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Abstract

Fishing-induced evolution can impact fish trait distributions, with previous studies

highlighting declines in size and age at maturation. However, the effects on fish growth

remain less understood, and different fishing methods may exert distinct selection

pressures on populations. This study explores the impact of gillnetting on pikeperch

(Sander lucioperca, Percidae) and trawling on vendace (Coregonus albula, Coregonidae)

modelled using data-based normally distributed selection curves and the Allometric

Trophic Network with Evolution model (Perälä & Kuparinen). Simulating evolutionary

changes caused by fishing, we specifically examined the parameters of the von Berta-

lanffy model, including asymptotic length L∞ð Þ and Brody's growth coefficient kð Þ. In
the model we simulated a negative correlation (�0.7) between asymptotic length and

Brody's growth coefficient. We investigated the effects of parameters related to

genotypic and phenotypic variance and the amount of correlation between asymp-

totic length and Brody's growth coefficient in the model using sensitivity tests. Trawl-

ing induces evolution in C. albula towards smaller asymptotic length, whereas Brody's

growth coefficient stays at intermediate levels. The results for C. albula were consis-

tent across different levels of correlation. Gillnetting of S. lucioperca results in evolu-

tion in asymptotic length and Brody's growth coefficient in variable directions.

Frequently, S. lucioperca evolved towards larger size and growth, but depending on

parametrization, selection can also be disruptive, or S. lucioperca may evolve towards

smaller size and growth. The amount of genotypic and phenotypic variance also influ-

ences these outcomes, whereas instantaneous fishing mortality impacts biomasses

across the food web. This study underscores the significance of considering fishing-

induced evolution, its impact on fish growth and food web–level effects, in addition

to the densities of targeted species. Such insights are crucial for a comprehensive

understanding of the ecological consequences of fishing practices.
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1 | INTRODUCTION

In today's world, humans have a profound impact on the environment,

while nature continues to evolve at its own pace. Among these

dynamics, fishing plays a significant role in shaping the lives of fish

populations. As we cast our nets and lines into the water, we inadver-

tently trigger evolutionary changes in these aquatic communities.

Fishing can also drive ecological changes within food webs, not only

impacting targeted species but also indirectly affecting other levels of

the ecosystem (e.g., Frank et al., 2005; Heithaus et al., 2008). In a tro-

phic cascade, effects at higher levels of the food web propagate down

to the lower levels through food web relationships (Carpenter

et al., 1985). For example, abundant piscivore population controls

planktivorous fishes, which reduces predation on zooplankton, leading

to an increase in herbivory on phytoplankton (Carpenter et al., 1985).

Correspondingly, fishing of piscivores can lower their abundance, and

the effects can cascade down in the food web (Heithaus et al., 2008).

Fishing, as a selective force, can induce significant changes in natural

populations (Fenberg & Roy, 2008; Heino et al., 2015). The selection of

fishing gears, the timing of fishing and the locations where fishing occurs all

contribute to its impact (e.g., Enberg et al., 2012). Measuring the exact

selectivity of a fishing method can be challenging, as it is influenced not

only by the method itself but also by the availability of fish of different

traits within the population. Additionally, fisheries management further

influences the selection process through regulations such as mesh-size limi-

tations, size limits, catch quotas and fishing enclosures (Baskett et al., 2005;

Fenberg & Roy, 2008). Although fishing can exert selection pressures on

multiple traits (Biro & Post, 2008; Hollins et al., 2018; Thambithurai

et al., 2018), the bulk of research into fishing-induced evolution has pre-

dominantly concentrated on its impact on size and the age of maturation

(Heino et al., 2015). Following size-selective fishing or high fishing mortality,

fish populations often tend to shift towards smaller sizes and younger ages

of maturation (Heino et al., 2015). The earlier maturation may be attributed

to genetic factors or density-dependent effects (Trippel, 1995). A smaller

population size can reduce the amount of intraspecific competition, result-

ing in faster growth and earlier maturation (Trippel, 1995). Genetic changes

may occur because late-maturing fish would have fewer possibilities to

reproduce compared to early-maturing fish (Trippel, 1995).

Our study focuses on the genetic changes caused by fishery. The

question of how fishing-induced selection influences growth is a com-

plex one, and it remains somewhat uncertain whether it favours faster

or slower growth (Enberg et al., 2012). Growth is influenced by vari-

ous factors related to resource acquisition and allocation (Enberg

et al., 2012). Consequently, a multitude of underlying traits are subject

to selection, such as fish behaviour or metabolism, with varying direc-

tions of response to selection (Hollins et al., 2018; Uusi-Heikkilä

et al., 2008). However, selection acts on fish phenotype (combination

of traits influenced by multiple genes) (Biro & Post, 2008). An experi-

ment by Conover and Munch (2002) showed that when fast-growing

or slow-growing fish were selected, their offspring also displayed simi-

lar growth patterns. However, it is important to note that their experi-

ment might represent an instance of particularly intense selection,

whereas in natural environments, the selectivity of fisheries may be

less stringent (Andersen & Brander, 2009). In another experiment,

where selection was based on large or small size, or was random, fish

selected for large size exhibited greater variation in their size espe-

cially when they were fed ad libitum (Uusi-Heikkilä et al., 2016).

The von Bertalanffy growth model (VBGM; Bertalanffy, 1938),

which originated from the earlier works of Pütter (1920) (for a detailed

history of the model, see Kearney, 2021), is widely utilized in the study

of fish growth. By fitting the model to data on fish lengths at different

ages, fishery scientists obtain estimates of the asymptotic length (L∞)

and the Brody's growth coefficient (k) within a population. However,

the use of this model in the context of fish populations that are targeted

by fisheries faced criticism due to the challenges in obtaining unbiased

estimates from a harvested population (Ogle, 2016). Nonetheless, VBGM

remains widely employed, with its parameters even integrated into the

global fish species database FishBase (https://www.fishbase.se/search.

php). Researchers also utilize VBGM in modelling studies to simulate indi-

vidual growth (e.g., Kuparinen et al., 2014; Perälä & Kuparinen, 2020).

VBGM can be applied at the species, population or individual level. In

numerous studies, a negative correlation has been observed between L∞

and k (Charnov, 1993; Jensen, 1997; Thorson et al., 2017). Commonly,

it is theorized that faster growth should result in a smaller asymptotic

size, as rapidly growing individuals tend to mature earlier and allocate

resources to reproduction. Likewise, slow-growing individuals also

reach maturity at some point, after which they have fewer resources

available for further growth. Jensen (1997) offered a theoretical expla-

nation for the expected negative correlation, suggesting that larger

asymptotic length requires more energy for maintenance and move-

ment, potentially leading to slower growth. Additionally, it is plausible

that a smaller asymptotic size is reached more quickly. In this study,

we specifically focus on the evolution of L∞ and k.

In a previous study, a theoretical Allometric Trophic Network

(ATN) model of the pelagic food web in Lake Oulujärvi, the fifth larg-

est lake in Finland, was constructed (Kokkonen, 2022; Kokkonen

et al., 2024). This model serves as the foundation for the present

study. Here, we employ the Allometric Trophic Network with Evolu-

tion (ATNE, Perälä & Kuparinen, 2020) model to investigate fishing-

induced evolutionary changes in the growth of two key species:

pikeperch Sander lucioperca L. 1758, Percidae, and vendace Corego-

nus albula L. 1758, Coregonidae. We explore evolutionary changes

occurring simultaneously in two species: the top predator fish, S.

lucioperca, and a shoaling prey fish, C. albula. Both, S. lucioperca and

C. albula hold significant commercial and recreational importance in

the Finnish fishery, and Lake Oulujärvi plays a pivotal role in the fish-

ery of these species. The S. lucioperca population in Lake Oulujärvi is

estimated to be in relative good condition in relation to maximum

230 KOKKONEN ET AL.FISH
 10958649, 2025, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.70028 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [24/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.fishbase.se/search.php
https://www.fishbase.se/search.php


sustainable yield based on biomass levels and mean lengths

(Jakubaviči�utė et al., 2024). Commercial fishing of C. albula has

declined since the 1990s, following a decrease in its size, whereas

natural mortality caused by S. lucioperca has increased over the same

period (Härkönen et al., 2023). Here we use the Lake Oulujärvi as a

template lake ecosystem for our theoretical modelling study, due to

the long time series of data available on fishing mortality and body

size. Although the ATNE model has previously been employed to

simulate evolution due to the selection of small or large European

perch Perca fluviatilis L. 1758 in Lake Constance (Perälä &

Kuparinen, 2020), this study focuses on the specific selectivity

curves of different fishing methods, namely gillnets (with a mesh-size

of 50 mm) for S. lucioperca and trawl for C. albula. Additionally, we

examine the effects of the selectivity of these fishing methods on

the composition of the food web (Figure 1). Other fish species within

the food web include smelt Osmerus eperlanus L. 1758, Osmeridae,

whitefish Coregonus lavaretus, Valenciennes 1848, Coregonidae, P.

fluviatilis, and brown trout Salmo trutta L. 1758, Salmonidae. For

these other species, growth is modelled without evolutionary con-

siderations and fishing, simplifying the model.

We introduced three different instantaneous fishing mortality

values (E¼0:5 y�1, E¼1:0 y�1 and E¼2:0 y�1, where y= year) to

investigate how the severity of fishing mortality affected the

growth parameters. We assumed high negative correlation (�0.7)

between k and L∞ and additionally tested two levels of correlation:

no correlation (0) and low negative correlation (�0.35). We hypothe-

sized the following: (1) The simulation of fishing has a negative impact

on the asymptotic length of S. lucioperca and C. albula. (2) The simula-

tion of fishing has a negative or positive impact on the growth rate of

S. lucioperca and C. albula. The nature of these effects 1 and 2 would

be intricately linked to the shape of the selection curves and the strength

of fishing mortality. (3) The effects of varying fishing mortality intensities

also manifest in alterations to the composition of the food web.

2 | METHODS

2.1 | Ethics statement

This work is a modelling study for which we did not collect data. Data

used for modelling were obtained from existing datasets collected for

purposes of stock assessment and other research. Datasets have been

collected according to Finnish legislation. More information on data

collection practices can be found in Vehanen et al. (2020) and Härkö-

nen et al. (2023).

2.2 | ATNE model

In the ATNE model, the food web's complex dynamics are repre-

sented by a network of trophic interactions. These interactions

encompass consumer-resource relationships between functionally

distinct guilds, including primary producers, consumers and various

fish age guilds. The ATNE model is employed to simulate biomass

dynamics within the food web while concurrently tracking the evolv-

ing life-history traits of two fish species: S. lucioperca and C. albula.

We chose this complex model to better capture the intricate rela-

tionships present in nature. Although it may be more difficult to iso-

late individual effects with such models, they provide a more

accurate representation of the complexity faced in nature by reflect-

ing the simultaneous influence of multiple factors.

To construct the ATNE model (Perälä & Kuparinen, 2020), we uti-

lized the parametrization and food web relationships developed in our

previous study (Kokkonen et al., 2024), where we had parameterized

the ATN model for Lake Oulujärvi using data from the time period

spanning from 1999 to 2018. This timeframe was selected due to the

notable presence of a thriving S. lucioperca population. S. lucioperca

had faced a severe decline in Lake Oulujärvi since the 1960s,

F IGURE 1 Lake Oulujärvi theoretical pelagic food web, including piscivorous fish (dark purple): Sander lucioperca (Ppe), Salmo trutta (Brt) and
Perca fluviatilis (Per, age 4–age ≥6); planktivorous fish (purple): Coregonus albula (Ven), Osmerus eperlanus (Sme), Perca fluviatilis (Per, age 0–age 3)
and Coregonus lavaretus (Whi) divided into age guilds; pelagic invertebrates (blue): Mysis relicta and Chaoborus flavicans, zooplankton (lighter blue):
Ciliate guilds 1–5, rotifer guilds 1–3, Asplancha priodonta, Crustacean zooplankton, Cyclopoida zooplankton, Leptodora and other predatorous
zooplankton guild, heterotrophic nanoflagellates (light blue) and algae guilds (green): 1a,1b, 2–5 and autotrophic picoplankton. The two fish
species in the focus of our study, namely, S. lucioperca and C. albula, are highlighted with thick dashed black borders.
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attributed to factors such as overharvesting, reduction of reproduc-

tion areas and cooling climate (Colby & Lehtonen, 1994). In response

to this decline, S. lucioperca stocking was initiated in 1985 (Salminen

et al., 2012). Since 1999, S. lucioperca has been considered success-

fully re-established in Lake Oulujärvi (Kokkonen et al., 2024).

Similar to its predecessor, the ATN model, ATNE model also con-

siders consumption and maintenance as functions of the mass-specific

metabolic rates of consumers and fish. Metabolic rates, along with the

intrinsic growth rates of producers, are allometrically scaled based on

their carbon body masses. For fish, the carbon body mass is determined

by the length of the fish, considering the length-weight relationship and

conversion factors between fresh weight, dry weight and carbon

weight (Boit et al., 2012; Kokkonen et al., 2024; Kuparinen et al., 2016).

In contrast to the ATN model, fish lengths in our model change dynami-

cally based on their growth models, such that the fish grow along their

von Bertalanffy curves during the growth season. Furthermore, to sup-

port the evolutionary dynamics of life-history traits in selected fish spe-

cies within the model, we employ dynamically evolving distributions to

model traits associated with their body growth. The life-history trait

evolution is then induced by the application of size-selective fishing,

altering the trait distributions. The alterations in the trait distribution

are then passed on to the offspring through a reproduction model

implementing random mating (See also Perälä & Kuparinen, 2020 for a

detailed description of the ATNE model.)

The model's dynamics are divided into three distinct phases

(Figure 2). First, during the ‘growth season’, a system of ordinary dif-

ferential equations (ODEs) is solved. These ODEs capture the rates of

biomass change for each guild, accounting for factors such as intrinsic

growth, consumption, maintenance, reproductive investment and the

removal of biomass through fishing activities. Following the growth

season, the second phase, termed ‘reproduction and ageing’, involves
the transfer of biomass within fish age guilds and the generation of

new larvae based on the resources allocated for reproduction during

the growth season. Finally, in the third phase, known as ‘off-season
dynamics', fish enter a resting state, during which they experience a

reduced rate of biomass loss for the maintenance of bodily functions.

This phase is followed by the commencement of a new year with a

fresh growth season, thus repeating the annual cycle. ATNE model

was run in Matlab R2023a (The Mathworks Inc., 2023).

2.3 | The growth season dynamics

The biomass dynamics of guilds during the growth season of length

tend ¼90 daysð Þ are characterized by rates of biomass changes called

gains (G) and losses (L) (refer to Tables 1 and 2 for a summary, and the

Appendix for detailed descriptions).

2.3.1 | Primary producer guild dynamics

The ODE describing the dynamics of the primary producer guild i

includes gains from intrinsic growth (Equation S6) and losses due to

consumption by its consumers (Equation S12):

_Bi tð Þ¼Ggrowth
i tð Þ�

X
j � I consumers

i

Lconsumption
i,j tð Þ, ð1Þ

Here _Bi tð Þ is the derivative of the biomass of guild i with respect to

time, and I consumers
i denotes the set of indices for the consumer guilds

of the producer guild i.

2.3.2 | Consumer guild dynamics

The ODE describing the dynamics of consumer guild i consists of

gains from the consumption of its resources, I resources
i (Equation S7),

losses due to maintenance of bodily functions (Equation S10), and

losses from being consumed by its predators, Ipredators
i (Equation S12):

_Bi tð Þ¼
X

j � I resources
i

Gconsumption
i,j tð Þ

� �
�Lmaintenance

i tð Þ

�
X

k � Ipredators
i

Lconsumption
i,k tð Þ

� �
:

ð2Þ

2.3.3 | Fish age guild dynamics

For fish, age guilds are composed of age classes or age groups con-

taining several age classes; hereafter they are called age guilds, as they

are functional guilds in the food web. In addition to the processes

governing consumer guild dynamics, the ODE for fish age guild i

accounts for losses due to fishing (Equation S15) and, as the model

separately keeps track of the biomass invested into reproduction,

losses due to biomass allocated to reproduction (Equation S17). More-

over, for the purposes of the fish life-history evolution in the model,

two of the fish species have been structured to consist of different

‘genotype groups’, each, and thus we present the fish dynamics with

an additional subscript g denoting the genotype group of guild

i GGi,g

� �

_Bi,g tð Þ¼
X

j � Iprey
i

Gconsumption
i,g,j tð Þ

� �
�Lmaintenance

i,g tð Þ

�
X

k � Ipredators
i

Lconsumption
i,g,k tð Þ

� �
�Lfishing

i,g tð Þ�Lreproduction
i,g tð Þ,

ð3Þ

where Iprey
i denotes the indices of the prey guilds of fish age guild i.

2.3.4 | Reproductive output dynamics

Finally, as stated above, the biomass allocated to reproduction is

tracked separately in the model, and the ODE for the contribution of

GGi,g to the reproductive output is as follows:

_B
þ
i,g tð Þ¼Lreproduction

i,g tð Þ�Bþ
i,g tð Þ

Bi,g tð ÞL
fishing
i,g tð Þ, ð4Þ

where Bi,g tð Þ is the biomass of GGi,g .
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2.4 | Reproduction and ageing

In the model, reproduction and ageing of the fish are set to occur dur-

ing the off-season, with all reproduction events consolidated in

autumn. Although this timing is not biologically accurate for all spe-

cies, it is a technical simplification in the model. Because the model is

only concerned with the amount of larvae present at the beginning of

the growth season, this approach suffices for capturing the relevant

dynamics (Figure 2). After the growth season of year Y, new fish lar-

vae are generated. The total reproductive output used for the genera-

tion of the biomass of fish larvae guild i, Bþ
Y ,i, is calculated by summing

F IGURE 2 The model consists of three phases: Growth season, reproduction and ageing, and off-season. There was the first 100-year period
without fishing for the system to attain the dynamic equilibrium and then the 100-year period with fishing. In the absence of fishing, the trait
distribution of k (Brody's growth coefficient) and L∞ (asymptotic length) stabilizes around the mean values. However, in the presence of fishing,
the trait distribution shifts away from the mean due to selective pressures. Food web module operates during the growth season affecting
biomasses through both gains and losses. The timing of reproduction and ageing is arbitrarily set in the autumn. Its primary purpose is at
bookkeeping the biomasses and making the model ready for the next growth season.

TABLE 1 Gain terms for each type of guild in the food web.

Gains

Type Intrinsic growth Consumption

Equation (S6) (S7)

Producers X

Consumers X

Fish Larvae X

Juveniles X

Adults X
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up over all age guilds belonging to the same species and each geno-

type group,

Bþ
Y,i ¼

Xamax,i

a¼0

XG
g¼1

Bþ
Y ,iþa,g tend

� �
, ð5Þ

where amax,i is the maximum age guild of the species to which the lar-

vae guild i belongs, and G¼10,000 is the total number of genotype

groups in the model for S. lucioperca and C. albula, and G¼1 for other

fish species. The total fish larvae guild i biomass becomes bBY,i ¼ uBþ
Y ,i ,

where u¼0:8 is the efficiency at which the biomass allocated to

reproduction is converted into larvae biomass. However, as S. trutta

is, in general, not able to reproduce naturally in the system, 2-year-old

individuals are stocked to maintain the population, and we setbBY,i ¼137:3 for stocking the S. trutta age 2 for all years. In reality,

there are still a few reproduction areas left, but efficient fishing

removes the S. trutta already before they reach their maturation age

(Härkönen et al, 2023).

The distribution of the larvae biomass among the different geno-

type groups is determined based on the distribution of the biomass

allocated to reproduction by different genotype groups within the

adult age guilds of that species. The total reproductive output of each

‘genotype lineage’ i�,gð Þ, that is, genotype groups g from all age guilds

of a given species, Bþ
Y,i� ,g , is first obtained by summing up the repro-

ductive outputs of all age guilds,

Bþ
Y ,i� ,g ¼

Xamax,i

a¼0

Bþ
Y,iþa,g tend

� �
, ð6Þ

Next, a discrete probability distribution of the parent trait vector, TP,

based on the genotype groups in the reproductive output is obtained

by dividing the genotype lineage outputs by the total output,

P TP� �¼Bþ
Y,i� ,g=B

þ
Y,i. The conditional probability distribution of the lar-

vae trait (traits: k and L∞) vector TL conditioned on a pair of parent

trait vectors TP1 ,TP2
� �

is modelled as a multivariate normal

distribution,

p TLjTP1 ,TP2
� �¼MVN TL;μ,Σ

� �
, ð7Þ

where the mean, μ¼E TP1 ,TP2
� �

, is the mean of the parent trait vec-

tors, and the covariance matrix Σ¼Ω
1
2ΛΩ

1
2, where the uncorrelated

variance matrix, Ω¼ΩGþΩA, consists of a genotypic component

ΩG ¼ cVdiag V TP1 ,TP2
� �� �

, which is a diagonal matrix with the vari-

ances of the parent trait values multiplied by a free parameter cV, and

a phenotypic component, a free parameter diagonal matrix

ΩA ¼diag ~σ2L∞ ,~σ
2
k

� �
. The amount of genotypic variation is controlled by

cV, whereas ΣA is used to control the amount of phenotypic variation.

The correlation matrix Λ¼ 1 ρ

ρ 1

� �
includes a free parameter, the cor-

relation coefficient ρ between L∞ and k. Using the law of total proba-

bility and assuming independence between the trait values of the

parents, the probability distribution of the larvae trait values can be

written as

p TL� �¼X
TP1

X
TP2

p TLjTP1 ,TP2
� �

P TP1
� �

P TP2
� � ð8Þ

We are using discrete probability distributions for the parent

trait values, represented by a grid in the trait space, and thus the

larvae trait distribution becomes a mixture of multivariate normal

distributions that are truncated to the grid. Finally, we discretize

the larvae trait distribution using the grid cells by calculating how

much probability mass of the mixture distribution falls within each

cell (i.e., genotype group) using the cumulative distribution function

of the multivariate normal distribution; thus the total reproductive

output is distributed across the trait grid cells based on the respec-

tive probability mass. The grid boundaries represent the upper and

lower limits for the trait values in the simulation and are fixed

beforehand.

The juvenile and adult fish guilds' biomasses move up one age

guild and retain their genotype group assignments.

bBY ,i,g ¼BY,i�1,g tend
� � ð9Þ

The age guild amax consists of fish of age amax years and older,

and its biomass after accounting for ageing is the sum of the bio-

masses of the previous age guild and the biomass of the maximum

age guild at the end of the growth season of year Y.

TABLE 2 Loss terms for each type of
guild in the food web.

Losses

Type Maintenance Consumption Reproduction Fishing

Equation (S10, S11) (S12, S13) (S17) (S15)

Producers X

Consumers X X

Fish Larvae X X Xa

Juveniles X X Xa

Adults X X X Xa

aIn the model, the fishery exclusively targeted Sander lucioperca and Coregonus albula, with the catch

contingent upon the size of the fish.
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bBY,i,g ¼BY,i,g tend
� �þBY ,i�1,g tend

� � ð10Þ

2.5 | Off-season dynamics

For the non-fish guilds, the initial biomass for the year Yþ1 is their

biomass at the end of the growth season of year Y. For the fish guilds,

we apply the off-season maintenance losses to arrive at the initial bio-

mass for the next growth season.

BYþ1,i,g 0ð Þ¼ e�f�mxi,g 365�tendð ÞbBY ,i,g , ð11Þ

where f�m ¼ 1
2 fm is the off-season maintenance respiration coefficient.

2.6 | Parameterizing the fish growth models

2.6.1 | Fitting Bayesian VBGM to empirical data

A considerable amount of empirical datasets collected from the

Lake Oulujärvi fish have been prepared by researchers at Kainuu

Fisheries Research Station (Härkönen & Hyvärinen, 2024a, 2024b,

2024c, 2024d, 2024e, 2024f, 2024g, 2024h), including S. lucio-

perca: (Vainikka & Hyvärinen, 2012) and C. albula (Huusko &

Hyvärinen, 2005). For a comprehensive overview of data collec-

tion practices, see Vehanen et al. (2020) and Härkönen

et al. (2023).

We initiated the process of parameterizing our fish growth

models by fitting a Bayesian von Bertalanffy growth model (BVBGM)

to the length-at-age data. The lengths of fish had been measured and

ages determined. We estimated the ‘fractional age’, that is, the age in

completed years of growth and the fraction of the current year's

growth for fish by assuming 1st June as their date of birth and by esti-

mating how many years and days the age was in the day of capture.

The posterior distributions of model parameters obtained from fitting

the BVBGM models were then used for subsequent simulations

within our ATNE model.

The BVBGM describes the growth of fish in terms of their age,

asymptotic maximum length (L∞), Brody's growth coefficient kð Þ and

length at the time of birth L0
� 	

. The length Lt of the fish given their

fractional age at and the unknown parameters of VBGM: L∞,k,L0
� 	

was modelled using a Lognormal distribution:

Lt j at,L∞,k,L0 � Lognormal μt,σð Þ, ð12Þ

where the location parameter of the lognormal distribution was

expressed in terms of the expected value of the distribution

μt ¼ E Ltjat,L∞,k,L0
� 	

�1
2
σ2, ð13Þ

which was modelled using the VBGM:

E Ltjat,L∞,k,L0
� 	

¼ L∞� L∞�L0
� 	

e�kat : ð14Þ

We used uniform priors for the parameters of the BVBGM:

L∞ �Uniform L∞low,L
∞
up

� 	
, ð15Þ

k�Uniform klow,kupð Þ, ð16Þ

L0 �Uniform L0low,L
0
up

� 	
, ð17Þ

for which the lower and upper limits are described in the Appendix.

For the shape parameter of the lognormal distribution, we used a uni-

form prior:

σ�Uniform σlow,σupð Þ: ð18Þ

The model was implemented in Stan (Stan Development Team, 2022)

and the inference carried out in R 4.2.1 (R Core Team, 2022) using the

RStan interface (Stan Development Team, 2023). We generated

4 MCMC chains using a warmup period of 1000 and recording the

next 4000 samples for each chain.

In our ATNE model, we simulated the evolution of fish life-history

traits for S. lucioperca and C. albula, specifically focusing on changes in

the L∞ and k parameters. The upper and lower limits for the trait

values in the simulation, represented as grid boundaries, were defined

after fitting BVBGM to understand the range of parameters within

the population. These limits were chosen to encompass the observed

range and provide space for potential evolutionary changes in these

parameters. For the remaining other fish species in the model, we

characterized them as ‘average individuals’ with their deterministic

VBGMs parameterized using posterior mean estimates obtained from

fitting their BVBGMs. In some cases, the Bayesian modelling resulted

in very narrow posterior distributions for L∞, perhaps because we had

such large data sets (C. albula, C. lavaretus, O. eperlanus). Additionally,

some models produced exceptionally large L0 values, prompting us to

approximate these values with insights obtained from the existing lit-

erature. The specific estimates chosen for integration into the ATNE

model are shown in Table 3. See also the Appendix for further

information.

2.7 | Modelling fishing gears and their selectivity

Empirical datasets from Lake Oulujärvi were utilized for modelling

fishing gear selectivity, encompassing information on S. lucioperca

(Vainikka & Hyvärinen, 2012) and C. albula (Suuronen et al., 1995).

For a broader perspective on data collection practices, consult Veha-

nen et al. (2020) and Härkönen et al. (2023). To explore the impact of

fishing on the eco-evolutionary dynamics in our ATNE model, we

implemented size-selective fishing gears to simulate the removal of

fish biomass. Specifically, we employed gillnets for S. lucioperca fishing
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and trawling for C. albula. The selectivity of both gears was modelled

using a bell-shaped curve,

bS L;μ,σ,δð Þ¼ δffiffiffiffiffiffi
2π

p
σ
e�

L�μð Þ2
2σ2 , ð19Þ

which was fitted to the length class–fished biomass data, achieved by

minimizing the sum of squared residuals through the fminsearch func-

tion in Matlab R2021 (The Mathworks Inc., 2021). In the equation δ is

a scaling parameter. This method allowed us to capture the selectivity

patterns associated with each fishing gear and their consequential

effects on the studied fish populations.

We selected gillnets as the method for modelling S. lucioperca

fishing, recognizing their selective nature (Hamley, 1975) and the

common practice of mesh-size management for real-world fishing

impact control. Our modelling focused on data from mesh-size 50 mm

(knot length), which had the largest-caught biomass among different

knot sizes in the available dataset, spanning years 1990, 1992, 1994–

2010, 2012–2016 and 2018, and comprising 2427 individuals.

S. lucioperca was categorized into length classes (e.g., 20 cm length

class covering lengths from 20 to 20.9 cm), with a minimum

length class of 16 cm and a maximum of 73 cm. The fished biomass

(in grams) of S. lucioperca using this mesh-size for each length class

was aggregated. The estimates for S. lucioperca selectivity curve

(μ¼46:72cm and σ¼3:44cm) were utilized to construct the selectiv-

ity curve for the gillnet fishery (Figure 3).

For C. albula, trawling was employed as the fishing method. We

utilized all available trawl data, consolidating diverse trawling gears

(square/diamond; mesh-sizes 10–15 mm, with square and mesh-size

12 mm being the most prevalent) to enhance data coverage and gain

a comprehensive understanding of trawling effects. The dataset cov-

ered the years 2001–2004, involving 14,330 individuals with recorded

mass and length. The length classes considered ranged from 4 to

17 cm. Parameter estimates for the selectivity curve were

μ¼12:21cm and σ¼1:71cm (Figure 3).

TABLE 3 Parameters of the von Bertalanffy model (Equation S5) for the fish species Coregonus lavaretus, Perca fluviatilis, Osmerus eperlanus,
Coregonus albula, Sander lucioperca and Salmo trutta in the model based on the posterior means of the Bayesian von Bertalanffy model fit to the
population-level data assumed to represent an average individual of the species.

Species Years N L∞ cmð Þ k year�1
� �

L0 cmð Þ
Coregonus lavaretus 1972–2017 49,682 33 0.277 1.1a

Perca fluviatilis 2007, 2012 350 71 0.057 1.7

Osmerus eperlanus 1989, 1994–2017 9240 17 0.171 1.4b

C. albula 1973–1984, 1986–2017 20,026 16 [10 20] 0.555 [0.45 0.65] 0.9c

S. lucioperca 1973–1975, 1988–1990, 1992–2018 11,554 87 [70 90] 0.124 [0.1 0.2] 1.7

Salmo trutta 1995–1997, 2001–2002 608 83 0.198 1.7

Note: For S. lucioperca and C. albula the limits of the evolving trait values are also shown. Also shown are the years of the observations and the number of

individuals recorded. L0 for C. lavaretus, C. albula and O. eperlanus were adjusted based on literature. P. fluviatilis L0 was adjusted to similar value as S.

lucioperca. L0 estimated from aSutela and Huusko (2000), bSutela and Hyvärinen (2002), cSutela and Huusko (1997), and Sutela and Huusko (2000).

F IGURE 3 Selectivity curves for 50 mm gillnets targeting Sander lucioperca (a) and Coregonus albula trawls (b). The horizontal axis represents
length in centimetres. Black dots connected by dotted lines depict aggregated fished biomass for various length classes. The black solid lines

represent the modelled selectivity.
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2.8 | Variance and heritability of the traits in the
populations

To evaluate the impact of various parameters of the reproduction

model – specifically, the additive phenotypic variance components

~σ2L∞ and ~σ2k , and the genotypic variance control parameter cV – on

model dynamics, we examined the variance and heritability of the

evolving traits. We computed the larval trait distribution with (pheno-

type) and without (genotype) the additive phenotypic variance com-

ponent. This allowed us to derive marginal variances for the genotype,

namely, VG L∞ð Þ and VG kð Þ, and for the phenotype, namely VP L∞ð Þ and
VP kð Þ. The heritability of these traits was defined as the genotypic

variance divided by the phenotypic variance, that is, H¼ VG
VP
. With this

calculation, one can obtain heritability values over one.

2.9 | Simulation set-up

During the simulations, we initiated a 100-year burn-in period without

fishing to allow the system to attain dynamic equilibrium concerning

biomasses and the evolving life-history traits of S. lucioperca and

C. albula (Figure 2). In the equilibrium without fishing, biomasses

stayed around mean values as exemplified in Figure 2. Subsequently,

we simulated an additional 100 years in the presence of a fishery tar-

geting both S. lucioperca and C. albula (Figure 2). Other fish species

were not targeted by the fishery.

In our simulations, we examined two aspects. The ‘baseline’ sce-
nario aimed to evaluate the eco-evolutionary impacts of size-selective

fishing at the food web level by comparing equilibrium biomasses of

organismal groups and guilds under unfished conditions with those

under various fishing intensities. Additionally, we investigated the

sensitivity of model dynamics to the parameterization of the repro-

duction model. Because the true values of these parameters are

unknown, we conducted a sensitivity analysis, defining ‘low’,
‘medium’, and ‘high’ values (Table 4). We systematically varied the

parameters, exploring all possible combinations for S. lucioperca or

C. albula, while maintaining fixed values (medium) for the other spe-

cies: S. lucioperca or C. albula. The sensitivity analysis encompassed

81 distinct parameter combinations for both species. In the baseline

scenario, we employed ‘medium’ parameter values for the reproduc-

tion model. Sensitivity analyses were conducted thrice to examine the

effects of different levels of correlation; high negative correlation

(ρ¼�0:7), low negative correlation (ρ¼�0:35) or no

correlation (ρ¼0). Although negative correlation was the most justi-

fied assumption based on literature (Charnov, 1993; Jensen, 1997;

Thorson et al., 2017), we also wanted to see the effect of no correla-

tion option as there seem to be not many studies on the relationship

between Brody's growth coefficient and asymptotic length at the indi-

vidual level. We tested three different instantaneous fishing mortality

values (E¼0:5 y�1, E¼1:0 y�1 and E¼2:0 y�1, where y= year).

Instantaneous fishing mortality values were chosen arbitrarily, but

they represent possible values observed in Lake Oulujärvi time series

depending on year and age class concerned. Yearly average values of

instantaneous fishing mortality for harvestable size S. lucioperca have

varied between 0.09 and 1.22 (Härkönen & Hyvärinen, 2024a). Yearly

average values of instantaneous fishing mortality for most abundant

age classes available for harvest of C. albula have varied between 0.06

and 2.2 (Härkönen & Hyvärinen, 2024c).

3 | RESULTS

3.1 | Evolution of growth parameters

The sensitivity of the trait distribution to variations in phenotypic and

genotypic variance parameters (~σL∞ and ~σk , and cV , respectively), along

with the impact of fishing mortality severity controlled by instanta-

neous fishing mortality (E), was examined for the oldest fish age guilds

(S. lucioperca age≥6 and C. albula age≥4). Larger values of the vari-

ance parameters resulted in increased variability in the trait distribu-

tion. The correlation coefficient ρ between k and L∞ influenced the

shape of the trait distribution, and, in S. lucioperca, also affected

the location of the traits.

For S. lucioperca, the direction of the evolution of growth was influ-

enced by the severity of fishing mortality, the parameters governing the

amount of evolvable variation and the strength of the correlation

between k and L∞ (Figures 4 and S19, S20). Depending on parametri-

zation the selection could favour fast growth and large size, be disrup-

tive or favour small size and slow growth under high fishing mortality

(E¼2:0 y�1) (Figure 4). At lower instantaneous fishing mortalities

(E¼1:0 y�1 and E¼0:5 y�1), evolution in growth also exhibited variabil-

ity. Generally, evolution trended towards larger k and L∞ values with

lower instantaneous fishing mortality (Figure 4). Disruptive selection

was observed towards both smaller and larger trait values at lower

instantaneous fishing mortality especially when ~σk was 0.060

(Figure 4).

For C. albula, evolution was consistently directional towards small

L∞ values in all cases (Figures 5 and S21, S22). When ~σL∞ was 2.0 cm,

and instantaneous fishing mortality E¼0:5 y�1, disruptive selection in

L∞ was observed (Figure 5). Evolution in k trended towards intermedi-

ate values in all cases (Figure 5).

TABLE 4 Parameter values during the sensitivity analysis.

Parameter Low Medium High

E 0.5 1.0 2.0

cV 0.125 0.25 0.5

~σL∞ ,Ppe 1.5 3.0 6.0

~σk,Ppe 0.015 0.030 0.060

~σL∞ ,Ven 0.5 1.0 2.0

~σk,Ven 0.01 0.02 0.04

Note: E¼ Maximum instantaneous fishing mortality, cV ¼ Genotypic

variance control parameter, ~σL∞ ¼ Additive phenotypic variance parameter

for asymptotic length, ~σk,Ppe ¼ Additive phenotypic variance parameter for

Brody's growth coefficient. ‘Ppe’ refers to Sander lucioperca, and ‘Ven’
refers to Coregonus albula.
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3.2 | Variance and heritability of the traits in the
populations

The heritability of L∞ in S. lucioperca ranged from 0.3377 to 0.7623.

The heritability of k ranged from 0.3007 to 0.6739. L∞ exhibited

higher heritability than k. Fishing onset induced changes in heritability.

Under the highest instantaneous fishing mortality (E¼2:0 y�1), when

~σk was 0.03 y�1 or 0.06 y�1, fishing initially increased heritability,

often followed by a subsequent decrease (Figure 6). In some cases,

when ~σk was 0.03 y�1, the increase continued steadily following the

F IGURE 4 Sander lucioperca age 6+ trait distribution after 100 years of size-selective fishing in the simulation, with a high (ρ = �0.7) level of
correlation between k (Brody's growth coefficient) and L∞ (asymptotic length). The figure illustrates the influence of varying instantaneous fishing
mortalities Eð Þ, and genotypic cV

� �
and phenotypic ~σL∞ ,~σkð Þ variance parameters on the eco-evolutionary impacts of size-selective fishing. The

horizontal axis (L∞) represents the asymptotic length (cm), and the vertical axis (k) represents Brody's growth coefficient (y�1). Brighter colours
indicate higher trait density. Mean of the starting distribution is in the middle of the grid.
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onset of fishing (Figure 6). In scenarios where ~σk was 0.015 y�1 and

instantaneous fishing mortality was high, heritability generally

increased; however, in some cases, it subsequently decreased

(Figure 6). Smaller instantaneous fishing mortalities also led to

changes in heritability towards higher or lower levels (Figure 6). Both

variance and heritability exhibited variability across different

F IGURE 5 Coregonus albula age 4+ trait distribution after 100 years of size-selective fishing in the simulation, with a high (ρ = �0.7) level of
correlation between k (Brody's growth coefficient) and L∞ (asymptotic length). The figure illustrates the influence of varying instantaneous fishing
mortalities Eð Þ, and genotypic cV

� �
and phenotypic ~σL∞ ,~σkð Þ variance parameters on the eco-evolutionary impacts of size-selective fishing. The

horizontal axis (L∞) represents the asymptotic length (cm), and the vertical axis (k) represents Brody's growth coefficient (y�1). Brighter colours
indicate higher trait density. Mean of the starting distribution is in the middle of the grid.
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parameter combinations (Figures 6 and S23, S24, S27–S29). Lower

fishing mortalities were associated with more stable variances. In sce-

narios involving high instantaneous fishing mortality, a pattern of

initial variance increase at the onset of fishing followed by a subse-

quent decrease was frequently observed, particularly in the variance

of L∞. Under high fishing mortality, both increasing and decreasing

F IGURE 6 Heritability of Sander lucioperca traits; asymptotic length (L∞; grey) and Brody's growth coefficient (k; black) over a 200-year
simulation, with a high (ρ = �0.7) level of correlation between k and L∞. The figure illustrates the influence of varying instantaneous fishing
mortalities Eð Þ, and genotypic cV

� �
and phenotypic ~σL∞ ,~σkð Þ variance parameters on the heritability. Fishing activities commence at year 101. The

horizontal axis represents time, whereas the vertical axis depicts heritability values. The trends in heritability reflect the dynamic evolution of the
depicted traits during the simulation.
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variances were observed after the onset of fishing (Figure S27).

Decreasing variances were also noted with lower instantaneous fish-

ing mortality, especially when ~σk was 0.015 y�1 or 0.03 y�1

(Figure S27). Variance of k tended to be more stable than that of L∞:

The heritability of L∞ in C. albula ranged from 0.3009 to 0.7394.

The heritability of k ranged from 0.4711 to 0.7378. Fishing did not

cause clear change in the heritability of k, whereas the heritability of

L∞ decreased in the presence of fishing (Figure 7). For C. albula,

F IGURE 7 Heritability of Coregonus albula traits; asymptotic length (L∞; grey) and Brody's growth coefficient (k; black) over a 200-year
simulation, with a high (ρ = �0.7) level of correlation between k and L∞. The figure illustrates the influence of varying instantaneous fishing
mortalities Eð Þ, and genotypic cV

� �
and phenotypic ~σL∞ ,~σkð Þ variance parameters on the heritability. Fishing activities commence at year 101. The

horizontal axis represents time, whereas the vertical axis depicts heritability values. The trends in heritability reflect the dynamic evolution of the
depicted traits during the simulation.
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variance in k remained relatively stable, while fishing decreased the

variance in L∞ (Figure S30). Small decreases in variances of k were

also observed at the onset of fishing (Figure S30).

3.3 | Effects of instantaneous fishing mortality on
biomasses in the food web

In the model, S. lucioperca and C. albula shared the same instantaneous

fishing mortalities (E¼0:5 y�1, E¼1:0 y�1 or E¼2:0 y�1), leading to

combined effects on the biomasses of the species in the food web.

Biomasses were assessed relative to the unfished equilibrium. The

most prominent impacts were negative, directly affecting S. lucioperca

(Figure 8). S. lucioperca exhibited the largest biomass at ¼0:5 y�1, fol-

lowed by E¼1:0 y�1 and the smallest at E¼2:0 y�1 (Figure 8).

C. albula reached its largest biomass at E¼2:0 y�1, followed by

E¼1:0 y�1 and smallest at E¼0:5 y�1 (Figure 8). The fishing of S.

lucioperca and C. albula had positive repercussions on other plankti-

vores and piscivores. Like C. albula, other planktivores and piscivores

demonstrated the largest biomass at E¼2:0 y�1, followed by

E¼1:0 y�1 and smallest at E¼0:5 y�1 (Figure 8). Minor effects of fish-

ing were observed in the lower trophic levels of the food web, gener-

ally manifesting as negative impacts on zooplankton and pelagic

invertebrates and positive effects on phytoplankton (Figure 8). Zoo-

plankton and pelagic invertebrates had the largest biomass at

E¼0:5 y�1, followed by E¼1:0 y�1 and the smallest at E¼2:0 y�1

(Figure 8). Phytoplankton reached its highest biomass at E¼2:0 y�1,

followed by E¼1:0 y�1, and the lowest at E¼0:5 y�1 (Figure 8).

Detailed, guild-specific results can be found in the Appendix

(Figure S35–S58).

3.4 | Sensitivity of the model to the level of
correlation

The model was, in general, sensitive to the level of correlation. For

example, trait distribution of S. lucioperca was affected by the level of

correlation (Figures 4 and S19, S20). Under high instantaneous fishing

mortality (E¼2:0 y�1) and low (ρ = �0.35) or absent (ρ =0) correla-

tion, the selection trend favoured smaller k and L∞ values

(Figures S19 and S20). Instead, C. albula trait distributions were similar

as in the case of high negative correlation (Figures 5 and S21, S22).

There were both similarities and differences in the trajectories of the

heritability (Figures 6 and S23, S24) and variance (Figures S27–S29) in

S. lucioperca as well as in the trajectories of the heritability (Figures 7

and S25, S26) and variance (Figures S30–S32) in C. albula. In both

F IGURE 8 Relative biomass change (%) in various ecological components over a range of instantaneous fishing mortalities
(E¼0:5 y�1,1:0 y�1,and2:0 y�1), with a high (ρ = �0.7) level of correlation between k (Brody's growth coefficient) and L∞ (asymptotic length) for
Sander lucioperca and Coregonus albula. The components include S. lucioperca, other piscivores (Salmo trutta and Perca fluviatilis age≥4), C. albula,
other planktivores (Perca fluviatilis age <4, Coregonus lavaretus and Osmerus eperlanus), zooplankton and pelagic invertebrates, and phytoplankton.
The comparison is made between the unfished equilibrium situation and the situation with fishing.
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species, heritability was generally higher in the absence of correlation

(ρ =0). Level of correlation also influenced the biomasses in the food

web (Figures 8 and S33–S58).

4 | DISCUSSION

The potential trajectories of fishing-induced evolution are intricate

and contingent upon the intensity of fishing, level of correlation

between asymptotic length and Brody's growth coefficient, and the

parameters influencing the levels of genotypic and phenotypic varia-

tion. To avoid being caught by normally distributed selection curve,

there are two options: either stay below the selection curve or grow

quickly above the selection window. In general, fishing induced evolu-

tion in C. albula was towards small asymptotic length and intermediate

Brody's growth coefficient. In contrast, fishing-induced evolution in

S. lucioperca was mainly towards larger asymptotic length and Brody's

growth coefficient. Disruptive selection was also frequently observed

in S. lucioperca evolution. Additionally, there were cases of small

asymptotic length and slow growth especially when correlation was

low or absent and fishing mortality was high. These distinctions likely

arise from the nuanced selection pressures imposed by gillnetting on

S. lucioperca and trawling on C. albula. Additionally, in this complex

model, food web interactions and model parameters, such as meta-

bolic rate, can influence the results. Food web–level effects were

small in the level of phytoplankton and zooplankton as in the previous

study by Kokkonen et al. (2024). In the previous study no cascading

effects on the level of phytoplankton were observed (Kokkonen

et al., 2024). In contrast, this study observed a trophic cascade

(Carpenter et al., 1985), where the largest abundance of S. lucioperca

resulted in a high abundance of zooplankton and pelagic invertebrates

and a corresponding decrease in phytoplankton abundance. Larger

effects were seen in the fish species level, and more so in the age

guild compositions of fish species.

Intriguingly, many scenarios for S. lucioperca hinted at evolution

favouring larger asymptotic length and faster growth, potentially

involving disruptive selection that sustains diversity in the S. lucioperca

trait distribution. Matsumura and others (Matsumura et al., 2011)

modelled the impact of having both minimum and maximum size

limits, that is, harvest slots in recreational fishing of pike Esox lucius

L. 1758, Esocidae. This also resulted in positive selection on growth

capacity and larger size at age of 4 years. Using harvest slots that tar-

get intermediate-sized fish in fishery management can help preserve

the natural age structure and reproductive potential of older fish,

while also increasing the number of fish caught (Gwinn et al., 2015).

Although fish biomass caught is smaller compared to using minimum

size limits, this approach can protect the mature fish (Gwinn

et al., 2015). In another study, harvest slots were optimal regulation

options when balancing between multiple fishery objectives (Ahrens

et al., 2020). In Windermere, fishing for E. lucius using gillnets led to

disruptive selection, which increased variability in size at age and

growth rate (Edeline et al., 2009). There, disruptive selection favoured

both slow- and fast-growing E. lucius (Edeline et al., 2009). Sattar and

others (Sattar et al., 2008) found dimorphism in the allocation of

resources either to growth or maturation in a hermaphrodite species

Epinephelus fuscoguttatus Forsskål 1775. Disruptive selection might

therefore be the result of part of the population maturing early and

allocating part of the resources to reproduction and other part of the

population still allocating all resources to growth before later matura-

tion. In our model, we did not account for evolution in the maturation

size and age independently of the selected traits, although these traits

could also evolve (e.g., Heino et al., 2015). In a modelling study, Landi

et al. (2015) also identified the potential for disruptive selection under

high harvest pressure. Fishing policies that could lead to disruptive

selection included a lack of regulation, fishing only large fish, targeting

either small or large fish and fishing only mature fish (Landi

et al., 2015). The increased variability caused by disruptive selection

could facilitate the population's adaptation to changes in environmen-

tal conditions (Landi et al., 2015). Fishing could also be managed in a

way that promotes disruptive selection, such as through mesh-size

regulations that protect the largest individuals, combined with moder-

ate fishing mortality (Edeline et al., 2009). The observed variability in

our study aligns with findings from other studies, demonstrating the

diverse outcomes of evolution under different fishing pressures. For

instance, smaller minimum length limits, capturing also immature fish,

favoured faster growth, whereas larger limits were associated with

slower growth in the eco-genetic model of Dunlop and others

(Dunlop et al., 2009). Similarly, a previous ATNE modelling study

revealed that P. fluviatilis subjected to a minimum length limit of

15.9 cm evolved towards lower asymptotic length, whereas the evolu-

tion trend shifted towards larger asymptotic lengths when 15.9 cm

was set as the maximum limit (Perälä & Kuparinen, 2020). Evolution

towards smaller size has also been frequently observed in many

exploited fish species (Audzijonyte et al., 2013; Devine et al., 2012),

which was also observed in this study in C. albula.

In our modelling, we assumed negative correlation between

asymptotic length and Brody's growth coefficient (ρ = �0.7) as most

probable based on literature. In a study of 33,000 fish species the cor-

relation between the natural logarithm of asymptotic length and the

natural logarithm of Brody's growth coefficient was �0.585 (Thorson

et al., 2017). The study concluded that, on average, there was a 1.24%

decrease in the Brody's growth coefficient when asymptotic length

increased 1% (Thorson et al., 2017). In another study, Brody's growth

coefficient generally exhibited a decreasing curvilinear trend as

asymptotic length increased, which was described by either an expo-

nential or power function (Nadon & Ault, 2016). Jensen (1997)

derived relationship between asymptotic length and Brody's growth

coefficient from the bioenergetic growth equation as L∞ ¼Ck�h

where the value of h was 0.33. We lacked information on the correla-

tion at the level of individual growth in nature, and further studies are

needed to explore this.

Heritability of 0.3 is commonly regarded as typical in life-history

traits (Mousseau & Roff, 1987). In a review of Salmonid fish, median

heritability for morphological traits was reported as 0.29, for growth

and development it was 0.22 and for length-at-age, it stood at 0.29

(Carlson & Seamons, 2008). In brook charr, Salvelinus fontinalis,
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heritability of size exhibited variation between 0.44 and 0.50

(Thériault et al., 2007). Although heritabilities in our modelling were

generally high, it is crucial to note that these deviated from traditional

methods. Our model lacks the ability to track genotypes and pheno-

types separately; instead, it utilizes a hybrid approach that combines

elements of both. This distinctive feature in our approach to modelling

should be considered when interpreting the heritability estimates.

Moreover, heritabilities are typically population-specific and contin-

gent on environmental conditions (Carlson & Seamons, 2008). Conse-

quently, the initiation of fishing altered the environmental conditions

in our simulations, inducing changes in heritability and the extent of

variance as well. The potential for rapid evolution in growth-related

traits is supported by both modelling and laboratory experiments

(Conover & Munch, 2002; Williams & Shertzer, 2015). Higher herita-

bilities contribute to a swifter evolutionary response to selection pres-

sures (Williams & Shertzer, 2015).

The effects of fishing on S. lucioperca and C. albula biomasses

were notably complex. In general, fishing affected the biomass of S.

lucioperca more radically than that of C. albula, but the effects

depended on the level of instantaneous fishing mortality. Logically, S.

lucioperca biomass was higher at lower levels of instantaneous fishing

mortality. In contrast, in the same simulation, C. albula biomass was

higher, the higher the instantaneous fishing mortality was. This likely

reflects the predatory effects of S. lucioperca. The predatory effects of

S. lucioperca on other planktivores and competitive effects on other

piscivores were probably also mirrored in the biomasses of both

planktivores and piscivores. Compensatory effects, particularly in the

younger age guilds, as well as broader food web–level dynamics may

also influence the outcomes. For example, the younger age guilds of

C. albula exhibited their largest biomass at instantaneous fishing mor-

tality E¼2:0 y�1, and from age 2 onwards, the highest biomass was

observed at instantaneous fishing effort E¼0:5 y�1. Consequently,

the highest total biomass of C. albula at instantaneous fishing mortal-

ity E¼2:0 y�1 might be attributed to a compensatory effect involving

larger biomasses in younger age guilds. Additionally, the reduced pre-

dation pressure from S. lucioperca, which itself had the smallest total

biomass when C. albula biomass was highest, could further contribute

to these complex interactions. Similarly, in the previous study in Lake

Oulujärvi, S. lucioperca negatively affected especially the youngest age

guilds of its planktivorous prey species, whereas fishing primarily tar-

geted the older age guilds (Kokkonen et al., 2024). Additionally, the

presence of S. lucioperca reduced the proportion of other fish species

in the fish biomass (Kokkonen et al., 2024).

A prior investigation conducted in the Archipelago Sea concern-

ing S. lucioperca reported advanced maturation schedules, indicated

by a negative trend in the probabilistic maturation reaction norms

(Kokkonen et al., 2015). This study (Kokkonen et al., 2015) revealed

that fisheries could potentially influence the age and size at which S.

lucioperca reach maturation. Further exploration of S. lucioperca

growth within the Archipelago Sea delved into the intricate interplay

of environmental factors. It unveiled a positive correlation with water

temperature but a negative association with population density

(Saulamo et al., 2020). Additionally, the phenomenon known as the

Rosa-Lee effect, signifying that fisheries tend to capture the faster-

growing individuals first (Lee, 1912), was observed by examining the

back-calculated lengths (Saulamo et al., 2020). The biomass of the

C. albula population is also susceptible to a multitude of influences,

including fishing pressure (Helminen & Sarvala, 2021; Huusko &

Hyvärinen, 2005; Sarvala et al., 2020), environmental conditions like

water temperature (Helminen & Sarvala, 2021) and trophic state

(Helminen & Sarvala, 2021), as well as ecological relationships in the

food web, such as competition with other planktivorous fish species

(Helminen & Sarvala, 2021) and the abundance of predators (Sarvala

et al., 2020). On the individual level, the growth of C. albula can be

influenced by C. albula population density, the availability of zooplank-

ton prey, and an array of environmental, fishing and food web–related

factors that impact C. albula population density (Sarvala &

Helminen, 2021).

Navigating the multifaceted impacts of fishing on the evolution of

size-related traits, the biomasses of targeted fish species and the

broader food web poses a considerable challenge for fisheries man-

agement. This challenge becomes particularly pressing as efforts are

made to transition towards ecosystem-based fisheries management

(Pikitch et al., 2004). The consideration of fisheries-induced evolution

is integral, and this must be undertaken within the broader environ-

mental context in which such evolution occurs (Thambithurai &

Kuparinen, 2023). Mitigating severe evolutionary effects in S. lucio-

perca may be achievable with smaller fishing mortalities, which not

only preserve the largest biomass of S. lucioperca in the lake but also

contribute to the highest abundance of pelagic invertebrates and zoo-

plankton, while minimizing the biomass of phytoplankton. It is essen-

tial to recognize that the optimal instantaneous fishing mortalities for

C. albula, other planktivorous fish and other piscivorous fish may dif-

fer, requiring careful prioritization. In the case of C. albula trawling,

avoiding evolutionary effects on C. albula size proves challenging, par-

ticularly with tested instantaneous fishing mortalities. In contrast, the

biomass of C. albula was not seriously affected by the higher instanta-

neous fishing mortalities and the lower biomasses of S. lucioperca

allowed for larger biomasses of C. albula. In C. albula trawling, approxi-

mately 50% of C. albula that goes through the trawl may die after-

wards (Suuronen et al., 1995). This was not considered in our

modelling.

It is crucial to acknowledge that our study is theoretical and con-

ducted in a modelling context. The real-world scenario involves

diverse fishing methods, varying fishing mortalities across different

species, operating simultaneously. Additionally, we lack knowledge

about the specific values of phenotypic and genotypic variance-

describing parameters that accurately represent the real-world condi-

tions in the reproduction model. Trait distributions in the modelling

are also limited by the choice of the grid. It is possible that the traits

favour the borders of the grid, when modelling evolution. All results

are not in accordance with the expectation of negative correlation

between asymptotic length and Brody's growth coefficient, as there

were many cases of positive correlation, that is, fast growth and high

asymptotic length or slow growth and small asymptotic length. Simu-

lations could also produce also these kinds of results. In nature, slow

244 KOKKONEN ET AL.FISH
 10958649, 2025, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.70028 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [24/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



growth and small asymptotic length could be caused by low availabil-

ity of resources, and fast growth and large asymptotic length by high

availability of resources. For example, in S. trutta individuals from

weakly recruited cohorts were fast growing and attained larger size

(Lobón-Cerviá, 2022). We did not consider the possibility of

S. lucioperca and C. albula inducing evolution in the food web, that

could be a subject for further modelling. Density-dependent growth

could also influence growth patterns; however, it was not included

in our model, as we focused on the evolution of growth and effects

within the food web. Gillnetting of S. lucioperca could lead to many

directions of evolution in Brody's growth coefficient and asymptotic

length, highlighting the importance of adopting adaptive manage-

ment strategies (Walters, 1986), capable of responding to observed

changes, which also stands out as an optimal approach for

ecosystem-based fisheries management. Gillnetting of S. lucioperca

also resulted in disruptive selection in many simulations, and that

might be a good strategy to maintain diversity in Brody's growth

coefficient and asymptotic length. In the model, trawling of C. albula

led to a decrease in asymptotic length, which reflects well to the

current situation of C. albula in Lake Oulujärvi, as there has been a

decrease in C. albula sizes (Härkönen et al., 2023). Fishing-induced

changes towards smaller size in fish have been observed globally

(Audzijonyte et al., 2013; Devine et al., 2012), but environmental

changes, like increasing water temperatures, can also lead to

declines in fish size (Cheung et al., 2013). In Lake Oulujärvi there are

environmental changes like warming water temperature, declining

phosphorus content and changes in the food web level, which could

also affect changes in the fish sizes. In the model, fishing also

affected the biomass composition of Lake Oulujärvi food web, and

therefore it is important to also follow the ecological consequences

of fishing.
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