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ABSTRACT: For species with individual variation in reproductive success, experience in breeding
and the distribution of different breeders is important for population productivity and viability.
Human impacts, such as climate change and harvesting, can alter this distribution and thus pop-
ulation dynamics. Here, we investigated the effect of spawning experience on population growth
in a population of migratory brown trout Salmo trutta subject to stressors including migration bar-
riers, harvesting, and climate change. We described the population dynamics with a structured
integral projection model that differentiates between first-time and repeat spawners. We then
took a scenario-based approach to test to which extent spawning experience has a positive effect
on the population growth of brown trout by running 3 different model simulations: a baseline sce-
nario with no changes to the reproductive output of the population, a non-selective scenario in
which the reproductive output of all spawners was reduced, and a selective scenario where the
reproductive output of only first-time spawners was reduced. We found that the reproductive out-
put of repeat spawners is more important than that of first-time spawners for population growth,
in line with other studies. Moreover, the contribution of first-time spawners to the population
growth through their own survival is more important than their contribution to growth through
reproduction. To ensure the continued existence of the study population, survival of first-time
spawners and reproductive success of repeat spawners should be prioritised. More generally,
including breeding experience adds more mechanistic detail, which ultimately can aid manage-
ment and conservation efforts.

KEY WORDS: Integral projection model - Iteroparity - Spawning experience - Management -
Selective harvesting - Population dynamics - Brown trout - Salmo trutta - Dam

1. INTRODUCTION

Populations are made up of individuals that differ
genetically, physically, and in acquired skills and
knowledge. For species that reproduce more than
once, i.e. iteroparous species, the distribution of
individuals with different experience in breeding
can influence the population dynamics. For animals,
reproductive success often increases with experi-
ence (e.g. Weimerskirch & Jouventin 1987, Carr &
Kaufman 2009, Zedrosser et al. 2009), and the dis-
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tributions of inexperienced and experienced breed-
ers in a population can explain a substantial part of
the variation in reproductive output (Wigley 1999).
Human activities can alter the distributions of
different types of breeders within populations, for
instance through climate change, habitat changes,
and harvesting. To study the potential effects of
human impacts on reproductive output and long-
term population growth rate in iteroparous species,
we need model frameworks that explicitly include
breeding experience.
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Body size is a key trait for vital rates, particularly
reproduction. For example, in species with indeter-
minate growth such as long-lived fish in colder re-
gions, body and gonad mass is generally positively
correlated, and larger females produce more eggs
(Jonsson 1978, Trippel 1998). Given this relationship,
it is common to estimate the annual reproductive out-
put of a fish population based on its spawning stock
biomass. As a result, fecundity is often assumed to
only scale with body mass, but the relationship is
rarely that straightforward (Subbey et al. 2014). Eggs
produced by larger females are more plentiful, but
also often bigger and of higher quality than those of
smaller females (Monteleone & Houde 1990, Jonsson
& Jonsson 1999). In turn, egg size and quality in-
fluence fertilisation rate, hatching probabilities, and
early survival (Daniel et al. 1993, Solemdal et al.
1995, Berkeley et al. 2004). Thus, the contribution of
several small females might not be equal to the con-
tribution of fewer large females, even though they
have the same total body mass.

Several experimental and observational studies
have found that the number and quality of offspring
are correlated with maternal age as well as body size
(e.g. Marteinsdéttir & Begg 2002, Sogard et al. 2008,
Venturelli et al. 2009). Therefore, the precision of the
reproductive output estimate can increase if the size
and/or age distribution is included (Wigley 1999).
Moreover, there is often large among-individual
variation in age at maturity, egg production, and
early survival irrespective of size (e.g. Carr & Kauf-
man 2009, Marshall 2009, Oskarsson & Taggart 2010),
indicating that additional traits affect fertility. In
iteroparous species, breeding experience is known to
influence reproductive output (Woolfenden & Fitz-
patrick 1984, Komdeur 1996, Snowdon 1996). As the
main improvement typically occurs from the first to
the second breeding attempt, it is common to distin-
guish between first-time and repeat breeders (Hislop
1988, Kunkele 2000, Zedrosser et al. 2009). Repeat
breeders have higher reproductive success since
they tend to have better timing (Kjesbu et al. 1996,
Oskarsson & Taggart 2010), higher social status, and
improved skills, e.g. nest building in birds and fish
(Greeley 1932, Potts et al. 1980, Curio 1983).

In both Atlantic cod Gadus morhua (Carr & Kauf-
man 2009) and Atlantic herring Clupea harengus
(Oskarsson & Taggart 2010), the reproductive output
of first-time spawners was found to be inferior, or
even insignificant, relative to that of repeat spawn-
ers. Although the reproductive output from first-time
breeders can be trivial for population growth, the
survival of first-time spawners to become repeat

spawners is not. If the mortality of first-time breeders
increases, there will be fewer future repeat breeders
and potentially fewer juveniles produced, which could
lead to a population decrease (e.g. Mumme et al.
2000). Harvest yields measured by weight can also
decrease with increasing first-time spawner mortal-
ity, as first-time spawners contribute with their own
growth (Edwards & Plaganyi 2011). Repeat spawning
fish usually invest more in gamete production regard-
less of their size and energy consumption both in
marine fish (e.g. Atlantic halibut Hippoglossus hip-
poglossus, Evans et al. 1996) and in long-lived fresh-
water fish such as iteroparous migratory salmonids
(e.g. brown trout Salmo trutta, Jonsson 1985).

For migratory populations that move between
feeding and breeding grounds, river regulation, har-
vesting, and other human impacts can affect the
distribution of spawners, and thus the population
dynamics (e.g. Ohlberger et al. 2020). The precision
of reproductive output and other population esti-
mates in iteroparous species is likely to improve if
breeding experience is included (Carr & Kaufman
2009, Oskarsson & Taggart 2010), e.g. the proportion
of first-time to repeat spawners in the population
(Wigley 1999, Lawrence et al. 2016, Bordeleau et
al. 2020). In combination with selective harvest, di-
rectional environmental changes, such as climate
change, can lead to extinction in otherwise viable
populations (Knell & Martinez-Ruiz 2017). Harvested
freshwater species, including many salmonids, are of
particular concern, since climate change increases
temperatures and alters water flow in freshwater
ecosystems (e.g. Rand et al. 2006). The increased
temperature could be especially problematic for spe-
cies adapted to colder regions, such as trout (Kovach
et al. 2016, Muhlfeld et al. 2018).

Structured population models, such as matrix mod-
els or integral projection models (IPMs), are useful
tools for exploring the dynamical consequences of
various human-induced impacts such as harvesting,
climate change, or habitat degradation, without put-
ting any real population at risk. IPMs and matrix
models belong to the same model class, and share
the same analytical properties. Matrix models use
discrete stages, while IPMs also include continuous
states such as size (Easterling et al. 2000). IPMs are
thus models that provide a natural framework for
investigating the dynamics of populations that are
structured both by body size and additional discrete
traits such as breeding experience.

Here, we use an IPM to investigate the role of first-
time and repeat spawners for population growth and
dynamics in a population of landlocked, i.e. adfluvial,
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brown trout. The IPM developed by Nater et al. (2021,
this issue) for the same population is extended here
to explicitly include first-time and repeat spawning
stages. The study population is harvested exten-
sively, and spawns in a regulated river with a hydro-
power dam located in the middle of its main spawn-
ing area (Aass et al. 1989, Aass & Kraabgl 1999).
Spawning location relative to the dam is accounted
for in the IPM, along with main life cycle stages and
body size. Nater et al. (2018) investigated the effects
of 2 climate-related variables (mean river tempera-
ture and waterflow) on somatic growth, and found
that neither explained much of the variation ob-
served in the population, and that both were dwarfed
by residual among-year and individual variation.
Given these results from our study system, and
results from studies of other iteroparous fish species
(e.g. Carr & Kaufman 2009, Oskarsson & Taggart
2010, Lawrence et al. 2016, Bordeleau et al. 2020),
we hypothesised that reproductive output increases
with spawning experience in brown trout, and that
the survival of first-time spawners to become repeat
spawners is more important for the long-term popu-
lation growth rate than their reproductive contribu-
tion. To test this hypothesis, we ran and compared
several model scenarios: (1) a baseline scenario with-
out reduced reproductive output, (2) a non-selective
perturbation scenario where the reproductive output
of all spawners is reduced, and (3) a selective pertur-
bation scenario where the reproductive output of
first-time spawners is reduced. In the 2 perturbed
scenarios, the reproductive output of the spawners
was reduced by decreasing early survival, a para-
meter that is expected to vary with both maternal
spawning experience and environmental factors (e.g.
Jonsson 1985, Elliott 1994). We also investigated the
effects of adding harvest mortality in the different
scenarios. To evaluate the impacts at the population
level and to quantify the distribution of first-time and
repeat spawners, we calculated long-term popula-
tion growth rate and stable population structure.

2. METHODS
2.1. Study system and data

Our study population is known as the Hunder
trout, a population of large brown trout in south-east-
ern Norway that has been harvested for centuries
(Aass & Kraabgl 1999). These fish inhabit the largest
lake in Norway, Lake Mjogsa, which has a surface
area of 365 km? and maximum depth of 449 m (Aass

et al. 1989). The Hunder trout spawn in the lower
regions of the main inlet river, the 200 km long Gud-
brandsdalsldgen. The main spawning areas are lo-
cated above and below the Hunderfossen waterfall,
approximately 15 km from the lake. Since the 1960s,
the waterfall has been regulated for hydropower pro-
duction, and a dam divides the river. It is a run-of-
river facility, and the water is guided by the dam into
a tunnel and through a turbine shaft before it reen-
ters the river 4.4 km downstream (Fig. 1). This leaves
the stretch between the dam and the tunnel outlet
with low water levels much of the year, strongly
restricting and impairing the spawning and nursery
areas below the dam (Aass et al. 1989).

Hunder trout migrate between feeding grounds in
the lake and spawning grounds in the river (Fig. 2).
Even though this brown trout population is land-
locked, it resembles anadromous populations of sea
trout and Atlantic salmon Salmo salar both in life his-
tory and body size (Aass et al. 1989). Mature Hunder
trout migrate upriver in late summer and early au-
tumn, and large females typically arrive first at
the spawning grounds (Jensen & Aass 1995). After
spawning, many migrate back to the lake to recondi-
tion, while some overwinter in the river and migrate
downriver with the spring flood (Arnekleiv et al.
2007). The fertilised eggs overwinter in the gravel
and hatch in the following spring. After emergence,
the juveniles spend 3-5 yr in the river before they
smolt and migrate down to the lake at an average
size of 250 mm. After 2—4 yr in the lake, they mature
at an average size of 630 mm, and migrate back
upriver as first-time spawners. Brown trout are itero-
parous (Lobén-Cervid & Sanz 2017), and Hunder
trout maintain a biennial spawning cycle whereby
they alternate between spawning years and resting
years (Aass et al. 1989).

As brown trout bury their eggs in the riverbed
gravel, a reduced spawning area increases the
chance of buried eggs being uncovered by subse-
quent females (Johnston et al. 2007), and low water
levels leave the eggs at risk of drying out, freezing, or
being scoured away by ice floes in spring (Aass et al.
1989, Harnish et al. 2014). To mitigate the negative
impacts of the dam on reproduction, the population
has been stocked with 15 000-20 000 smolts (2 yr old)
annually since the dam was constructed (Aass 1993).
Prior to dam construction, the main spawning and
harvest sites were below the waterfall (Huitfeldt-
Kaas 1917). Numerous (presumably larger, Haugen
et al. 2008) spawners ascended the waterfall before
the dam was built. A large trout (~7 kg and 80-86)
cm was caught and documented above the waterfall
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in 1780 (Huitfeldt-Kaas 1917), and there was an
intense fishery with fixed wooden traps in the water-
fall itself until the 1960s (Aass and Kraabgl 1999). As
the dam is an absolute migration barrier, a 1-way fish
ladder was opened in 1966 to facilitate upriver
migration (Jensen & Aass 1995). The fish ladder is
selective, and mainly intermediate-sized spawners
(normally distributed with mean = 6567 mm and stan-
dard deviation = 132 mm) have been caught in the
ladder (Fig. 3A), leaving most of the larger trout to
spawn below the dam (Haugen et al. 2008, Nater et
al. 2021).

The Hunderfossen fish ladder includes a fish trap
(Jensen & Aass 1995), and all trout that ascended the
ladder from 1966 to 2016 were captured, measured,
and marked, while some were also sampled for
scales. The resulting mark-recapture-recovery data
include 15000 individual fish and 7000 individual
scale samples. Using sclerochronological methods,
the scale samples were translated into a large dataset
of individual growth histories and smolting, matura-
tion, and spawning schedules. Both datasets are
described in more detail by Moe et al. (2020). These
datasets were used to estimate the majority of the
size-dependent vital rate relationships required to
parameterise the model (for details, see Nater et al.
2021 and Section S1 [Vital rates] in Supplement 1 at

www.int-res.com/articles/suppl/cr01645_suppl.pdf).
We do not have data on the early life history in this
study system, and used literature values (see Table S1
in Supplement 1). Size-dependent fecundity, i.e. the
expected number of eggs given a female’s body size,
was estimated independently using a small sample of
15 females caught in the ladder and stripped in 2017
and 2018 (for details, see Nater et al. 2021 and Fig. S1
in Supplement 1).

2.2. Structured IPM

We extended the IPM developed by Nater et al.
(2021) for the Hunder trout population to differentiate
between first-time and repeat spawners. In a basic
size-structured IPM, the population dynamics are
described by 4 size-dependent vital rate functions:
(1) annual survival probability, (2) next year's size
distribution given current size, (3) number of juve-
niles that enter next year's population, and (4) the
size distribution of juveniles, i.e. their initial size
assignment (Easterling et al. 2000). In addition to
size, the vital rates in our model depend on life his-
tory stage and location in the river relative to the
hydropower dam (see Fig. S6 for the life cycle of
Hunder trout with the dam). As repeat spawners
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from year t to t+ 1. All transitions are listed in Table 1

fish), and we used a pre-reproductive
census so that the reproductive out-
put is measured as the number of
age-1 juveniles (i.e. it depends on the
early first year survival). The estimates
for background mortality of spawn-
ers below the dam are based on large
individuals (Nater et al. 2020b) and
are not reliable for smaller spawners.
Hence, we used the subadult back-
ground mortality for the downriver
first-time spawners (Table 1).

We denote size by x (fork length,
mm) and location relative to the dam
by u for upriver, d for downriver, and
z for either location. In the model, the
year begins in late summer when the
spawners enter the river. Each year,
individuals grow from size x to size x’
in the next year. From one year to the
next, individuals in life stage jin year
t can contribute to life stage i the next
year ¢t + 1 (Fig. 2), and the different
stages each consist of several cohorts.

become relatively fewer for each spawning event
(Fig. 3B) and have quite similar vital rates, we
grouped repeat spawners into a terminal group from
the second spawning onwards (e.g. Engen et al.
2010, Bordeleau et al. 2020, but see Carr & Kaufman
2009, who used more spawner groups). Although the
population has been stocked since the 1960s, we
used estimates for wild individuals (see Nater et al.
2021, where the stocked individuals are included).
The model is density independent and female based
(but see Stubberud et al. 2019 for a 2-sex IPM for

A i
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200 1 MY
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100 A

Number of individuals

50 1
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The number of individuals of size x’in stage i at time
t + 1 is calculated by integrating, i.e. summing up,
across all sizes and stages in the IPM (Ellner & Rees
2006):

Q
N t+)=Y [ Ko (0N xdx (1)
i1

where Nj(x, t) is the number of individuals size x in
life stage j at time f, Q is the total number of life
stages, and the range [L, U] defines the lower and
upper size limits, here L = 0 and U = 1300 mm (see

B 300042973

86

3 4 6
Spawning runs

Fig. 3. (A) Distribution (bin width = 20 mm) of spawners and (B) number of individuals with different total number of spawning
runs in the data. Both panels show wild Hunder trout caught in the fish ladder
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Table 1. Overview of all transition kernels in the structured integral projection
model for Hunder trout. See Tables 2 & 3 for details on the different parts of
the kernels, and Fig. S6 in Supplement 1 for the life cycle with the dam

and Section S1 in Supplement 1. All
survival probabilities are expressed in
terms of time-averaged mortality haz-

Stage transition (j to i) Transition kernel

ard rates (Ergon et al. 2018). All calcu-
lations and analyses were performed

Subadult — First-time spawner
First-time spawner — Juvenile Kai15u(x",x) = qF(x){(x") Sy,

Ka1,5,4(x"x) = gF(X)f(x)Sp,q

First-time spawner — Non-spawner Ku; 4 4(X’X) = S, 4(X)g(x"X)
Ka1,4,4(x',%) = S(x)gr(x"x)

Kaa2eu(X'X) = Sau
Kaa244(X'X) = Saa
Kazsgu(x'x) = gF(X)
Kazs54(x' %) = gF(x)
KA2+,A,u(X,IX) = Sa,u(X)gL(X,IX)
Kazia,dX'X) = Sp4(X)gr(x' %)

Non-spawner — Repeat spawner

Repeat spawner — Juvenile x)Sou
x')Spa

Repeat spawner — Non-spawner

Juvenile — Juvenile KJ,J,H(XVIX) = S],u(X)[]- - Psmn]t(X)]gR(leX)
K jax",x) = S;a(¥)[1 = Psmor(X)1gr(x",%)

Juvenile — Subadult KJ,S,LI(X,!X) = Sj,u(X)Psmolt(X)Sdam(X)gL(X,lX)
Kjs,a(x",x) = Sja(%) Psmon(X) g1(x,%)

Subadult — Subadult Kss(x',x) = Sy(X)[1 = Prature(¥)1g1(x",%)

X)Pmature(x)gL(X’rX)PL(X’]
X)Pmature(x)gL(X’lX)[l - PL(X,)]

X)gr(x' %) PL(X))
X)gr(x’¥)[1 = Pr(x)]

with R version 3.6.2 (R Core Team
2019).

2.3. Model scenarios

To investigate the effect of spawning
experience on the population dynam-
ics of Hunder trout, we started with a
baseline scenario without any harvest-
ing or effect of spawning experience,
to which results from perturbation
scenarios were compared. For the
different perturbation scenarios, we
reduced the reproductive output of

Table 2 for variables used in the model). The size
distribution was discretised using 300 size bins of
4.33 mm, and to avoid unintentional eviction of large
individuals in the model, we followed Williams et al.
(2012) and expanded the upper size limit U beyond
the largest observed individual in our dataset (a 14 yr
old male at 1030 mm). The final part in Eq. (1) is the
size-and stage-structured kernels K;;,(x’x), which
describe the location-specific transition from life stage
jin the current year ¢ (columns) to life stage 1in next
year t+ 1 (rows) in a matrix of matrices (Matrix 1), m:

stage j (t)
Ju Jd S A1,u A1,d A A2+,u A2+,d
Ju KJ,J,U 0 0 KA1,J,u 0 0 KA2+,J,U 0
Ja 0 Kjja 0 0 Kai1,5a 0 0 Kaziga
S | Kjsu Kisa Kss O 0 0 0 0
Aw | 0 0 Kgazy O 0 0 0 0
Ag | 0 0 Kgag O 0 0 0 0
A 0 0 0 Katau Karaa 0 Kuziau Kazeaa
Apal 0 0 0 0 0 Kupzeu O 0
Anal 0 0 0 0 0 Kuypza O 0

where Jrefers to juveniles in the river, S to subadults
in the lake, A1 to first-time spawners (in the river), A
to non-spawning adults (in the lake, resting year),
and A2+ to repeat spawners (in the river). The ker-
nels in matrix m are size-dependent, stage-and loca-
tion-specific (Nater et al. 2021), and are given in
Table 1. Descriptions of the variables are given in
Table 2 and the vital rates are provided in Table 3

spawners by decreasing the early sur-

vival of their offspring from egg to age
1 (So,z) up to an extreme scenario, whereby none of
the juveniles survives. We decreased early survival,
as it is expected to vary with maternal spawning
experience (e.g. Jonsson 1985) and with various
environmental climatic drivers (e.g. Elliott 1994) in
brown trout. In the first and non-selective perturba-
tion scenario, we decreased the reproductive output
of all spawners in the population. In the second and
selective perturbation scenario, we only decreased
the reproductive output of the first-time spawners in
the population. In a third perturbation scenario, only
the reproductive output of repeat spawners was
decreased. The results from the third pertubation
scenario are not presented, as they were nearly
indistinguishable from the first and non-selective
perturbation scenario. For all perturbation scenarios,
early survival was decreased by gradually increasing
the early mortality hazard rate (m;,; Table 3).

As harvesting is an important driver of population
dynamics in Hunder trout (Aass & Kraabgl 1999,
Nater et al. 2021), we ran the perturbation scenarios
with different levels of harvest mortality. The esti-
mated harvest mortality hazard rate is size-depen-
dent m™(x), and we increased the harvest intensity
from no harvest as in the baseline scenario, up to the
harvest level observed in the study system. For all
scenarios, we calculated the asymptotic long-term
population growth rate (A, i.e. the dominant right
eigenvalue of the projection matrix, Caswell 2001),
which can be used as a proxy for population viability.
We also calculated the stable size-by-stage distribu-
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Table 2. Variables used in the structured integral projection
model for Hunder trout

Variable Description

t Time step (year)

X Size (mm) at time ¢t

X Size (mm) at time £+ 1

q Sex ratio at birth (0.5)

1j Life stages®; individuals transition from j to i

Q Total number of life stages

LU Lower and upper limits of the size range (mm);
L=0, U=1300

u,d,z Position in river relative to the dam;

u = upriver, d = downriver, z = either

“All life stages and transitions are listed in Table 1

tion and thus the proportion of first-time to repeat
spawners for the populations at equilibrium. The
results from the perturbation scenarios were com-
pared to the baseline scenario and each other to eval-
uate the effect of breeding experience on the popula-
tion dynamics.

3. RESULTS

In the baseline scenario without decreased repro-
ductive outputs and without harvesting, the long-
term population growth rate is A = 1.046 (bottom left
corners in Fig. 4). The stable distribution of the base-

line scenario indicates that approximately a third
of the spawners are first-timers, and approximately
two-thirds are repeat spawners (Fig. S8A). Although
the size distributions of the different spawner types
overlap (Fig. 5A), repeat spawners are generally
larger, and they produce three-quarters of the total
number of juveniles age 1 in the population each
year, most of them below the dam (Fig. S8B).

From the results of the perturbation scenarios, it is
clear that both decreased reproductive output and
harvest intensity have substantial and interactive
effects on A (Fig. 4). In the first and non-selective per-
turbation scenario, A decreases as a result of the
reduced reproductive output of all spawners (left-
hand side of Fig. 4A). Under the most drastic de-
crease of reproductive output, i.e. no juveniles are
produced in the population, A = 0.388 (top left corner
in Fig. 4A), which is a 62.9% reduction from the
baseline scenario (bottom left corner in Fig. 4A). In
this extreme case, the population consists of non-
spawning adults and repeat spawners, as these indi-
viduals have relatively low mortality compared to
other life stages and will accumulate in the terminal
stage, and no new individuals enter the population
(Fig. 5B). The accumulation of older age classes is
also present in classical age structured models with a
terminal class when A is <1 (Caswell 2001). The effect
of increasing harvest mortality on A of decreasing
reproduction of all spawners is much larger than the
effect through added harvest intensity (Fig. 4A).

Table 3. Summary of vital rates used in the integral projection model for Hunder trout. All survival probabilities are defined
from time-averaged mortality hazard rates, and z denotes the location relative to the dam

Model component Vital rate Description
Reproduction F(x) Fecundity of adults of size x (number of eggs)
So,z Early (egg to age 1) survival probability in location z; = exp[-my ,]
my , Early (egg to age 1) mortality hazard rate in location z
f(x') Size distribution of offspring in autumn
Growth gr(x',X) Distribution of juveniles grown from size x to size x in the river
gr(x',x) Distribution of subadults and adults grown from size x to size x in the lake
Pre-growth stage Pnon(X) Smolting probability of juveniles of size x
transition Pature(X) Maturation probability of subadults of size x
Post-growth stage P (x") Ladder usage probability of subadults and adults grown to size x
transition
Survival S /(x) Survival probability of juveniles of size x in location z; = exp[-m; ()]
m;,(X) Mortality hazard rate of juveniles of size x in location z
Sdam(X) Dam survival probability of smolts of size x; = exp[—mgam(X)]
Mgam(X) Dam mortality hazard rate of smolts of size x
Ss(x) Survival probability of subadults of size x; = exp[—(m"(x) + m°(x))]
mH(x) Harvest mortality hazard rate of subadults and adults of size x
m°(x) Background mortality hazard rate of subadults of size x
Sa,2(x) Survival probability of adults of size x spawning in location z; = exp[-(m(x) + m°, ,(x))]
m°, ,(x) Background mortality hazard rate of adults of size x spawning in location z
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In the second and selective perturbation scenario,
when we reduce the reproductive output of only first-
time spawners, the stable size-by-stage distribution
(Fig. 5C) is very similar to the baseline distribution
(Fig. 5A). Additionally, under the most extreme de-
crease of reproductive output, i.e. when first-time
spawners produce no juveniles, A = 1.025 (top left
corner in Fig. 4B), which is a 2.0 % reduction from the
baseline scenario (bottom left corner in Fig. 4B). The
effect of increasing harvest mortality on A is larger
than the effect of reducing the reproduction of first-
time spawners (Fig. 4B). For the highest harvest
intensity considered in the perturbation scenarios,
i.e. the harvest mortality estimated for the study pop-
ulation, A = 0.757, which is a reduction of 27.6 % from
the baseline scenario (bottom right corners in Fig. 4).
The harvest mainly targets the larger repeat spawn-
ers and decreases their density (Fig. 5D), and the dis-
tribution is very similar to the distribution of spawn-
ers caught in the ladder (Fig. 3A).

4. DISCUSSION

Our results indicate that for Hunder trout, the
reproductive output of repeat spawners is more
important for long-term population growth than that
of first-time spawners. Reducing the reproductive
output of first-time spawners had a relatively small
effect on both the stable size distribution of the
spawners and the long-term population growth rate
(A) compared to when the reproductive output of all
spawners was reduced. Moreover, the survival of
first-time spawners to become repeat spawners seems
more important for the population dynamics than
their reproductive contribution.

Reducing the reproductive output of first-time
spawners in the selective perturbation scenario, even
to the extreme of suppressing it altogether, had very
little impact on either population structure (Fig. 5C)
or the long-term population growth rate (Fig. 4B)
compared to the baseline scenario. This strongly sup-
ports the hypothesis that first-time spawners are less
important than repeat spawners for the long-term
population dynamics of Hunder trout. When reduc-
ing the reproductive output of all spawners in the
non-selective perturbation scenario, A decreased
slowly before it plummeted (Fig. 4A). The results of
both perturbation scenarios indicate that the repro-
ductive contribution of repeat spawners is very im-
portant for the long-term growth.

The model prediction that first-time spawner re-
production is less important than that of repeat

spawners for the long-term growth of the Hunder
trout population concurs with previous studies on
iteroparous fish (e.g. Hislop 1988, Kjesbu et al. 1996,
Oskarsson & Taggart 2010). Several factors can con-
tribute to why the reproductive output of repeat
spawners is more important for the population, and
in species with indeterminate growth, such as brown
trout, the most obvious is body size. Both egg number
and egg size tend to increase with female size (Jons-
son 1978, L'Abee-Lund & Hindar 1990, Jonsson &
Jonsson 1999), and while egg number correlates
directly with fecundity, egg size correlates with fer-
tility through quality, here expressed by early sur-
vival. Larger eggs typically have higher fertilisation
and hatching probability (Jonsson 1985, Daniel et al.
1993, Evans et al. 1996, Kjesbu et al. 1996, Trippel
1998), lower egg mortality (Solemdal et al. 1995),
larger larvae with higher growth rate (Monteleone &
Houde 1990), and higher early survival (Berkeley et
al. 2004). Moreover, body size is often related to
social status and dominance, which in turn correlates
with mate and breeding site quality. In brown trout,
males fight each other for access to nest-digging
females, and females fight each other over nest sites,
resulting in larger individuals of both sexes securing
high-quality mates and nest locations (Jonsson &
Jonsson 2011, Esteve 2017).

Although body size is important for reproductive
output, and repeat spawners are generally larger,
individual variation in growth and age at maturation
results in overlapping size distributions of first-time
and repeat spawners (Figs. 3A & 5). In addition,
repeat spawners invest more energy in reproduction
than first-time spawners when controlling for body
size and energy consumption (e.g. Jonsson 1985,
Berg et al. 1998, Berkeley et al. 2004). The correla-
tions between female size, experience, and egg
number and egg quality are likely the main contrib-
utors to why the reproduction of repeat spawners is
more important for the long-term population
growth rate in Hunder trout. Additional factors that
can explain differences in reproductive output of
spawners with different experience can be behav-
ioural rather than physical. For instance, repeat
spawners often have better timing of spawning, and
it is believed to reduce the mismatch between
hatching and larval food availability in spring
(Kjesbu et al. 1996, Oskarsson & Taggart 2010). In
Hunder trout, older and likely repeat spawning
females arrive first at the spawning grounds (Jensen
& Aass 1995). This might possibly improve their tim-
ing compared to first-time spawners in hatching
date, but also in choice of high-quality nest sites
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and reduced density at the spawning ground and
less intrasexual fighting.

Salmonids express a variety of life histories and
reproductive strategies (Hendry & Stearns 2004), and
iteroparity can be viewed as a bet-hedging strategy
to decrease the risk of lifetime reproductive failure
(Bordeleau et al. 2020). Especially in varying envi-
ronments, iteroparity can decrease extinction risk by
increasing genetic diversity and dampen population
fluctuations (Jonsson & Jonsson 2011, Serbezov et al.
2012). Although repeat-spawning brown trout females
invest more in reproduction and have lower survival
than first-time spawning females (Berg et al. 1998),
they increase their lifetime reproductive success by
38-52% relative to females that only spawn once
(Serbezov et al. 2012). In many harvested salmonid
populations, including the Hunder trout, there are
generally fewer repeat than first-time spawners
(Fleming 1998). Even though they are fewer, repeat
spawners have a considerable positive influence on
the population (Lawrence et al. 2016). The ratio of
first-time to repeat spawners in a population is there-
fore suggested as a proxy for sustainability (Vasilako-
poulos et al. 2011). The presence of repeat spawners
at the spawning ground indicates less inbreeding, as
several cohorts are intermixing (Jokikokko & Jutila
2005), and an increase in the ratio of repeat to first-
time spawners signifies not only decreased homo-
geneity but also decreased probability of extinction
(as observed in steelhead trout Oncorhynchus my-
kiss; Moore et al. 2014). Conversely, a decrease in
the ratio of repeat to first-time spawners is often ac-
companied by shifts in population structure and life
history towards fewer, shorter, and younger individ-
uals at the spawning ground (observed in anadro-
mous alewife Alosa pseudoharengus; Davis & Schultz
2009). Shifts in the demographic structure towards
smaller females can be linked to an overall reduced
reproductive potential of the population (e.g. Ohl-
berger et al. 2020). In harvested populations, restora-
tion of population structure to a pre-exploited one
can help increase and maintain productivity (e.g.
Richards & Rago 1999, Edwards & Plaganyi 2011).

Many population models assume that all mature
individuals either contribute equally to the reproduc-
tive output, or according to their size. Our model
development offers an approach to explicitly include
the effect of breeding experience at the population
level. The more variable the reproductive biology of
the species is, e.g. variation in recruitment, maturity,
or sex ratio, the more detailed the model must be to
provide precise estimates of reproductive output
(e.g. Murawski et al. 2001, Marshall 2009, Morgan et

al. 2011, Shelton et al. 2012). Our results highlight
the importance of including traits that can affect
the long-term growth rate of the population, such as
breeding experience and its effect on early survival.
When estimating reproductive output in iteroparous
species, the contribution of first-time spawners should
be investigated, and if applicable, disregarded or
penalised to avoid overestimation (e.g. Oskarsson &
Taggart 2010). Few attempts have been made to
quantify the contribution and importance of spawn-
ers with different experience on population dynamics
in salmonids (Bordeleau et al. 2020, but see Lawrence
et al. 2016). Here we have demonstrated that for
Hunder trout, the reproductive contribution of first-
time spawners has little impact at the population level,
and ignoring spawning experience and its effect on
early survival could potentially give an overly opti-
mistic estimate of the population productivity.

As distinct life stages influence the population
differently, harvested populations should be man-
aged so that their natural age and stage structure
is maintained (Zhou et al. 2010). One strategy is
the spawn-at-least-once principle, where fish only
become vulnerable to fishing gear after they have
spawned (Myers & Mertz 1998), and immature indi-
viduals are protected from harvesting (Vasilakopou-
los et al. 2011). Protecting immature fish can indeed
prevent overfishing (Johnston et al. 2007, Edwards &
Plagényi 2011), but as in our case where the repro-
ductive output of first-time spawners is less im-
portant than that of repeat spawners, a spawn-at-
least-twice policy could be advantageous. Protecting
juveniles and first-time spawners from harvest so
that they can become repeat spawners (Edwards &
Plaganyi 2011), and allowing the repeat spawners to
reproduce before they are harvested, is likely to
improve population stability and resilience to changes
(Jokikokko & Jutila 2005, Froese et al. 2008). In our
study system, fishing could be restricted to increase
first-time spawner survival, and/or limited to late or
after the spawning season to allow the repeat spawn-
ers to reproduce. See Nater et al. (2021) for the effect
of different size-limits and harvest scenarios on the
population.

Brown trout is an important species for many
fisheries, and has the longest recorded management
history of all freshwater fish (Young et al. 2017).
Freshwater ecosystems are concurrently among the
most diverse and most threatened ecosystems in the
world (He et al. 2019), and climate change is ranked
as one of the world's greatest challenges for sustain-
able fisheries and aquaculture (FAO 2020). The 2
most common factors of climate change that affect
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freshwater species with river habitats are tempera-
ture and water flow, also known as river discharge
(Rand et al. 2006). Salmonid and river management
have always been closely related (Young et al. 2017),
as salmonids generally rely on functional river sys-
tems to complete their life cycle, and many rivers are
regulated, e.g. with dams. Dams are barriers that
impede migration (Wheaton et al. 2004), and although
fishways are common, they are recurrently sub-
optimal (Katopodis & Williams 2012) as in our study
system. As for other salmonid populations (e.g.
Lawrence et al. 2016), the hydropower dam at Hun-
derfossen is likely to have a negative impact on the
Hunder trout population, both as a migration barrier
and by impairing the below-dam spawning grounds
(Aass et al. 1989). Since the fish ladder is selective for
intermediate sized fish, many of the large and fecund
repeat spawners cannot ascend (Fig. 5), but are left
to spawn at the diminished downriver spawning
grounds. To investigate, we ran the perturbation
scenarios with a below-dam spawner penalty. The
penalty was applied by doubling the early mortality
of their offspring, as in Nater et al. (2021). Pre-
dictably, when penalising the reproduction of below-
dam spawners, A overall decreased (Fig. S7), but
otherwise our results were not affected. Possible mit-
igation efforts include altering the river bed and
increasing water flow below the dam, but it might
also be possible to improve the fish ladder so that
more repeat spawners can access the above-dam
spawning grounds. The design success of fish lad-
ders depends on both biology and hydraulics, and as
climate change alters water flow, fishways must be
adapted to maintain future functionality (Silva et al.
2018).

In Hunder trout, neither temperature nor discharge
explain much of the observed variation in somatic
growth for juveniles in the river (Nater et al. 2018).
This concurs with a review on climatic variation
and trout where these factors rarely correlated with
growth (see Fig. 3 in Kovach et al. 2016). Although it
is unclear why neither temperature nor discharge
have had an effect on somatic growth in the Hunder
trout population over the last 50 yr, there are some
potential explanatory factors in our study system.
Firstly, the river Gudbrandsdalsldgen is fed by gla-
cial meltwater and keeps a relatively low tempera-
ture all year round. Secondly, the river has been reg-
ulated since the 1960s by 2 hydropower dams that
strongly control discharge and dampen flooding
(Aass et al. 1989). The drastic reduction in water flow
below the Hunderfossen dam, located in the middle
of the main spawning area, is likely to affect the Hun-

der trout population more strongly than potential cli-
mate-driven changes in discharge. In the lake, both
air and surface temperature have large annual varia-
tions, but have steadily increased in the last century,
especially the last decades (Hobek et al. 2012). De-
spite increasing temperatures, and in contrast with
other temperate lakes, there are no indications of an
earlier onset of summer stratification in the lake
(Hobeek et al. 2012). The cold Gudbrandsdalslagen is
the main inlet river, and likely has a cooling effect on
Lake Mjosa. Additionally, the lake is large and deep,
and water temperature decreases with depth. Like
many other fish species, brown trout regulate body
temperature by vertical movement in the water col-
umn (Jonsson & Jonsson 2011).

Models are useful tools, as they can simulate the
effect of different scenarios without threat to the
actual population. There is always a trade-off be-
tween simplicity and realism; the model should be
easy to use and interpret, but also capture the popu-
lation dynamics. Realism can be increased by in-
cluding population structure, and here we used a
size-, stage-, and location-structured model. Many
salmonid populations are regulated by early life den-
sity dependence (e.g. Einum & Fleming 2000, John-
ston et al. 2007). Density dependence is likely rele-
vant for Hunder trout as well, especially below the
dam where crowding is more likely. As we lack data
on early life history in this system, we did not include
density dependence, and the results should thus be
interpreted qualitatively rather than quantitatively.
Further investigations into the early life of Hunder
trout might improve the model and our assessment of
the population, especially how it is impacted by the
dam. We made the simplifying assumption of female
dominance, although if the harvest is male-biased,
it could potentially cause the population to decline
(Milner-Gulland et al. 2003, Stubberud et al. 2019),
but we do not expect this to be a major issue in this
system. Although our model is partly based on litera-
ture values (Nater et al. 2021), and a lot of the data
come from fish ascending the size-selective ladder
(Aass et al. 2017, Moe et al. 2020), we believe it in-
cludes the most essential aspects relevant for de-
scribing long-term dynamics, and how these dynam-
ics depend on spawning experience.

While this study mainly focussed on long-term
population growth rate, which is only one of many
properties of population dynamics, other population
parameters might be more sensitive to the repro-
duction of first-time spawners. Particularly short-term
population dynamics could be sensitive to the repro-
ductive output of first-time spawners, i.e. through
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the effect of strong cohorts where first-time spawners
constitute a larger portion of the spawners. Potential
developments of the model could therefore be to look
at transient dynamics. It might also be possible to
investigate meta-population dynamics, or selective
pressures of different harvest strategies, for instance
on age or size at maturity, or investment in reproduc-
tion if the probability of becoming a repeat spawner
is affected.

Our results demonstrate how including spawning
experience can inform assessment of population via-
bility. Specifically, we found that increasing the re-
productive success of repeat spawners and the sur-
vival of first-time spawners might be necessary for
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