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Re-establishment of a declined apex predator fish species in a lake ecosystem may 
have dramatic effects on other fish and plankton community already inhabiting the 
ecosystem. We studied mechanistically potential impacts of re-establishment of the 
brown trout (Salmo trutta) in the west-central European Lake Constance focusing on 
two commercially important fish species: whitefish and Eurasian perch. We compared 
simulation model outputs from two versions of an allometric trophic network model 
for Lake Constance, one with and one without the trout as the apex predator. The 
re-establishment of the declined brown trout reduced the perch population directly 
by predation and indirectly by increased resource competition, whereas the whitefish 
population was directly affected by increased predation. The decrease in fish biomass 
densities was highly sensitive to trout larval survivability. Both species showed strong 
compensatory behaviour by achieving higher per capita resource consumption when 
the populations decreased in the presence of brown trout.

Introduction

High fishing pressure and broad-scale habitat 
alterations have led to dramatic declines of many 
freshwater fish species (Collen et al. 2014, Dar-
wall & Freyhof 2016; https://www.iucnredlist.
org/). In Europe, migratory freshwater fish spe-
cies have been declining particularly fast, with 
populations falling by 93% in the past five 
decades (Deinet et al. 2020). The decline has 
been attributed to overfishing and construction 
of dams, which have blocked the migration paths 
of the fish (Barbarossa et al. 2020, Deinet et 
al. 2020). The brown trout (Salmo trutta) is an 
iconic species valued by recreational anglers. 
The species shows numerous migratory behav-

iours but here we focused on trout that migrate 
from their natal river to a lake to feed and back 
again to spawn (i.e., adfluvial type). In Finland, 
for example, spawning migrations of large brown 
trout attract thousands of anglers threatening the 
sustainability of these populations (Syrjänen et 
al. 2017). In a west-central European lake (Lake 
Constance), the decline in migrating brown trout 
was initiated by the construction of a dam which 
resulted in blocking the access of fish to the most 
important spawning grounds (Ruhlé 1996). Det-
rimental management decisions, such as reduc-
tions of minimum size limits and stocking of the 
rainbow trout (Oncorhynchus mykiss), further 
impaired the natural reproduction of the brown 
trout in that ecosystem. The brown trout dem-

Editor-in-charge: Jouni Taskinen



232 Perälä et al. • ANN. ZOOL. FENNICI Vol. 58

onstrates considerable plasticity and adaptability 
(reviewed in Klemetsen et al. 2003, L’Abée-
Lund & Vøllestad 2017), thus long-term con-
servation measures can lead to re-establishment 
of declined populations (e.g., Birnie-Gauvin et 
al. 2017, 2018, Brink et al. 2018). However, a 
species’ recovery or re-establishment in an eco-
system after decades of absence can affect other 
species in the ecosystem, particularly those that 
have overtaken the niche of the nearly extinct 
species. For example, in a Finnish lake, Oulu-
järvi, re-establishment of pikeperch led to a dras-
tic decline in the abundance and length-at-age 
of native whitefish (Coregonus lavaretus) forms 
(Vainikka et al. 2017). In Lake Constance, the 
invasion of three-spined stickleback (Gasteros-
teus aculeatus) heavily affected the abundance 
and growth of pelagic whitefish (C. wartmanni; 
Rösch et al. 2018). Therefore, when we aimed 
to predict the impacts of anthropogenic pres-
sures, such as fisheries, fish stocking and/or re-
establishment of declined populations, we had to 
consider the complex interactions among numer-
ous species that constitute the ecosystem to fully 
comprehend the possible changes in that system.

Including a more holistic view of the eco-
system in management practices is an effec-
tive approach to manage fish stocks and fisher-
ies (Zhou et al. 2010). However, the focus is 
typically on a single target species while the 
predators and the prey of the target species as 
well as other ecosystem components and inter-
actions are often ignored (Pikitch et al. 2004). 
Understanding how an ecosystem consisting of 
a complex set of interactions and feedbacks 
responds to species removal and/or introduction, 
requires consideration of indirect effects related 
to changes in the flow of energy through the eco-
system (Hollowed et al. 2000). Food-web char-
acterization has emerged as a promising tool and 
a first step in understanding species’ roles and 
interactions within the ecosystem (Link 2002, 
Montoya et al. 2006, Braga et al. 2012). This is 
important particularly in mixed fisheries, where 
catches consist of many different fish species 
and age and size classes. Furthermore, it is not 
an uncommon scenario that while the system 
is exploited by mixed fisheries, more fish is 
simultaneously added into the system either via 
stocking or re-establishment (Ruhlé 1996, Vain-

ikka et al. 2017). The use of food-web models is 
typically limited by the lack of ecological data 
needed to validate the models and they often 
include a large amount of confounding environ-
mental parameters.

We used an allometric trophic network (ATN) 
model to study mechanistically food-web dynam-
ics and feeding interactions in an extensively har-
vested freshwater system, into which the brown 
trout was being re-established. In particular, we 
examined how re-establishment of a large pis-
civorous fish species valuable to recreational fish-
eries (i.e., brown trout) would affect the biomass 
densities of other species in the system (fish and 
zooplankton) and whether it would compromise 
management objectives (i.e., increase in fisheries 
catches). The ATN model we used was para-
metrized and validated for the pelagic food web 
of a west-central European alpine lake, Lake 
Constance (LC), by Boit et al. (2012) and modi-
fied by Kuparinen et al. (2016) to better address 
the life-history structure of fishes. We studied the 
ecological consequences of brown trout re-estab-
lishment for two key species in LC, which are 
both important to commercial fisheries — white-
fish Coregonus wartmanni and Eurasian perch 
Perca fluviatilis; in particular (i) the abundances 
of whitefish, perch and associated (zooplankton) 
species, and (ii) the mechanisms underlying the 
potential changes in their abundances.

Material and methods

Food web and its dynamics

To explore the effects of trout re-establishment 
on the abundances of whitefish and perch and 
on fishery catches, we used the ATN model for 
the LC ecosystem (Boit et al. 2012) with fish 
life-history structure included (Kuparinen et al. 
2016, 2019). The functional response parameters 
were determined according to the algorithm pre-
sented in Bland et al. (2019). Fish larvae were 
treated as invertebrates, and fish reproduction 
was modelled using piecewise-defined model to 
enforce impaired reproduction under starvation 
(Perälä & Kuparinen 2020).

We compared the model outputs for two sce-
narios of the LC food web. Both scenarios had 
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the same plankton community (six basal pro-
ducers, seven heterotrophic microbes, and seven 
invertebrates) as well as five life-history stages 
of both perch and whitefish (Kuparinen et al. 
2016, 2019, Perälä & Kuparinen 2020). One of 
the two scenarios included three age classes of 
brown trout (2-, 3-, and +4-year-old). Trout larvae 
(age 0 year) and juvenile (age 1 year) were not 
included in the food web as they live in the river 
Rhine and are thought to migrate to the lake as 
smolts at two years of age. The adult trout age 
classes interact with the rest of the LC food web 
in a similar manner to the other fish species by 
consuming their prey and allocating portion of 
the gained biomass for reproduction. At the end 
of the growth season, they migrate to the river to 
spawn and return to the lake for the next growth 
season to feed. The amount of biomass allocated 
for reproduction becomes the new larvae bio-
mass, which after gaining biomass for two years 
in the river turns into the smolt biomass, which 
joins the LC food web as the 2-year-old age class. 
The biomass gained by the larvae during their 
two-year river-life-history stage before becoming 
the new smolts was calculated deterministically 
by multiplying the larval biomass by the estimate 
of the fraction of the number of trout larvae sur-
viving to age two (0.12%–1.23%) multiplied by 

the ratio of the estimate of the average body mass 
of a trout smolt to the average body mass of a 
trout larva (51362.4/37.5 = 1370; Huusko et al. 
2017, Syrjänen et al. 2017)

In the new version of the food web model, 
trout sits at the top of the food web as the new 
apex predator. It is a piscivore and feeds on the 
larvae, juvenile and two-year-old age classes of 
both whitefish and perch (Figs. 1 and 2) while 
having no predators itself. The trout competes 
for food with the adult perch as they also con-
sume fish larvae and juveniles.

Simulation design

Each simulation year consisted of a 90-day 
growth season simulating the bioenergetic 
dynamics of the food web. The dynamics 
describes the carbon flow in the food web via 
feeding interactions between the guilds, main-
tenance of bodily functions for fish and zoo-
plankton, reproductive investment of adult fish, 
and possible adult biomass removal by fishing. 
After the growth season, the fish reproduce and 
transfer their biomass to the next life-history 
stage as they age. The simulation consisted of 
100 years where the first 50 years did not include 

Fig. 1. A simplified illus-
tration of the Lake Con-
stance food web focus-
ing on the fish life-stages 
and their interactions. The 
prey-averaged trophic 
level of the node in the 
food web is indicated by 
its vertical position. Per = 
perch, Whi = whitefish, 
Tro = trout, Zoo = all the 
zooplankton species con-
sumed by the fish com-
bined; numbers following 
fish species abbreviations 
refer to age classes. For 
complete food web, see 
Fig. 2.
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fishing and were considered a burn-in period 
to ensure the system reaches an equilibrium. 
For the next 50 years, different levels of fishing 
intensity (0.25, 0.50, 0.75) were applied to the 
system by subjecting all adult fish age classes to 
the same fishing intensity (i.e. selectivity was the 
same for each species and age class). The first 20 
years of the fishing period were discarded, as we 
were not interested in the transient dynamics but 
instead in the yearly averages of biomasses, and 
total catches and consumption gains in the last 
30 years. The consumption gains were further 
normalized by dividing them by the average 
biomass density of the predator guild to obtain 
consumption gains per unit of predator biomass 
density. This measure was then used to examine 
the energy flow through specific species interac-

tions in the food web. As there was consider-
able uncertainty in the parameter estimate for 
the fraction of the trout larvae surviving to the 
age of two years (0.12%–1.23%), we tested the 
sensitivity of the model to this parameter by test-
ing three values for this parameter given by the 
minimum, midpoint and maximum of the inter-
val (i.e., 0.12%, 0.68% and 1.23%).

Results

The re-establishment of the brown trout at the 
proportions of 16%–40% decreased the propor-
tions of whitefish and perch in the fish com-
munity (Table 1). The biomass densities of 
both perch and whitefish adults (i.e., 2-, 3-, and 

Fig. 2. The complete Lake Constance food web. The prey-averaged trophic level of the node in the food web is indi-
cated by its vertical position. POC = particulate organic carbon, DOC = dissolved organic carbon, Alg1 = single-cell 
algae, Alg2 = large, single-cell algae or colonies, Alg3 = filamentous blue and green algae, Alg4 = diatoms, algal colo-
nies, Alg5 = small, coccal algae, APP = autotrophic picoplankton, Bac = heterotrophic bacteria, HNF = heterotrophic 
nanoflagellates, Cil1 = small ciliates, Cil2 = small ciliates, Cil3 = medium-size ciliates, Cil4 = medium-size ciliates, Cil5 
= larger ciliates, Rot1 = small rotifers, Rot2 = medium-size rotifers, Rot3 = large rotifers, Asp = large rotifers, Cru = 
mostly cladocerans (Daphnia), Cyc = cyclopoid copepods, Lep = large, carnivorous cladocerans, Whi = whitefish, Per 
= perch, Tro = trout. Numbers following the fish species abbreviations refer to age classes.
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+4-year-old) decreased after the re-establishment 
of brown trout in LC (Table 2). Trout feeds on 
larval, juvenile, and 2-year-old perch (Figs. 1 
and 2) and this partly explains the decreased 
abundance of adult perch. Furthermore, trout 
competes with adult perch for the same resources 
(i.e., prey species: larval and juvenile fish; Figs. 
1 and 2). Unlike perch and trout, adult white-
fish feed on zooplankton (Figs. 1 and 2). The 
decreased abundance of adult whitefish after the 
re-establishment of trout is thus not caused by 
competition for the same prey but by trout feed-
ing on larval, juvenile, and 2-year-old whitefish 
(Figs. 1 and 2). In spite of perch experiencing 
both direct and indirect pressures from brown 
trout, the abundance of adult perch decreased 
only slightly more than the abundance of adult 
whitefish except for the oldest age class in which 
the differences in the relative changes in their 

biomass densities were the highest (Table 2). The 
re-establishment of the brown trout affected only 
slightly the biomass densities of the zooplankton 
species in LC (Table 3), and the effect on the 
biomass density of the whole ecosystem was 
practically absent (Table 3). The fish commu-
nity was most affected with the greatest change 
in the total fish biomass density being –11.8% 
(Table 3), with the change generally increasing 
with increasing fishing intensity and decreasing 
trout river-life-history-stage survivability.

Despite trout feeding on larval perch and 
whitefish, the relative biomass densities of fish 
larvae were affected less by the re-establishment 
of trout than those of the adult fish (Table 2). The 
reduced abundance of adult whitefish decreased 
the feeding competition as larval and juvenile fish 
feed on the same prey items as adult whitefish 
(Figs. 1 and 2). Indeed, the relative consumption 

Table 1. Proportions of fish species (%) with and without brown trout in the food web model under the three fishing 
intensities and three trout river-life-history stage survival fractions.

 Trout river-life-history stage survival fraction
 
 Without trout 0.12% 0.68% 1.23%
    
Fishing intensity 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Whitefish 34.9 36.3 37.6 28.4 30.8 33.1 25.3 27.7 30.1 23.8 26.2 28.6
Perch 65.1 63.7 62.4 47.2 49.6 51.2 39.7 42.8 45.0 36.6 39.7 42.1
Trout    24.4 19.7 15.8 34.9 29.5 24.9 39.6 34.1 29.3

Table 2. Relative changes in biomass densities (%) of whitefish and perch after the re-establishment of brown trout 
in Lake Constance under different fishing intensities and trout river-life-history stage survival fractions; Whi = white-
fish, Per = perch.

 Trout river-life-history stage survival fraction
 
 0.12% 0.68% 1.23%
   
Fishing intensity 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Whi0 –10.3 –9.36 –8.33 –14.3 –13.4 –12.4 –15.6 –14.7 –13.7
Whi1 –31.5 –29.0 –26.5 –40.7 –38.6 –65.5 –43.3 –41.5 –39.6
Whi2 –51.9 –47.8 –43.7 –60.7 –57.4 –54.0 –63.1 –60.1 –57.1
Whi3 –50.8 –46.5 –42.5 –57.5 –53.7 –50.2 –59.5 –55.8 –52.2
Whi4+ –22.5 –24.2 –25.7 –23.3 –25.9 –28.7 –23.4 –26.3 –29.4
Per0 –12.2 –10.9 –9.75 –16.8 –15.6 –14.5 –18.2 –17.1 –16.0
Per1 –31.5 –29.0 –26.5 –40.6 –38.6 –36.6 –43.2 –41.4 –39.6
Per2 –55.9 –51.7 –47.4 –65.4 –62.1 –58.7 –68.0 –65.0 –61.9
Per3 –55.3 –51.2 –47.1 –64.5 –61.4 –58.2 –67.1 –64.3 –61.4
Per4+ –36.4 –33.9 –31.5 –45.2 –43.4 –41.9 –47.7 –46.2 –45.1
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gains of larval fish increased in the presence of 
trout (Figs. 3 and 4). Similarly, relative consump-
tion gains among juvenile and adult whitefish and 
perch systematically increased in the presence of 
trout (Figs. 3 and 4). The biomass densities of 
all life stages of whitefish and perch decreased 
as a result of the re-establishment of the brown 
trout and consequently the per-capita feeding rate 

increased leading to the increase in consumption 
gains per unit of predator biomass.

Discussion

The re-establishment of declined brown trout 
population in LC affected not only the exist-

Table 3 Relative changes in the biomass density (%) of the whole ecosystem, the zooplankton community and the 
fish community after the re-establishment of brown trout in Lake Constance under different fishing intensities and 
for different trout river-life-history stage survival fractions.

 Trout river-life-history stage survival fraction
 
 0.12% 0.68% 1.23%
   
Fishing intensity 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Ecosystem –0.089 –0.062 –0.041 –0.31 –0.22 –0.17 –0.46 –0.33 –0.25
Zooplankton 2.0 1.9 1.7 2.7 2.7 2.6 3.0 3.0 2.90
Fishes –9.5 –11.2 –11.7 –5.8 –9.6 –11.8 –1.9 –6.8 –9.80

Fig. 3. Consumption 
gains of whitefish age 
classes from their respec-
tive prey guilds without 
trout in the model and for 
three different trout river 
life-history stage survival 
fractions (0.12%, 0.68% 
and 1.23%); (a) larvae, 
(b) juveniles, (c) adults of 
2 years of age, (d) adults 
of 3 years of age, and (e) 
adults of +4 years of age. 
Three bars of the same 
colour for each prey guild 
represent different fishing 
intensities, which are from 
left to right 0.25, 0.50 and 
0.75, respectively. The 
prey guilds are Rot1 = 
small rotifers, Rot2 = 
medium-size rotifers, 
Rot3 = large rotifers, Asp = 
large rotifers, Cru = mostly 
cladocerans (Daphnia), 
Cyc = cyclopoid copepods, 
Lep = large, carnivorous 
cladocerans.
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ing perch population, with which trout shares 
resources, but also the whitefish population, 
which feeds on entirely different prey than 
brown trout. Reductions in the adult whitefish 
and perch biomass densities were substantial 
and were reflected in fisheries’ catches (Table 4). 
Brown trout feeds on whitefish and perch larvae 
and juveniles, yet their biomass densities were 
least affected by the re-establishment of trout 
likely due to the decreased feeding competition 
with adult whitefish. The consumption gains sys-
tematically increased among whitefish and perch 
in the presence of trout suggesting that re-estab-
lishment of this piscivorous top predator led to 
(lower densities of) better-conditioned fish.

The brown trout affects species interacting in 
the LC ecosystem and their population dynamics 
through direct and indirect mechanisms. Trout 
directly reduces whitefish and perch biomass 
densities by feeding on their larvae, juveniles 
and 2-year-old adults (Figs. 1 and 2). Despite 

the trout feeding intensively on fish larvae (i.e., 
consumption gains are relatively high; Fig. 5), 
its effect on their biomass densities is rela-
tively minor (Table 1). This is partly because 
the average biomass of fish larvae in the lake is 
substantially greater than that of any other life-
history stage. Furthermore, the abundant food 
supply for the larvae help maintaining a strong 
cohort even at high levels of predation. The indi-
rect mechanism is seen in resource competition. 
Trout feeds on 2-year-old whitefish and conse-
quently reduces the biomass densities of 3- and 
+4-year-old whitefish. These older age classes 
feed mainly on Daphnia and cyclopoid copep-
ods, which are the main prey items of juvenile 
and larval whitefish and perch (Fig. 2). Lesser 
feeding competition leads to a potentially better 
body condition and lower starvation mortality 
of larval and juvenile fish. Despite trout having 
both direct and indirect effects on perch popu-
lation dynamics, perch biomass densities were 
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Fig. 4. Consumption gains 
of perch age classes from 
their respective prey guilds 
without trout in the model 
and for three different 
trout river life-history stage 
survival fractions (0.12%, 
0.68% and 1.23%); (a) 
larvae, (b) juveniles, (c) 
adults of 2 years of age, 
(d) adults of 3 years of 
age, and (e) adults of +4 
years of age. Three bars 
of the same colour for 
each prey guild represent 
different fishing intensi-
ties, which are from left to 
right 0.25, 0.50 and 0.75, 
respectively. The prey 
guilds are Rot1 = small 
rotifers, Rot2 = medium-
size rotifers, Rot3 = 
large rotifers, Asp = large 
rotifers, Cru = mostly clad-
ocerans (Daphnia), Cyc = 
cyclopoid copepods, Lep = 
large, carnivorous clad-
ocerans, Whi0 = whitefish 
larvae, Whi1 = whitefish 
juveniles, Per0 = perch 
larvae, Per1 = perch juve-
niles.
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not substantially lower than those of whitefish 
(Table 1). This is likely because perch diet does 
not fully overlap with that of the trout. While 
trout feeds on fish larvae and juveniles, 3-year-
old perch, for example, feeds also on zooplank-
ton species (Fig. 2). This diet diversification 
could potentially help perch to maintain similar 
biomass densities as those of the whitefish.

The effects of trout re-establishment on the 
total ecosystem biomass density were negligible 
(Table 3). However, changes at different trophic 

levels were of varying magnitude and direction; 
the further away from the trout in terms of the 
trophic level the species were the lesser the cas-
cading effect they experienced. The total biomass 
density of the phytoplankton community was not 
affected at all (data not shown), whereas the total 
biomass density of the zooplankton community 
increased slightly due to decreased predation 
by the younger perch and whitefish (Table 3). 
Interestingly, the total biomass density of the fish 
community decreased up to 11.8% (Table 3), and 

Table 4. Relative changes in fish catches after the re-establishment of brown trout in Lake Constance under differ-
ent fishing intensities and trout river-life-history stage survival fractions; Whi = whitefish, Per = perch.

 Trout river-life-history stage survival fraction
 
 0.12% 0.68% 1.23%
   
Fishing intensity 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Whi2 –51.9 –47.8 –43.7 –60.7 –57.4 –54.1 –63.2 –60.1 –57.1
Whi3 –50.8 –46.5 –42.5 –57.5 –53.7 –50.2 –59.4 –55.8 –52.5
Whi4 –22.5 –24.2 –25.7 –23.3 –25.9 –28.6 –23.4 –26.3 –29.4
Per2 –55.9 –51.7 –47.4 –65.4 –62.1 –58.7 –68.0 –65.0 –61.9
Per3 –55.3 –51.2 –47.1 –64.5 –61.4 –58.2 –67.1 –64.3 –61.4
Per4 –36.4 –33.9 –31.5 –45.2 –43.4 –41.9 –47.7 –46.2 –45.1
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Fig. 5. Consumption gains of trout age classes from their respective prey for three different trout river life-history stage 
survival fractions (0.12%, 0.68% and 1.23%); (a) adults of 2 years of age, (b) adults of 3 years of age, and (c) adults 
of +4 years of age. Three bars of the same colour for each prey guild represent different fishing intensities, which 
are from left to right 0.25, 0.50 and 0.75, respectively. The prey guilds are Whi0 = whitefish larvae, Whi1 = whitefish 
juveniles, Whi2 = whitefish adults of 2 years of age, Per0 = perch larvae, Per1 = perch juveniles, Per2 = perch adults 
of 2 years of age.
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it was highly dependent on the trout river-life-his-
tory-stage survivability and the fishing intensity. 
The decrease in the total fish biomass density was 
caused by inefficiencies in the biomass transfer in 
the trophic interactions, and introducing brown 
trout at the top of the food web increased the 
mean trophic level of the fish community as trout 
also feeds on 2-year-old whitefish and perch. On 
the other hand, decreasing trout river-life-history-
stage survivability resulted in a decrease in total 
fish biomass densities, which at first might seem 
contradictory, but the reason for this is simply 
that much less trout smolt biomass returns to the 
lake when the trout river-life-history-stage sur-
vivability is lower.

The whitefish population in LC is largely 
dependent on stocking (Eckmann et al. 2007), 
hence lower biomass densities of adult whitefish 
had little effect on larval production. Perch, on 
the other hand, reproduces naturally in LC and 
lowered abundance of adult perch in the pres-
ence of trout should affect larval production neg-
atively. Indeed, depending on the scenario, the 
larval production decreased by 22.6%–36.1% 
in the presence of trout (data not shown) but 
the average larval biomass decreased slightly 
less (Table 1) due to heavier larvae of better 
condition. In Oulujärvi, re-established pikeperch 
caused a steep decline in whitefish populations, 
but had no effect on whitefish recruitment (Vain-
ikka et al. 2017). While in that study, the indirect 
temperature effect could have explained this, 
in our study the effect of trout re-establishment 
on perch recruitment was likely masked by the 
decrease in resource competition. In LC, the 
native fish (particularly whitefish) have recently 
suffered from the presence of a species different 
than brown trout. The three-spined stickleback 
was established in LC approximately a decade 
ago, and today constitutes almost 30% of fish 
biomass in the pelagic zone (Rösch et al. 2018). 
The presence of this species has caused a steep 
decline in whitefish catches directly through 
predation of whitefish eggs and larvae, and indi-
rectly through interspecific feeding competition 
(particularly of Daphnia; Roch et al. 2018). 
The brown trout, on the other hand, has been 
shown to feed on sticklebacks (Björnsson 2001a, 
2001b, Sánchez-Hernández et al. 2016), and 
future re-establishment of the brown trout might 

potentially reduce the abundance of sticklebacks 
in LC, hence helping whitefish populations to 
recover without further costly investments in 
whitefish stocking.

We simulated scenarios with three fishing 
intensities and showed that in the presence of the 
brown trout the catches did not always increase 
with increasing fishing intensities (Table 4). For 
example, in the case of moderate trout river-life-
history-stage survival (0.68%), at the fishing 
intensity of 0.5 the catches of +4-year-old white-
fish decreased by almost 26% in the presence of 
trout, but at a higher fishing intensity of 0.75, 
the catches decreased even more, almost by 29% 
(Table 4). Similarly, the catches of +4-year-old 
trout did not markedly increase with the fish-
ing intensity (Table 5). This suggests that the 
maximum sustainable yield in our case was 
achieved with fishing intensity lower than our 
maximum of 0.75. Gobin et al. (2016) suggested 
that in Lake Huron, whitefish populations that 
declined were not exposed to instantaneous fish-
ing mortality rates exceeding 0.5. In Oulujärvi, 
the instantaneous fishing mortality rates were on 
average 0.68 (Vainikka et al. 2017), which was 
close to the highest fishing intensity simulated 
in our study (i.e., 0.75). Vainikka and colleagues 
suggested that the fishing mortality rate of 0.68 
might be unsustainably high for whitefish in an 
environment with re-established pikeperch.

To our knowledge the effects of species re-
establishment in a freshwater ecosystem have not 
been studied before using ecosystem simulation 
models. The ATN models used in this work are 
able to incorporate the mechanisms by which the 
species interact with each other and their dynam-
ics as well as their interplay with anthropogenic 

Table 5. Catches (µg C m–3) of +4-year-old trout in Lake 
Constance under different fishing intensities (0.25, 
0.50, 0.75) and trout river-life-history stage survivals 
(0.12%, 0.68%, 1.23%).

Fishing intensity Trout river-life-history stage
 survival fraction
 
 0.12% 0.68% 1.23%

0.25 4540 5620 6150
0.50 5670 6790 7310
0.75 5780 6780 7220
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pressures such as fishing and stocking (e.g., Uusi-
Heikkilä et al. 2018). Instead of relying on single-
species models, in which information about other 
species (usually only the main prey or predator) is 
incorporated as a covariate, implicitly assuming 
unidirectional effect, or modelling simple preda-
tor–prey systems while ignoring the bigger pic-
ture, a more holistic ecosystem model approach 
is advisable when managing natural resources. 
Here, for example, instead of assuming some 
fixed level of increased natural mortality for the 
other fish species due to re-establishment of the 
brown trout, the increase in their mortality is the 
emergent property of the changes in the food web 
structure and the energy flows among the species 
in the lake ecosystem. The ATN model used in 
this study has hundreds of parameters some of 
which are known with high accuracy, some are 
derived using allometric scaling laws from the 
well-known parameters, while others are reason-
able estimates (Bland et al. 2019). Clearly, there 
is great uncertainty about some of the model 
parameters, especially the parameter estimates 
of the functional response controlling the feed-
ing interactions. Thus, quantitatively the results 
presented here are also uncertain. However, we 
feel that qualitatively the results can be trusted 
and they demonstrate well the possible effects 
of brown trout re-establishment. If more precise 
estimates of the reductions in fish catches are 
needed, for example, for management purposes, 
more rigorous sensitivity analysis for the key 
unknown parameters should be conducted. Here, 
we studied the model’s sensitivity to the fishing 
intensity and trout larval survivability parameters, 
and the results were in line with our prior expecta-
tions confirming that the model performs prop-
erly. Moreover, we focused only on the pelagic 
food web and thus zoobenthos as well as birds and 
aquatic mammals were excluded from the study. 
However, we do not believe that this simplifica-
tion affected the conclusions of the study.

In summary, the present study demonstrates 
that while re-establishment of the brown trout 
has some negative effects on the biomass of the 
other fish species, it has little effect on the over-
all structure and functioning of the ecosystem, 
including its productivity and plankton commu-
nity. Instead, from a more general biological per-
spective, the re-establishment of an apex preda-

tor can have several positive effects as they have 
been shown to play a disproportionate role in 
the dynamics of their communities. They struc-
ture communities through top-down regulation 
effects (Estes et al. 2011), have been shown to 
increase community stability (Ripple & Beschta 
2007, Estes et al. 2011), promote higher commu-
nity diversity (Crooks & Soulé 1999, Beschta & 
Ripple 2014), and maintain natural community 
trophic cascades (Power et al. 1985, Estes & 
Duggins 1995). From a societal perspective, our 
results suggest that the re-establishment of the 
brown trout could negatively affect professional 
fishermen through decreased whitefish and perch 
catches but, on the other hand, benefits to rec-
reational fishing targeting brown trout might bal-
ance the situation. Finally, from a conservational 
perspective, the brown trout re-establishment 
increases biodiversity in the lake, and restores 
it towards its state prior to large-scale human-
induced alterations (Ruhlé 1996).
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