds N = 34; 4-year-olds N = 20; 5-year-olds N = 37; and 6-year-olds N = 2. Because 215 

the length at age was back-calculated, the older the fish, the more information it 216 

provided from the previous years. Vendace is known to reach maturity usually on their 217 

second autumn, so it was here assumed that all the specimens were mature. The back-218 

calculation of length at age (Lt ) of each individual was done using the Monastyrky’s 219 

equation 𝐿𝑡 = 𝐿 × ( 𝑠𝑡𝑠 )𝑏
 (Monastyrsky 1930), where L = the measured total length when 220 

the fish was caught, St = the width of annulus at age t, S = radius of the entire scale, 221 

and b = 0.641. The value of 0.641 for the exponent b is an estimate from several 222 

Finnish vendace stocks (Marjomäki and Huolila 2001). 223 
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The empirically collected weight data (N = 27) and the growth trajectories calculated 224 

above were used to calculate the length–weight relationship 𝑊 = 𝑎 × 𝐿𝑏 (Ricker 1975). 225 

In this equation W = fresh weight in grams (precision 0.1 g) and L = length in cm 226 

(precision 1 mm). The parameter a (scaling coefficient for the weight at length of the 227 

fish) the parameter b (shape parameter for the body form of the species) were 228 

calculated to be a = 0.007, and b = 0.003. The lengths varied between 120 and 170 mm 229 

(mean 146 mm, s.d. = 8.63), and the weights varied between 12 and 27 g, (mean 18.7 230 

g, s.d. = 3.7). The length – weight relationship is important because weight scales with 231 

fecundity, and therefore plays a crucial role in population dynamics. In this particular 232 

study, it also forms the basis that reproductive senescence is modelled on.  233 

Back-calculated individual growth trajectories from Lake Puulavesi were summarised 234 

using a non-linear least-squares fit of the vB growth equation which was fit for our data  235 𝐿𝑡 =  𝐿∞ − (𝐿∞ − 𝐿0)𝑒−𝑘𝑡, where 𝐿𝑡 = length at age t, 𝐿∞= asymptotic length, 𝐿0= length 236 

at t = 0, and k = the intrinsic individual growth rate. The association between the vB 237 

parameters L∞ and k was estimated using an empirically based linear regression model 238 

which yielded the following fit: ln(k) = 1.27– 0.13 * 𝐿∞ with residual s.d. = 0.30.  239 

In the scenarios with no reproductive senescence (i.e. how most life-history and 240 

fisheries models describe reproduction), fecundity was based purely on the linear 241 

function for individual fecundity per gram body weight: 39.06 + 118.47 x wet mass in 242 

grams (Table 1) derived from empirical data (Karjalainen et al. 2016). For ease of 243 

comparison against the reproductive senescent scenario, we assigned a “fecundity 244 

factor” of 1 for each age group, meaning no change in fecundity with age (Table 1). 245 
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Karjalainen et al. (2016) showed an age-dependent decrease in gonadosomatic index 246 

(GSI), a pattern that could be indicative of reproductive senescence. We used this GSI 247 

as a proxy for reproductive senescence (Table 1). As we only had GSI data for fish up 248 

to four years old, the GSI for 5- and 6-year-old fish was linearly extrapolated from the 249 

existing data. We used linear extrapolation, because we are interested in the 250 

mechanistic changes in population, and not specifically only in vendace. Instead of 251 

using the absolute GSI values to describe reproductive senescence in the model, we 252 

standardised the effect of reproductive senescence so that the GSI for age group 1 was 253 

set to be the baseline and have a fecundity factor of 1 (i.e. no change, same as the non-254 

senescent population), and the following age groups from 2 to 6 were assigned a 255 

fecundity factor proportional to that of age group 1. The fecundity factor was calculated 256 

by dividing the GSI of age group 1 by the GSI of the age group in question, so for 257 

instance to get the fecundity factor for age group 4 would be as follows: GSI for age 258 

group 1/ GSI for age group 4. The linear function for fecundity (described above) was 259 

then multiplied by the appropriate fecundity factor for each age group (Table 1) to model 260 

reproductive senescence. This way, as the fish ages, its reproductive output declines 261 

with age.  262 

When actuarial senescence was not modelled, the natural mortality rate was coded to 263 

be an age-independent constant of M = 0.257 in all adult age groups (Table 1). 264 

To model actuarial senescence, we coded a natural mortality rate (M) that increases 265 

with age. The senescence scenario was modelled so that a baseline natural mortality of 266 

M = 0.2  was set for 2 year olds, and the added mortality rate per each age group was 267 

adjusted to proportion from Marjomäki (2005) and is shown in Table 1. The difference 268 
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between natural mortality imposed by actuarial senescence and fishing mortality is that 269 

natural mortality as a result of actuarial senescence increases with age, while the 270 

fishing mortality is size-dependent. 271 

To allow for a careful investigation of the resulting demographic structures, the actual 272 

resulting natural mortality at the population level was scaled to be identical in all 273 

scenarios. This means that the total natural mortality over time in all scenarios is the 274 

same, but for populations with no actuarial senescence the mortality rate was 275 

unchanged over age classes, and for the populations with actuarial senescence 276 

present, the mortality increased with age. So, whether the natural mortality remained 277 

unchanged over age classes or increased with age, the total natural mortality for a 278 

population over time was equal, only the distribution among age classes differed. 279 

An increase in natural mortality following sexual maturity and reproduction is an 280 

important trade-off in life-history evolution (Kuparinen et al. 2011). To take this into 281 

account, and to add biological realism in the model, a survival cost of reproduction i.e. 282 

increased mortality rate after having become sexually mature was added to the natural 283 

mortality rate in every scenario, for every maturing fish. The survival cost of 284 

reproduction was estimated to be the increase in mortality rate from age group 1 to age 285 

group 2 as per Marjomäki (2005), and this was applied once in every scenario, whether 286 

actuarial or reproductive senescence was modelled or not. 287 

Simulation design 288 

The initial starting population was 2000 individuals. The population size was selected 289 

due to model optimisation and plays no role in the results of the study. Each scenario 290 
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was then simulated for 1000 years. All populations reached a state of ecological stability 291 

in approximately 600 years. One hundred ecologically and evolutionarily stable 292 

populations were saved for all scenarios, and these populations were then randomly 293 

sampled to be used as the starting population in further simulations. 294 

Simulations were run for 500 years. The population was kept in a pristine equilibrium 295 

state for 200 years before fishing was simulated for a period of 100 years. Fishing 296 

started in year 200 and ceased in year 300, and populations were then allowed to 297 

recover for 200 years. Vendace is traditionally fished by seining and trawling, which 298 

means that the retention probability increases with the size of the fish to a certain size 299 

and is constant after that. To mimic seining or trawling selection and to describe length-300 

dependent gear selectivity in the population, we used a logistic curve 𝑟(𝑙) =301 

( exp(𝑎+𝑏𝑙)1+exp (𝑎+𝑏𝑙))  , where r(l) = the retention probability of a fish of length l, and a = -9 and 302 

b = 0.85 are shape parameters, so that 50% retention probability is reached at length –303 

a/b (Kuparinen et al. 2009). We also ran separate simulations for gill net fishing by 304 

describing a dome-shaped selectivity curve 𝑟(𝑙)~𝑒𝑥𝑝 (− (𝑙−𝜇)22𝜎 ), where r(l) = the 305 

retention probability of a fish of length l, µ = 12 (fish length in cm at which the selection 306 

curve peaks), and 𝜎 = 0.5 (standard deviation describing the width of the curve around 307 

its peak). For simplicity hereafter, when we discuss trawling, a logistic selection curve is 308 

assumed, and when we discuss gillnetting, a dome-shaped selection curve is assumed. 309 

Regardless of the fishing method, the fishing mortality (F) of the fully selected size class 310 

was set to 0.7, which is considered a realistic level of magnitude for intensively fished 311 

populations (Viljanen 1986). The fishing mortality in terms of biomass was kept identical 312 
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for the senescent and non-senescent scenarios. All scenarios were explored across 313 

pristine, harvest and recovery periods over 500 years. We created 100 independent 314 

replicates for each scenario. 315 

All simulations and analyses were conducted using R version 1.1.456 (R Core Team, 316 

2018). 317 

Results 318 

Populations in all scenarios had reached an equilibrium and therefore showed only 319 

minor temporal fluctuations in any of the population parameters before fishing 320 

commenced in year 200. However, scenarios including actuarial senescence 321 

consistently differed from those that did not include actuarial senescence. These 322 

differences were seen before, during and after fishing in all parameters investigated. 323 

Given that actuarial senescence appeared to be the major cause of the differences (Fig. 324 

2), likely due to the relatively low reduction in reproductive output with age (Fig. S1, S2), 325 

we focus most of the present work on two instead of four scenarios: a scenario with 326 

both reproductive and actuarial senescence and a scenario with no senescence. 327 

Additionally, reproductive and actuarial senescence are known to be linked (Kirkwood 328 

and Shanley 2010), so exploring either both types of senescence together or none at all 329 

is biologically more relevant than separating the senescence types.  330 

Asymptotic length 331 

The populations with senescence had a consistently lower 𝐿∞ than those with no 332 

senescence. For both the senescent and non-senescent scenarios, fishing caused a 333 

decline in 𝐿∞ (Fig. 3a, b), and the decline caused by trawling was larger than the decline 334 
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caused by gillnetting, regardless of the presence of senescence. However, the type of 335 

fishing played a role in the relative change within a scenario. The senescent scenario had 336 

a smaller decline in 𝐿∞ than the non-senescent scenario when trawled (Fig. 4a). The 337 

opposite occurred when gillnetting was applied: the senescent scenario had a larger drop 338 

in 𝐿∞ as a result of dome-shaped fishing compared to the non-senescent scenario (Fig. 339 

4b). When fishing was ceased after 100 years, 𝐿∞ started to increase slowly in all 340 

scenarios, but in none of the scenarios did the 𝐿∞ recover back to the level prior to fishing. 341 

Associated changes in the vB growth parameter k, and average size and age at 342 

maturation are shown in supplementary material (Fig S3 a, b, c, d, respectively). 343 

Biomass 344 

In the absence of fishing, whether pristine or recovery phase, the scenario with 345 

senescence produced a lower biomass than the scenario without senescence (Fig. 3c, 346 

d). When fishing pressure was applied the biomass of both populations declined. 347 

Trawling (Fig. 3c) caused a larger drop than gillnetting (Fig. 3d). However, when 348 

trawled, the population with senescence maintained a higher biomass than the one 349 

without senescence (Fig. 3c). In the gillnetting scenario, the senescent population had a 350 

slightly lower biomass during fishing compared to the non-senescent population (Fig. 351 

3d).  352 

Regardless of the type of fishing, the relative drop in biomass for populations with 353 

senescence was smaller than for those with no senescence (Fig. 4 c, d). When trawling 354 

was applied, the level of biomass stayed relatively constant for both senescent and non-355 

senescent scenarios (Fig. 4c). However, gillnetting caused a sharp decline in biomass 356 

then a sharp increase and then a slow, continuous decline for both scenarios (Fig. 4d). 357 
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The decline did not level off at any point during hundred years of fishing. When fishing 358 

was ceased, all scenarios experienced a rapid increase in biomass with an initial peak 359 

(that exceeded the level prior to fishing in gillnetting scenario), and then a sharp drop. 360 

These peaks and drops were larger in the gillnetting scenario compared to the trawling 361 

scenario. While all scenarios eventually settled to little variation and a slow, increasing 362 

trend, in two hundred years of recovery, no population had recovered to the pre-fishing 363 

levels.  364 

Number of fish  365 

The number of individuals (N) was consistently higher for populations with senescence, 366 

than for those without, regardless of fishing type or the presence or absence of fishing 367 

(Fig. 3e, f). The start of trawling caused a rapid initial decline in the number of fish, but 368 

as trawling continued, the N increased in both senescent and non-senescent scenarios, 369 

however it never reached the pre-fishing level (Fig. 3e). This was different from 370 

gillnetting, which caused a steady increase in the N during fishing, above the pre-fishing 371 

levels (Fig. 3f). As fishing was ceased, the populations that were trawled experienced a 372 

rapid initial increase in N, and then a declining trend. When gillnetting was ceased, it 373 

caused a slow decline in the number of fish. No scenario reached the pre-fishing level in 374 

two hundred years of recovery. 375 

In both trawling and gillnetting scenarios, the relative change in the number of fish was 376 

smaller for the senescent scenario, compared to the non-senescent scenario (Fig. 4e, 377 

f). However, as the fishing continued, the difference between the senescent and non-378 

senescent scenarios declined.  379 
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Discussion 380 

Many collapsed fish populations have not recovered even after significant reductions in 381 

fishing pressure, or are recovering slower than expected (Hutchings and Reynolds 382 

2004). Our individual-based eco-evolutionary simulations shed light on how 383 

reproductive and actuarial senescence affect fish population dynamics under different 384 

fishing selection regimes. Populations with senescence evolved to have a lower 𝐿∞, and 385 

during fishing the 𝐿∞ declined further. However, the senescent and non-senescent 386 

populations responded differently to different fishing selection regimes: when fishing by 387 

trawling (described by a logistic selection curve), the relative decline in 𝐿∞ in the 388 

senescent population was less than in the non-senescent population. When fishing by 389 

gillnet (described by a dome-shaped selection regime), the opposite occurred, and the 390 

senescent population experienced a proportionately larger decline in 𝐿∞. The effect of 391 

senescence on population dynamics in terms of biomass and number of fish appeared 392 

to be density dependent. When the population was relaxed from strong density 393 

dependency during trawling, populations with senescence maintained a higher biomass 394 

and had a higher N than populations with no senescence present. When gillnetting was 395 

applied, the senescent population maintained higher numbers, but the total biomass 396 

was lower than the non-senescent population’s biomass. Given the sensitivity of 397 

fisheries models to the mass-fecundity relationship and total mortality rates, and the 398 

common practice of relying on the reproductive effort of old, large individuals, these 399 

results draw attention to the importance of considering senescence as a life-history trait 400 

affecting population dynamics and recovery. 401 

Asymptotic length 402 
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Populations experiencing senescence evolved to have smaller asymptotic length and 403 

coupled with this was a higher intrinsic growth rate, and smaller size and younger age at 404 

maturation. These trends were present both when there was no fishing and therefore 405 

density-dependent processes regulated the population size, and when fishing had 406 

relaxed the population from strong density-dependent competition. Both extrinsic 407 

mortality (fishing) and intrinsic mortality (actuarial senescence) led to a declining 408 

asymptotic length. This may indicate the presence of a trade-off between increased 409 

investment in growth and/ or reproduction early in life (as asymptotic length was 410 

associated with earlier reproduction and higher growth rate) and decreased survival 411 

later in life. The well-known effects of fishing-induced evolution i.e. selection toward 412 

smaller size, smaller size at maturation, and higher growth rate (Heino et al. 2015; 413 

Hunter et al. 2015; Uusi-Heikkilä et al. 2015) may therefore enhance the trade-offs 414 

associated with senescence and the evolution of life-history traits. Additionally, if 415 

increased allocation of resources to reproduction early in life is associated with 416 

decreased survival later in life (Kirkwood and Rose 1991), fishing-induced evolution 417 

may be indirectly promoting the evolution of senescence through selecting for smaller 418 

size and age at maturity. 419 

An interesting effect was seen in the response of senescent and non-senescent fish to 420 

different fishing methods when comparing the pristine, fishing, and recovery phases 421 

within scenarios. Trawling caused a larger absolute decline in asymptotic length (Fig. 422 

3a) than did gillnetting (Fig. 3b) for both senescent and non-senescent populations. 423 

However, in the trawling scenario the asymptotic length of the senescent population 424 

declined proportionately less than that of the non-senescent population (Fig. 4a). The 425 
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opposite occurred in the gillnetting scenario (Fig. 4b), where the asymptotic length of 426 

the senescent population declined proportionately more from the pristine phase to the 427 

fishing phase compared to the non-senescent population. In the 200 years of recovery, 428 

the recovery rates of asymptotic length in senescent and non-senescent populations 429 

also varied. The different response of senescent and non-senescent fish to different 430 

fishing methods is an important notion, as the presence or absence of senescence can 431 

affect the magnitude of the change in lifehistory traits in response to fishing. Further, the 432 

change in lifehistory characters directly and indirectly affects the population level 433 

response. 434 

Population level consequences of senescence 435 

The changes in asymptotic length, and associated changes in growth rate, and size and 436 

age at maturity translated to changes in population level variables. As the carrying 437 

capacity of both senescent and non-senescent populations were the same, and the 438 

asymptotic length of the fish decreased as a result of senescence and/ or fishing, the 439 

senescent population could contain a higher number of fish through pristine, fishing and 440 

recovery phases. However, the response of the senescent and non-senescent 441 

populations in terms of biomass differed during fishing, and the type of fishing affected 442 

the response. 443 

In absolute terms, the senescent population maintained a higher biomass during 444 

trawling than the non-senescent population (Fig. 3c). Our simulation allowed for control 445 

over the fishing mortality, and the catch in terms of biomass was set identical for the 446 

senescent and non-senescent populations. Before the fishing started, the population 447 

with senescence had a lower biomass than that of the non-senescent population. Since 448 
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the absolute biomass of the catch is the same in both populations, this means that the 449 

proportional catch from the senescent population (with initially lower biomass) is higher 450 

than the catch from the non-senescent population (which had a higher biomass initially). 451 

Therefore, the lower asymptotic length of the senescent population (Fig. 3a) did not lead 452 

to them being less likely to get caught, but indeed the opposite. Regardless of being 453 

more likely to get caught, the senescent population maintained a higher number and 454 

higher biomass than the non-senescent population. The explanation for the higher 455 

biomass and the higher number of senescent population compared to the non-456 

senescent population is likely in the lifehistory trade-offs. The population with 457 

senescence has evolved to have a lower asymptotic length and therefore they mature 458 

and start reproducing younger and at a smaller size. Fishing as a source of external 459 

mortality pushes the age and size at maturity even younger and smaller, so the higher 460 

biomass and number of fish is likely maintained by this earlier reproduction and not 461 

lesser fishing mortality. This is an important notion, as management practices tend to 462 

focus on saving the big fish (Birkeland and Dayton 2005; Barneche et al. 2018). While 463 

we do not deny the importance of big fish, we wish to draw attention to the important 464 

contribution that smaller fish can have in population recovery, especially in extensively 465 

exploited populations. 466 

Gillnetting presents a different kind of selection curve than trawling. While the logistic 467 

selection curve of trawling allows virtually no escapement of the larger fishes, the dome-468 

shaped selection curve of gillnetting selects the mid-sized and allows the escapement of 469 

small and large fish. This kind of selection curve leads to a less skewed population in 470 

terms of size, and consequently age. As a result, the responses of senescent population 471 
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and the non-senescent population to gillnetting in terms of biomass did not differ as 472 

much as they did to trawling. However, the drop in biomass from pristine phase to 473 

fishing phase was relatively smaller for the senescent population (Fig. 4d), despite the 474 

larger relative drop in asymptotic length (Fig. 4b). Like the situation in trawling scenario, 475 

the enhanced reproduction of younger and smaller fish is likely to drive the relatively 476 

higher biomass of the senescent population. 477 

The present study showed a decline in the age and size at maturity for senescent 478 

populations, and fishing enhanced this trend further. However, the changes (or the 479 

direction of the change) in life-history traits as a result of fishing depend on many factors 480 

including species, fishing effort, and environmental conditions. In their meta-analysis, 481 

Rochet (1998) controlled for the effect of phylogeny and showed on 77 stocks that 482 

fishing induced a decline in age at maturity but an increase in size at maturity. If this 483 

were to occur in addition to senescence, it could be speculated that this would likely 484 

lead to similar results than in the present study: younger age but larger size at 485 

reproduction would probably mean that the reproductive output is even higher if 486 

fecundity is assumed to scale isometrically with body size, as most lifehistory and 487 

fisheries models do, thereby highlighting the role of young individuals in population 488 

recovery even more. However, the increased density of young fish may eventually lead 489 

to higher density dependent mortality at younger age classes, or decline in food 490 

availability, which could indirectly affect recruitment (Abrams and Rowe 1996). More 491 

studies are needed to understand the recruitment dynamics under different density 492 

scenarios. 493 
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While the asymptotic length of senescent and non-senescent fish responds to different 494 

fishing selection regimes differently, the population level consequences of senescence 495 

might be partially density dependent (Graves and Mueller 1993). During high external 496 

mortality it might be better to invest in reproduction rather than grow large. In other 497 

words, given that senescent fish are smaller to start with, senescence may buffer the 498 

population against high external mortality by pushing for earlier reproduction. Indeed, 499 

looking at the other side of the coin, high rate of external mortality is expected to 500 

accelerate the rate of senescence (Williams 1957) and as a trade-off potentially select 501 

for earlier reproduction.  502 

The density-dependent consequences of senescence can be seen when the effects of 503 

reproductive and actuarial senescence are teased apart (Fig. 2). While the populations 504 

with actuarial and reproductive senescence have lower asymptotic length before fishing 505 

pressure is applied, under fishing pressure this population maintains higher asymptotic 506 

length than a population with actuarial senescence only. This suggests that during high 507 

external mortality, if the population experiences both types of senescence (actuarial and 508 

reproductive), then maintaining a larger body size becomes beneficial in order to 509 

maximise fitness in terms of producing as many offspring as possible. On the other 510 

hand, for a population with only actuarial senescence, their reproduction does not suffer 511 

in terms of declining GSI with age, so therefore smaller body size carries smaller fitness 512 

penalty compared to populations that experience both types of senescence.  513 

Implications to fisheries science 514 

Exploitation and over-exploitation are major causes for the decline of fisheries (Perissi 515 

et al. 2017) and even extinction of fish populations (Dulvy et al. 2003b). The traditional 516 
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density-dependent population growth theory suggests that at low abundance 517 

populations should grow at a fast rate. Following this, fish stocks should recover quickly 518 

after fishing has been ceased. Yet, despite large-scale fishing moratoriums, many fish 519 

stocks have not fully recovered from intense fishing and remain low (Myers and 520 

Barrowman 1997; Bailey 2011; Rougier et al. 2012; Pedersen et al. 2017), or are 521 

recovering at a lower rate than expected (Hutchings and Reynolds 2004). While the 522 

reasons behind the lack of recovery are complex, the failure of fishing moratoriums to 523 

result in stock recovery warrants a closer investigation at the life-history evolution and 524 

trade-off in fish, and the potential demographic consequences thereof.  525 

Based on the evidence for the presence of senescence in fish (Gerking 1957; Comfort 526 

1960, 1963; Woodhead and Ellett 1966, 1967, 1969a, b; Patnaik et al. 1994; Woodhead 527 

1998; Beverton et al. 2004; Reznick et al. 2006; Hendry et al. 2004; Reznick et al. 2004; 528 

Morbey et al. 2005; Carlson et al. 2007; Terzibasi Tozzini et al. 2013; Uriarte et al. 529 

2016; Benoît et al. 2018), taking senescence into consideration in fisheries stock 530 

assessments could improve the accuracy of stock assessment and success in 531 

management. As described by Le Bris et al. (2015), fisheries models that predict 532 

population dynamics often assume that individual fecundity increases with the 533 

increasing size of fish. These models are particularly sensitive to variations in the 534 

fecundity–mass relationship (Le Bris et al. 2015). Therefore, for species that undergo 535 

senescence, estimates of fecundity that ignore senescence may prove to be incorrect. 536 

As discussed above, the smaller and younger fish may have an important role in 537 

population recovery. 538 
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Similarly, due to lack of age-specific natural mortality data, typical fisheries models 539 

assume a constant rate of natural mortality regardless of the age and size of the fish, or 540 

a rate of natural mortality that scales with body size raised to a negative power 541 

(summarised in Gislason et al., 2010), thereby assuming a decreased rate of natural 542 

mortality as the individual grows and ages. For species experiencing senescence, 543 

ignoring changes in natural mortality with age could lead to unrealistically low mortality 544 

estimates. Additionally, it could mask the importance of young individuals in population 545 

recovery, hindering our management efforts further. Recruitment and natural mortality 546 

are the basic building blocks of stock assessment, and therefore ignoring the ways that 547 

senescence can change them could lead to biased estimates of fish population sizes. 548 

Inaccuracies in stock assessment models, whether related to reproductive capacity or 549 

mortality rates, may risk the sustainability of fishing.  550 

Importantly, the practice of conserving old and large individuals (Birkeland and Dayton 551 

2005), may not be sufficient, and could even be harmful if senescence is indeed widely 552 

present in fishes. While old and large individuals have important functions in the wider 553 

ecosystem as predators (Petchey et al. 2008), trainers of young ones in migration and 554 

feeding (Petitgas et al. 2010), and in contributing to the gene pool (Uusi-Heikkilä et al. 555 

2015), their role in maintaining population resiliency through recruitment may not be as 556 

pivotal as is thought. On the one hand, this may be because if senescence is widely 557 

present in fishes, then relying on large individuals could be misleading if their natural 558 

mortality is higher than estimated, and their reproductive output is lower than estimated. 559 

On the other hand, it may be because we are under-estimating the role of smaller and 560 

younger individuals and their reproductive capacity. Early life reproduction may be an 561 
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important contributor to population resiliency and recovery, perhaps more so than late 562 

life reproduction. 563 

Senescence can mask changes in life-history responses to fishing. As demonstrated in 564 

the present study, the presence or absence of senescence affects how the population 565 

responds to different fishing selections regimes: while trawling reduced the asymptotic 566 

length of non-senescent population more, gillnetting reduced the asymptotic length of 567 

the senescent population more. Depending on the fishing method in question, the 568 

magnitude of change in life-history characters may be higher or lower than anticipated if 569 

senescence is present. As a result, the population level response will change too. 570 

Failure to consider senescence as a fish life-history trait with trade-offs and population 571 

level consequences will hinder our progress in understanding fish population resiliency. 572 
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Figure legends 833 

Fig 1. A schematic diagram of the modelling approach. (A) The fish length-at-age was 834 

back-calculated from fish scales. These data were then used to fit the von Bertalanffy 835 

growth equation to model the 𝐿∞. The 𝐿∞ was set to be an evolving trait so that the 836 

genotype coding the 𝐿∞ of each individual was described by 10 diploid loci with two 837 

alleles in each, one from the mother, one from the father. (B) The length-weight 838 

relationship was specifically calculated for C. albula from Lake Puulavesi. Using this 839 

length-weight relationship and published empirical data on egg numbers and female 840 

weights (Karjalainen et al. 2016), we fitted a linear model for the fecundity-weight 841 

relationship, so that as the fish body size increases, so does the egg production. (C) 842 

The probability of a fertilised egg to hatch and the juvenile to survive until 2 years of age 843 

was set to (P = 0.002) and the sex of the juveniles was drawn from a Bernoulli trial with 844 

a probability of 0.5. (D) The population component describes density dependency so 845 

that at 75% of the population carrying capacity, the individual growth is reduced to 50% 846 

of that predicted by the individual’s vB growth curve. Additionally, egg production was 847 

set to be density dependent so that the closer the population was to its carrying 848 

capacity, the fewer eggs were produced. (F) Reproductive senescence and actuarial 849 

senescence are the independent variables in the model. The reproductive senescence 850 

was modelled by multiplying the linear model for fecundity by the fecundity factor based 851 

on the gonadosomatic index (GSI) for the year class in question. When no reproductive 852 

senescence was modelled, only the linear model for fecundity was used. Actuarial 853 

senescence was modelled by increasing the rate of natural mortality each year, as 854 

opposed to keeping natural mortality rate constant throughout lifetime as in the scenario 855 
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with no actuarial senescence. (F) Equipped with the above characters, the populations 856 

were then allowed to live for 500 years and traced at annual time steps. The first 200 857 

years the populations lived in pristine conditions, then the populations were fished either 858 

by trawling or gillnetting for 100 years, and finally the populations were allowed to 859 

recover for 200 years. 860 

Fig 2. The mean of the asymptotic length (cm) of fish over 500 years (first hundred 861 

years not shown). The dashed lines denote the start (year 200) and end (year 300) of 862 

fishing. The solid lines denote the asymptotic length mean in hundred replicated 863 

scenarios. The black line describes a scenario with reproductive and actuarial 864 

senescence, red line a scenario with actuarial senescence only, blue line a scenario 865 

with no senescence, and green line a scenario with reproductive senescence only.   866 

 867 

Fig. 3. Results for the (a, b) asymptotic length (cm), (c, d) biomass (units), and (e, f) the 868 

number (N) of fish. In a, c, and d the fishing simulated trawling (logistic selection) and in 869 

b, d and f the fishing simulated gillnetting (dome-shaped selection). The solid black 870 

lines represent hundred independent replicates of the scenario with senescence, the 871 

red lines represent hundred independent replicates of the scenario with no senescence 872 

present. The dashed lines denote the start (year 200) and end (year 300) of fishing. 873 

 874 

Fig. 4. The relative percentage change (a, b) asymptotic length (cm), (c, d) biomass 875 

(units), and (e, f) the number (N) of fish. In a, c, and d the fishing simulated trawling 876 

(logistic selection) and in b, d and f the fishing simulated gillnetting (dome-shaped 877 
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selection). The change has been scaled so that years 1 – 100 were considered as the 878 

starting point and given a value of 0. Changes in all of the parameters (asymptotic 879 

length, BM, N) after that are relative changes compared to years 1 – 100. The black 880 

lines denote a scenario with senescence, the red lines denote a scenario without 881 

senescence. The dashed lines denote the start (year 200) and end (year 300) of fishing. 882 

Given the scale of the Y axis, the 95% confidence intervals are virtually invisible. 883 

 884 

Appendix S1. The lifetime cumulative number of offspring in each age group during the 885 

last ten years before fishing commences and the population is in equilibrium, and during 886 

the last ten years of intensive fishing (after 90 years of constant fishing). The red 887 

boxplots denote scenarios without senescence and black and white boxplots denote 888 

scenarios with both actuarial and reproductive senescence present.  889 

 890 

Appendix S2. The lifetime cumulative number of offspring in each age group during the 891 

last ten years before fishing commences and the population is in equilibrium, and during 892 

the last ten years of intensive fishing (after 90 years of constant fishing). The green 893 

boxplots denote scenarios with reproductive senescence and blue boxplots denote 894 

scenarios with actuarial senescence present. 895 

 896 

Appendix S3. Results for the (a) asymptotic length (cm), (b) instrinsic growth rate k, (c) 897 

average size (cm) at maturation, and (d) average age (years) at maturation over 898 

hundred years (first hundred years not shown). The black lines represent hundred 899 
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independent replicates of the scenario with senescence, the red lines represent 900 

hundred independent replicates of the scenario with no senescence present. The 901 

dashed lines denote the start (year 200) and end (year 300) of fishing. 902 

 903 



Figures

Figure 1

. A schematic diagram of the modelling approach. (A) The �sh length-at-age was back-calculated from
�sh scales. These data were then used to �t the von Bertalanffy growth equation to model the L_∞. The
L_∞ was set to be an evolving trait so that the genotype coding the L_∞ of each individual was described
by 10 diploid loci with two alleles in each, one from the mother, one from the father. (B) The length-weight
relationship was speci�cally calculated for C. albula from Lake Puulavesi. Using this length-weight
relationship and published empirical data on egg numbers and female weights (Karjalainen et al. 2016),
we �tted a linear model for the fecundity-weight relationship, so that as the �sh body size increases, so
does the egg production. (C) The probability of a fertilised egg to hatch and the juvenile to survive until 2
years of age was set to (P = 0.002) and the sex of the juveniles was drawn from a Bernoulli trial with a
probability of 0.5. (D) The population component describes density dependency so that at 75% of the
population carrying capacity, the individual growth is reduced to 50% of that predicted by the individual’s
vB growth curve. Additionally, egg production was set to be density dependent so that the closer the
population was to its carrying capacity, the fewer eggs were produced. (F) Reproductive senescence and
actuarial senescence are the independent variables in the model. The reproductive senescence was
modelled by multiplying the linear model for fecundity by the fecundity factor based on the
gonadosomatic index (GSI) for the year class in question. When no reproductive senescence was
modelled, only the linear model for fecundity was used. Actuarial senescence was modelled by increasing
the rate of natural mortality each year, as opposed to keeping natural mortality rate constant throughout



lifetime as in the scenario with no actuarial senescence. (F) Equipped with the above characters, the
populations were then allowed to live for 500 years and traced at annual time steps. The �rst 200 years
the populations lived in pristine conditions, then the populations were �shed either by trawling or
gillnetting for 100 years, and �nally the populations were allowed to recover for 200 years.

Figure 2

The mean of the asymptotic length (cm) of �sh over 500 years (�rst hundred years not shown). The
dashed lines denote the start (year 200) and end (year 300) of �shing. The solid lines denote the
asymptotic length mean in hundred replicated scenarios. The black line describes a scenario with
reproductive and actuarial senescence, red line a scenario with actuarial senescence only, blue line a
scenario with no senescence, and green line a scenario with reproductive senescence only.



Figure 3

Results for the (a, b) asymptotic length (cm), (c, d) biomass (units), and (e, f) the number (N) of �sh. In a,
c, and d the �shing simulated trawling (logistic selection) and in b, d and f the �shing simulated
gillnetting (dome-shaped selection). The solid black lines represent hundred independent replicates of the
scenario with senescence, the red lines represent hundred independent replicates of the scenario with no
senescence present. The dashed lines denote the start (year 200) and end (year 300) of �shing.



Figure 4

The relative percentage change (a, b) asymptotic length (cm), (c, d) biomass (units), and (e, f) the number
(N) of �sh. In a, c, and d the �shing simulated trawling (logistic selection) and in b, d and f the �shing
simulated gillnetting (dome-shaped selection). The change has been scaled so that years 1 – 100 were
considered as the starting point and given a value of 0. Changes in all of the parameters (asymptotic
length, BM, N) after that are relative changes compared to years 1 – 100. The black lines denote a



scenario with senescence, the red lines denote a scenario without senescence. The dashed lines denote
the start (year 200) and end (year 300) of �shing. Given the scale of the Y axis, the 95% con�dence
intervals are virtually invisible.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

S1.png

S2.png

S3.png

https://assets.researchsquare.com/files/rs-184938/v1/384e340e114f746fcf34237f.png
https://assets.researchsquare.com/files/rs-184938/v1/bcae6259146b0307ad6b5f67.png
https://assets.researchsquare.com/files/rs-184938/v1/f62fb1dadf1b8a44ab39574d.png

