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Population regulatory processes in the
Baltic salmon (Salmo salar)

Abstract

Knowledge and understanding of population regulation is the foundation that allows
for sustainable harvest of natural populations. In this thesis, I explore potential
sources of bias in stock recruitment relationships resulting from potential spawning
behaviours, and investigate alternative methods that can be used in order to evaluate
population regulatory processes and improve estimates of stock-assessments of the
Atlantic salmon (Salmo salar) in the Baltic Sea. I show that the spawner behaviour
affects the stock-recruit relationship, and that estimates of recruitment and stock-
recruit parameters in two common stock-recruitment functions might be biased.
Further, I show that empirical data can be used in order to define the spawner
behaviour. Using electrofishing data and spawner count estimates, I found that the
underlying within-river spawner behaviour for salmon in River Byskedlven was
most probably homing. I also provided an alternative method to predict length and
age at smoltification for the Atlantic salmon, and show that this method can be used
to predict smolt length and age distributions in rivers where only data of parr lengths
are available. Lastly, I use experiments to explore the competition between
juveniles of Atlantic salmon and trout (Salmo trutta). 1 find that the two species
outcompete each other and that this relationship is not density-dependent but rather
seems to be temperature-dependent, where trout is the stronger competitor
in warmer temperatures compared to salmon that outcompete trout in colder
waters.

The results in this thesis provides important knowledge and understanding of
regulatory processes in Baltic salmon, which can be used to improve the
stock assessments.

Keywords: population regulation, stock assessment, Atlantic salmon, density
dependence, simulation, experiments



Populationsreglerande processer hos
Ostersjolax (Salmo salar)

Sammanfattning

I fiskeriekologi utgor forstdelsen om populationsreglering fundamentet och ar den
process som mojliggér ett hallbart uttag fran naturliga populationer. I denna
avhandling undersoker jag potentiella kéllor till bias i bestdndsanalyser, samt
alternativa metoder som kan anvdndas for att skatta effekten av
populationsreglerande processer. Forst studerar jag hur spridningsmonster av lekfisk
paverkar bestandsuppskattningsparametrar och finner att beroende pa
spridningsmonstren hos lekfisken sa kan det genereras bias i estimaten av rekrytering
och rekryteringparametrarna i de tva vanligaste bestandskattningsmodellerna. Detta
kan introducera en hogre tithetsberoende dodlighet &dn forvéntat. Dessa modeller
anvéndes sedan pa befintliga data for att definiera spridningsmonstret av lekfisk hos
Ostersjolax (Salmo salar). Resultaten dr i linje med andra studier som foresléar att
laxen tenderar att dven inom é&lven atervdnda till fodelseplatsen for lek. Jag
presenterar dven en metod for att forutsdga vid vilken storlek och &lder som lax
smoltifierar. Genom att anvinda ldngddata fran stirr och smolt gick det att forutsdga
vid vilken ldngd och élder som laxen vandrar ut i havet. De parametrar som
estimerades med denna metod kunde dven Overforas till nirliggande élvar for att
estimera storlek och aldersfordelningen av smolt baserat pa endast stirrldngder.
Genom experiment utforskade jag slutligen konkurrensen mellan lax och 6ring
(Salmo trutta). Jag finner att de tvd arterna konkurrera ut varandra men att
detta monster inte &r tithets beroende utan snarare temperaturberoende dé dringen
ar den starkaste konkurrenten vid hogre temperaturer och lax vid ldgre. Resultaten i
denna avhandling ger viktig kunskap och forstielse for regleringsprocesser vilka &r
viktiga vid bestdndsanalyser..

Keywords: populationsreglering, bestandsuppskattningar, atlantlax,
tithetsberoende, simuleringar, experiment
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1. Introduction

Thomas Robert Malthus, an English economist and priest, suggested that the
human population, if unrestrained, would grow exponentially until
exhaustion of common resources limited further growth (Malthus, 1798).
Even if a large part of Malthus’ solutions to uncontrolled population growth
would seem controversial and outdated today, he coined the concept of
population regulation. Population regulation has since then become a
foundation in ecology and biology, as it influences many processes observed
in nature. Because population regulation determines the productivity and
abundance of natural populations, knowledge of regulatory mechanisms is
central in order to achieve long-term sustainable harvest rates of wild
populations.

1.1 Population regulation

In ecology, a population is referred to as a group of organisms of the same
species that are living and reproducing within a defined area (Relyea, 2021).
In addition there are more specific sub-categorical definitions (e.g. sources
and sinks (Pulliam, 1988)), but for the purpose of the present discussion, the
term “population” will adhere to the basic concept as described in Relyea
(2021).

Following Malthus (1798), three main factors regulate the abundance
of a population: 1) persistence, where populations persists over time, 2)
boundedness, where the variations in population abundance are bound
between upper and lower (non-zero) limits, and 3) return tendency, where
population abundance will decrease above a certain abundance threshold
(e.g. carrying capacity), and increase when abundance is reduced (Hixon et
al., 2012; Murdoch, 1994; Turchin, 2003). The mechanisms that regulate
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population abundance are widely divided into density-dependent
(endogenous) and density-independent (exogenous) processes (Cherrett and
Bradshaw, 1989; Murdoch, 1994; Sinclair and Pech, 1996; Turchin, 1999,
1995). The relative strength or importance of these two mechanisms on
population regulation has been heavily discussed historically (Andrewartha,
1957; Andrewartha and Birch, 1954; Berryman, 2004; Milne, 1962; Murray,
1999; Reddingius and den Boer, 1970; Sinclair and Pech, 1996; Turchin,
1999). However, today most researchers in population ecology agree that
both mechanisms influence population regulation, where the relative
regulatory strength differs between populations and environments (Turchin,
1999). Importantly, both density dependence and density independence
directly or indirectly affects one or more demographic rates in a population,
which in turn influence population abundance.

1.1.1 Density dependence

Density dependence is one of the strongest driving forces in ecology and
evolution, regulating and shaping organisms on both individual and
population scales. Density-dependent regulation is influenced by various
mechanisms, e.g. intraspecific competition (Svanbédck and Bolnick, 2007),
predation (Abrams and Ginzburg, 2000) and/or diseases (Turchin, 1999).
Intraspecific competition is per definition always density-dependent and
ultimately affects survival and/or fecundity (Hixon et al., 2002; Rose et al.,
2001), whereas predation and diseases could be both density-dependent
and/or density-independent (Sinclair and Pech, 1996). However,
interspecific density-dependent competition could also affect population
dynamics. As an example, interspecific density-dependent competition could
explain cyclic patterns in the abundance of species competing over the same
limiting resources (Gamelon et al., 2019). Moreover, density-dependent
interspecific competition often influences habitat use and drives niche and/or
spatial separation of species (Hasegawa, 2016), which could indirectly
influence survival and ultimately population abundance. It might therefore
be of interest to evaluate not only density-dependent intraspecific
competition, but also how density dependence affects interspecific
competition.

Competition could be direct (interference; Case and Gilpin, 1974), or
indirect (exploitation; Finstad et al., 2007), where the limited resource
depends on the species and/or the life stage (Arcese and Smith, 1988;
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Bergman and Greenberg, 1994; Bouchard et al., 2018; Brannstrdom and
Sumpter, 2005; Ford and Swearer, 2013; Montorio et al., 2018; Morris,
2003). Regulation via density dependence is often restrained to one or a few
life-stages, and for many species occurs in the initial life-stages (Andersen
et al., 2017), whereas regulation in the adult life-stages are thought to be
mainly driven by density-independent processes (Turchin, 1999). Moreover,
density dependence often occurs at small spatial and temporal scales (Einum
et al., 2011; Fernandez-Bellon et al., 2016), where the observed effect of
density dependence is the sum of processes acting on different scales
(Relyea, 2021; Walters and Martell, 2004). It is therefore important to gain
knowledge of density dependence over different temporal, spatial and
demographic scales in order to fully understand the processes affecting
population dynamics.

Within the concept of density dependence, compensation is perhaps one
of the most important mechanisms for managed populations (Rose et al.,
2001). Compensation is the mechanism whereby an increase in population
abundance generates a decrease in productivity, whereas a reduction in
population abundance would tend to increase productivity through density-
dependent processes (Rose et al., 2001; Turchin, 1995). This means that the
productivity of a population (i.e. net population increase) varies with
population abundance. There are several population models including
compensatory factors, of which the logistic growth model (Verhulst, 1838)
is perhaps the most widely-used. The logistic growth model describes
population development over time, where the maximum abundance is
restrained by some density-dependent limit (e.g. carrying capacity). Even if
the intrinsic growth rate (i.e. number of offspring produced per reproducing
individual) is constant, the population growth will vary with population
abundance, since at high abundance the population growth rate will be
reduced due to density dependence (Fig. 1). Thus, the net increase in
population abundance (population growth rate) also varies over the range of
population abundance (Fig. 1) (Sibly and Hone, 2002).
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Figure 1. Population growth over time described with a logistic growth model (a).

Population growth rate (net increase in abundance) is low at low population abundance
and increases with increasing abundance until the inflection point is reached (carrying
capacity/2), after which the growth rate decrease and becomes zero when population

abundance equals the carrying capacity (b).

1.1.2 Density independence

The term “density-independent” is used to refer to processes that act
irrespective of a population’s abundance. This could be through e.g.
temperature, habitat area, interspecific competition etc. Even if Turchin
(2003) and Hixon et al. (2012) claim that regulated populations must exhibit
density-dependent regulation in at least one demographic rate (e.g. birth or
deaths), density-independent factors can still influence population
regulation. For example, if interspecific competition and/or temperature, or
the interaction of both, influences size at age (Thunell et al., 2022), this could
regulate populations if reduced size would affect the reproductive output (i.e.
via fecundity, (Hon€k, 1993) or mortality (Zimmermann et al., 2021), and
thereby ultimately the population abundance. In Atlantic salmon (Salmo
salar) it has been shown that the growth rate in young parr was affected by
temperature and the photoperiod, which in turn influenced the size and age
at smoltification (Imsland et al., 2014). Note that growth, not only in salmon
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parr, but for other species could also be density-dependent (Eikeset et al.,
2016; Einum et al., 2008; Imre et al., 2005; Vincenzi et al., 2012) . Age and
size at smoltification may also influence the post-smolt survival (Jutila et al.,
2006; Letcher et al., 2002) and the fecundity of returning spawning
individuals (Friedland and Haas, 1996), and thereby population abundance.
Moreover, density independence may also regulate populations if
environmental conditions are altered, and suitable habitat areas are reduced,
inducing increased density-independent (interspecific) and/or —dependent
(intraspecific) competition (Morris, 2003). Since density-independent
processes affects population regulation, it is important to monitor and include
these processes when assessing natural populations.

1.1.3 Population regulation and sustainable harvest

Sustainable exploitation of natural populations (sustainability) can be
defined as long-term harvest of a population that does not introduce a
significant reduction in population abundance over time. Management of
harvested natural populations depends on compensation that theoretically
would allow sustainable outtake of individuals (Haddon, 2001; Quinn and
Deriso, 1999; Walters and Martell, 2004). This is possible since a reduction
in the abundance of a population is expected to generate an increase in the
population’s growth rate due to compensation (Lorenzen, 2008; Rose et al.,
2001). Achieving sustainable harvest requires knowledge of population
dynamics and key factors (both density-dependent and —independent) that
influence the productivity of the harvested population.

1.2 Fisheries ecology and stock assessment

Fishing is one out of few human activities where natural populations are
exploited on a commercial scale. In fisheries ecology the main goal is to
describe and assess the population dynamics and regulatory factors of
exploited fish populations (Walters and Martell, 2004). The management
unit is often defined as a stock, which may constitute of several local
populations, and where data from large spatial and temporal scales are used
in the stock assessment (Haddon, 2001; Hixon et al., 2012; Kareiva et al.,
1990).

A common overarching target for managed fish populations is to
maximize the long term yield, e.g. achieving maximum sustainable yield
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(MSY) (Hilborn et al., 2015; Vert-pre et al., 2013). The harvest rate that
maximizes yield is dependent on the productivity of a stock (potential rate of
stock increase) which is estimated using stock-recruitment models where
information of the regulatory mechanisms are central components (Beverton
and Holt, 1957; Quinn and Deriso, 1999; Ricker, 1975; Walters and Martell,
2004). In order to reach management goals it is therefore important to obtain
knowledge of the mechanisms that regulate productivity. However, fitting
statistical models to the relationship between the spawning stock and the
subsequent number of recruits is one of the most error prone procedures in
fisheries ecology (Conn et al., 2010; Lorenzen, 2008; Marshall et al., 2006;
Needle, 2002; Sakuramoto, 2005). Suggested sources of bias include
observation and process errors (Hulson et al., 2011; Linton and Bence, 2008;
Walters and Martell, 2004), shifts in productivity regimes (Gilbert, 1997;
Vert-pre et al., 2013) and time-series bias (Walters, 1985). Moreover,
insufficient knowledge of regulatory processes or violation of model
assumptions might also introduce bias in stock recruitment estimates (Cadrin
et al., 2023; Pulkkinen and Méantyniemi, 2013). Therefore, more knowledge
of productivity regulatory processes is typically warranted.

The two most commonly used stock-recruitment models applied in stock
assessments are the stock-recruit functions developed by Beverton-Holt
(Beverton and Holt, 1957) and Ricker (Ricker, 1975) (Fig. 2). Both of these
stock-recruitment functions include the maximum reproductive rate which is
the number of recruits per unit spawning stock at low stock sizes (or the
initial slope, Myers et al., 1999) which is density-independent, as well as
density-dependent regulation, but differ in terms of the regulatory response
to changes in abundance. The Beverton-Holt function describes an
asymptotic density dependent response whereas the Ricker function includes
over-compensation, which, for example could be introduced via cannibalism
or superimposition of spawning grounds (Ricker, 1975). In general, these
two models produce reasonable descriptions of the stock productivity for
many fish species, but the resulting accuracy in estimates of the parameters
and the stock-recruitment relationship depends on the knowledge of
underlying regulatory processes and that the data used to estimate the
functions are unbiased.
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Figure 2. Conceptual illustration of the Beverton-Holt (dashed line) and the Ricker (solid

line) stock-recruitment functions.

1.3 The Baltic salmon

Baltic salmon populations, i.e. populations of Atlantic salmon (Salmo salar)
in the Baltic Sea, are genetically divergent from other Atlantic salmon
populations (Séisa et al., 2005). In addition, there is a high degree of genetic
structuring between populations in different rivers (Palmé et al., 2012).
Within the Baltic Sea, the anadromous populations form three clear genetic
groups corresponding to rivers in the northern (Gulf of Bothnia), eastern
(Gulf of Finland and eastern Baltic Main Basin), and southern regions
(western Baltic Main Basin). This suggest that the colonization of the Baltic
Sea by at least three glacial lineages (Séisé et al., 2005).

The Baltic salmon shares a multitude of life-history traits with other
Atlantic salmon populations (Aas, 2011). It is anadromous, spawning in
freshwater rivers, after which it feeds and grows in the Baltic Sea. After 1-6
years (sea winters, SW) in the ocean, maturing spawners return to the natal
river with high precision, which is reflected in genetically distinct
populations among rivers and sometimes also within rivers (Miettinen et al.,
2021).
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Fishing for adult Baltic salmon occurs both at sea (offshore and along
coasts) and in rivers. Each river population of the Baltic salmon is assessed
individually, but in the sea fisheries are exploiting a mixed-stock comprising
different populations originating from different rivers (International Council
for the Exploration of the Sea, ICES, 2019). The wild Baltic salmon stock
had become heavily reduced in the early 1990’s due to a long-term
combination of large-scale hydropower exploitation, degraded river
environments (e.g. due to log floating), high harvest rates in the sea and
reproductive disturbance caused by diseases such as “M74” or “early
mortality syndrome” (Honeyfield et al., 2005; Koljonen, 2001). However,
since the mid-1990s, especially reduced harvest rates have resulted in a
recovery of several of the remaining wild river stocks, although some
populations still have low abundance levels (especially populations in the
southern Baltic sea, ICES, 2023). The main problem with mixed stock
management is that all populations share the same fishing quota and selective
fishing in the sea of healthy (wild or hatchery reared) populations is typically
not possible (ICES, 2023).

1.3.1 Lifecycle

The lifecycle of the of the Baltic salmon is similar to that of the Atlantic
salmon and has been well studied and many of the population regulatory
mechanisms are well known (e.g. Aas, 2011). In common with other Atlantic
salmon populations, Baltic salmon mature in the sea and migrate back to
natal rivers to spawn in freshwater. The majority of Baltic salmon individuals
are assumed to be semelparous (spawning once) in the stock assessment
model. However, there are individuals that might spawn several times (ICES,
2023). A study made on Norwegian populations of Atlantic salmon show
that between 0 and 26% of the salmon females were repeat spawners
(Persson et al., 2023), which is perhaps also true for the Baltic Salmon.
Salmon females select a suitable spawning area where they construct a
spawning nest in the gravel where eggs are fertilized and buried in the gravel
(Aas, 2011). After hatching, the fry grow and become parr. Parr spend 1-5
years in the rivers before developing into smolts. Smolts migrate to the ocean
and mature until spawning migration back to the natal river (Aas, 2011).
The main density-dependent regulation of the Baltic salmon occurs in the
early life-stages, often between the fry- and parr-stage (Einum et al., 2011,
2006), whereas smolt and adult mortality (ocean life-stages) are mainly
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regulated via density-independent factors (Jonsson et al., 1998). Moreover,
the data availability for the Baltic salmon is good, including long-term data
covering both juvenile and adult life stages.

However, there are still knowledge gaps, where an increased
understanding of the population regulation of the salmon might improve
population modelling and stock assessment (ICES, 2023). In particular,
knowledge of how spawning individuals distribute within rivers is scarce.
Also, the lack of within-river information about how the spatial distribution
of spawners might influence stock-recruitment dynamics is also limited. In
addition, knowledge about age and size at smoltification, important
population regulatory factors, is today limited to a few rivers in the stock
assessment. There is also a lack of information about how the initial density-
dependent regulation in the earliest life-stage of Baltic salmon might be
affected by interspecific competition from the closely related brown trout
(Salmo trutta).
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2. Aim of the thesis

The aim of this thesis is to explore different processes and mechanisms that
influence population regulation, using Baltic salmon (Salmo salar) as a
model species. More specifically the aim of the thesis will answer the
following questions:

Does the spatial distribution of spawning individuals influence the stock-
recruitment relationship, and does violation of the assumption of the
underlying spawner behaviour introduce bias into estimated stock-
recruitment functions? (Paper I).

Can spawner and juvenile abundance data be used to evaluate the
underlying spawner distribution behaviour of salmon, when comparing
different theoretically plausible behaviours? (Paper II).

Can length and age at smoltification of salmon be estimated from length
measurements of parr and smolts, and can parameter estimates within a
reaction norm from one river be transferable to other rivers where only parr
length data are available, in order to predict length and age at smoltification?
(Paper III).

Does density affect interspecific competition between salmon and brown
trout in the initial life stage after emergence? (Paper 1V)
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3. Methods

In this thesis, [ have used a wide range of methods stretching from theoretical
computer simulations (Paper I), to estimation within a Bayesian statistical
framework (Paper II), to non-linear regression analysis (Paper III), to
experiments (Paper IV). In Paper Il and Paper IIL, I also used empirical data
to explore different population regulatory processes (spawner behaviour of
salmon and length and age at smoltification, respectively). Since Paper I and
Paper 11 are based on the same spawner behaviour models they are described
together.

3.1 Spawner behaviours

To evaluate how the distribution of spawners might affect the stock-
recruitment relationship and parameters estimated in stock-recruitment
functions, I first defined and modelled four possible spawner behaviours:
Habitat Quality distribution (Hab Q), Ideal Free Distribution (IFD), stepwise
distribution and a random distribution. These four spawner behaviours were
used in Paper I, and all except the random behaviour were also used in Paper
I, in which the random spawner behaviour was exchanged for a natal
homing (homing) spawner behaviour. All spawner behaviour models are
described in detail in Paper I and Paper II. In short, the five different
spawner behaviours can be described as:

e The Hab Q spawner behaviour is based on the assumption that the
local carrying capacity is the main habitat selection cue. This means
that under a Hab Q spawner behaviour, spawners will distribute
proportionally to local carrying capacities (Ki) (Fig. 3), where i
indicates the local spawning site (Fig. 3).

23



24

The IFD theory is when reproducing individuals adjust local
abundance in order to obtain the maximum possible fitness (Fretwell
and Lucas, 1970). The IFD include fitness and thereby perceived
juvenile survival in the spawner behaviour. This was modelled based
on Ki, egg to young-of-the-year (YOY) survival (S0) and local
migration mortality of smolts (S1i) (Fig. 3).

The Stepwise spawner behaviour was based on the study of Atlantic
salmon by Finstad et al. (2013), suggesting that social attraction
would generate higher local spawner abundance and that utilization
of adjacent spawning grounds is positively correlated with
increasing local spawner abundance. We modelled the stepwise
function so that the spawning site with the highest S1i was used first,
until a threshold density (based on Ki) was reached, followed by the
spawning site with the second highest survival (S1i), and so on until
all spawning sites were utilized (Fig 3).

The Random spawner behaviour was modelled as complete random
distribution of spawners among all sites.

The Homing behaviour was modelled as a propensity to return to the
natal spawning site. The natal spawning site had the highest
probability of being selected, while adjacent spawning sites were
selected with a decreasing probability based on the distance from the
natal site (Fig. 3).



Hab Q Stepwise Homing

il

Figure 3. Four models of spawning distribution among five hypothetical spawning sites:
habitat quality (HabQ), ideal free distribution (IFD), stepwise, and homing (random
model not shown). Coloured arrows represent movement of spawners onto the spawning
sites where the line width is scaled in correspondence with the number of spawners
inhabiting the site, which is proportional to habitat size for the HabQ model and total
fitness including habitat size and survival of juveniles during downstream migration of
the IFD model. In the stepwise model, spawning areas are inhabited sequentially based
on distance, and in the homing model spawners return to their natal sites with an
estimated propensity for straying to neighbouring sites.

3.1.1  The influence of spawner behaviour in stock assessment

Population simulations were used to explore how the violation of the
assumption of the underlying spawner behaviour would influence the
estimate of recruitment, survival rate and carrying capacity in a river. In
Paper I, population dynamics were simulated based on local spawning site
characteristics (Ki, S1i and S0) that were sampled from realistic probability
distributions. Using the same set of local spawning site characteristics for all
spawner behaviours (Fig. 3), females were distributed over all available
spawning sites (n=5) in a model river, based on the different spawner
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behaviours. In each spawning site and for each simulation round (n=1000),
the local recruitment was calculated based on either a Beverton-Holt or a
Ricker local stock recruit function. The total number of recruits were then
calculated as the sum over all local spawning sites and compared with the
predicted number of recruits and parameter estimates based on two
commonly used stock recruitment functions (Beverton-Holt and Ricker), that
assume homogenous distribution of spawners in the simulated river system.
Stock-recruit functions most often use two parameters to describe the stock-
recruitment relationship. The known values (based on the simulated local
parameter values) of total recruitment (R"), S” (total survival rate) and K’
(total carrying capacity) were then compared to the estimated parameter
values based on the assumption of homogenous distribution of spawners in
a river. In order to further explore how potential differences in estimated
versus known parameter values would be affected by a more realistic
scenario, the relative estimation bias (REB) was compared under different
theoretical observation error magnitudes (SD=0, 0.2, 0.4 and 0.6).

In Paper II the models developed in Paper I were applied to a real-world
problem, using model selection criteria to try to identify the underlying
spawner behaviour of the Baltic salmon in River Byskeédlven (Sweden). In
this study, I used long-term empirical data on YOY abundances from
electrofishing surveys and the estimated number of spawners from the Baltic
salmon stock assessment (ICES, 2023). The local river section characteristics
(Ki, S1i and SO) were modelled based on habitat classification of the river,
assessed by visual inspections of orthophotos, together with river section
area and the distance to the sea. The population dynamics model was fit to
the data within a Bayesian statistical framework, applying the different
hypotheses about spawner behaviour. Using the widely applicable
information criterion (WAIC, Watanabe, 2013), the model fit to the observed
data of YOY and spawner abundance was compared among the alternative
spawner behaviours, where the lowest WAIC value indicated the model with
the best support given the available data.

3.2 Size dependent seaward migration

In Paper III we derived an alternative smolt reaction norm based on lengths
of parr and smolts in five Swedish rivers (Ricklean, Sdvaran, Vindeldlven,
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Testeboan and Morrumsén). Using this mathematically simple but yet
powerful approach, I wanted to explore if only length data from salmon parr
and smolts could predict the age distribution of smolts. Moreover, we also
evaluated if the method could be used to predict the length and age
distribution of smolts in rivers where only parr length data (e.g.
electrofishing data) are available. We transferred parameter estimates from
the reaction norm in a river where smolt data was available to rivers where
only parr length data are available in order to estimate the smolt length
frequency and smolt age structure.

Smolt and parr length data were compiled for the study rivers and
transformed into length probability density functions using kernel density
estimation functions (Parzen, 1962). River-specific smoltification reaction
norms were then fitted using nonlinear regression, where parameters: L50%
(length at 50% smoltification probability), the slope of the logistic function
and the relative growth rate (from parr at the time of electrofishing in the
autumn to smolt the following spring) were estimated within the logistic
regression model. Based on the length frequency of parr and smolt, we used
the same logistic regression model to predict the age distribution of smolts
in each river. Predicted smolt age and length distributions were validated by
comparing observed frequencies of smolt age and lengths in each of the five
rivers. In the next step we evaluated if parameters estimated within the
logistic regression from one river could transferred to other rivers in order to
predict the smolt length and age distribution based on the parr length
measurements. Since the estimated growth parameters might be influenced
by the rivers’ geographical locations, the influence of latitudinal differences
between the rivers was also evaluated based on differences in temperature or
photoperiod etc.

3.3 Competition between Baltic salmon (Salmo salar)
and trout (Salmo trutta)

In Paper IV the competition between Baltic salmon and trout was explored
in the initial life stage. Eggs of Baltic salmon (Salmo salar) and brown trout
(S. trutta); both originating from river Daldlven were placed in Whitlock-
Vibert boxes (Vibert, 1949; Whitlock, 1977) at different densities and
species ratios in order to test for density dependent competition. The
Whitlock-Vibert boxes where then placed inside 18 competition arenas (Fig.
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3). Each competition arena was constantly fed natural water from river
Dalélven, providing a steady flow of natural food items. The water velocity
was on average 20.9 cm/s. Since habitat heterogeneity affects the
competition in salmonids (Finstad et al., 2007; Foldvik et al., 2015), the
bottom substrate in this study was standardized using regular golf balls (2 =
43 mm). In each arena, one layer of golf balls (n = 320) was placed next to
each other, creating equally spaced and sized shelters in all of the
competition arenas. The experiment was repeated in three years (2018, 2019
and 2022).

1m
- —p

Figure 4. Experimental set-up reproduced from Paper IV. The top illustration shows two
experimental arenas from above and the lower illustration shows a side view. In total
nine such ‘doubles’ were used, i.e. 18 arenas. Arrows depict water flow (blue=inlet,
red=outlet). To simulate habitat heterogeneity, a layer of golf balls was used as a
standardized bottom substrate.

Once all eggs had hatched, the fish were left to compete for food and
territories for approximately 4 weeks. Weak competitors would escape via
the outlet of the competition arena without any possibility to return. When
the experiment was terminated, remaining individuals were collected for
DNA-based species determination. Genetic analysis was used since visual
species determination is almost impossible at that early life-stage. The
competitive ability of the two species was statistically analysed using logistic
regression, with the response variables being the total number of surviving
salmon and the proportion of surviving salmon (in relation to trout) in each
competition arena. Predictors were water flow, total number stocked eggs
(both salmon and trout), the proportion of salmon stocked and experimental
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year. From the logistic regressions, predicted survival probabilities were
calculated.
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4. Results and discussion

4.1 Effects of spawner behaviour in stock-recruitment
estimates (Paper [)

The spawner behaviours evaluated affected the stock-recruitment
relationship and parameters estimated within the stock-recruitment
functions. However, the magnitude of the relative bias in estimated
parameters when assuming a Beverton-Holt or Ricker stock-recruitment
function depended on the underlying “true” spawner behaviour. When the
underlying spawner behaviour was based on the local carrying capacity (hab
Q) or IFD, no or negligible bias was introduced. Meanwhile, if the spawner
behaviour was random or following a stepwise distribution, the bias was
considerably higher. These results were consistent for both a Beverton-Holt
and a Ricker stock-recruitment function, and when additional measurement
errors were added. The relative estimation bias (REB) and effects on
recruitment result mainly from the fact that in some of the spawner
behaviours, the local spawning sites are either unused or underutilized. These
results suggests that ignoring the underlying spawner behaviour in stock-
recruitment analyses can introduce bias when using a two-parameter stock-
recruitment function for the whole river. Ultimately this could lead to
unsustainable harvest rates if the stock-recruitment relationship if
overestimated or loss of yield if the relationship is underestimated.

Under the Beverton-Holt and Ricker models, the spawning individuals
are assumed to distribute homogenously in a spawning environment with all
offspring suffering the same density-dependent mortality, independent of
where they were born. For many fish species, this is not realistic and several
alternative spawner behaviours deviating from this assumption have been

31



suggested (Bouchard et al., 2018; Finstad et al., 2013; Haugen et al., 2006;
Huntsman and Petty, 2014). The spawner behaviours used in our study are
perhaps not realistic either, but the behaviours provide insights into how the
deviations from the spawner behaviour assumptions in commonly used stock
recruitment models could affect the stock-recruitment relationship. In the
future, it would be interesting to also include alternative spawner behaviour
models.

Depending on the level of measurement error in observations of
recruitment, the relative contribution from the spawner behaviour to the
overall bias might be of subordinate concern. At least for the ideal free
distribution and habitat quality spawner behaviours. This further emphasizes
the importance of reducing or otherwise handling measurement error in the
data (Kehler et al., 2002; Walters and Ludwig, 1981).

Our study suggests that including spawner behaviour in stock-
assessments is important, and therefore, improved knowledge about the
distribution of spawners is warranted. There are methods for identifying the
spatial spawning distribution, e.g. telemetry studies (Dean et al., 2014) or
nest counts (Finstad et al., 2013), but there is still no general spawner
distribution model that can be applied in stock assessments. Earlies studies
have showed that individuals might exhibited strong intra-seasonal site
fidelity (Lowerre-Barbieri et al., 2013), although individuals also showed
some variability in their spatio-temporal behaviour. In addition, Peacock and
Holt (2012) made sensitivity analyses indicating that high observation error
and straying of spawners may mask changes in distribution, and that by
monitoring only sites with high spawner abundance (which is common),
result in biased production estimates. Based on these results and the results
from Paper I, I suggest that spawner behaviours should be defined and
included in stock assessments in order to reduce the risk of introducing bias
in vital parameter estimates in fisheries management.

4.2 Evaluating alternative spawner distribution models
for Atlantic salmon (Paper Il)

The model comparison indicated greatest support for the homing
behaviour, given the observed data. Homing has previously been suggested
to be the underlying spawner behaviour for salmonids (Aas, 2011; Cram et
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al., 2013; Dittman and Quinn, 1996; Miettinen et al., 2021; Viha et al.,
2007). However, the difference in WAIC between homing and IFD
(AWAIC) indicates that the IFD distribution might also be a candidate
spawner behaviour model. At spawner equilibrium, a strict (100%) homing
behaviour would give equal estimates of fitness. However, we allowed a
small probability of straying in the homing behaviour, moreover, the
spawner abundance in River Byskeidlven is most probably not at equilibrium.
The results in Paper II also provide valuable estimates of the migration
mortality per kilometre and estimates of the total carrying capacity in River
Byskedlven. However these estimates differed depending on the spawning
behaviour. Therefore, this method does not only provide opportunities to
evaluate the underlying spawner behaviour of Atlantic salmon in the Baltic
Sea, but also valuable estimates of population regulation parameters that are
important in stock assessments.

4.3 Growth and smoltification of the Atlantic salmon
(Paper Ill)

In this study, we showed how the length and age distribution at
smoltification could be determined from length distributions of parr and
smolt. The results indicate that the method produces good predictions of
smolt age and size, and that the majority of smolts start migration at a size of
106 mm. This method is applicable to data where only the lengths of the
sampled parr and smolt are available, in order to determine the age at
smoltification for salmon. Most other smolt reaction norms also include the
optimum age for smoltification (Heino et al., 2002). However, optimum age
at smoltification could also be derived from the nonlinear regression method
we applied, using the probability density for the estimated length classes of
parr.

The size at seaward migration in salmon has important implications for
the productivity of a stock since it affects the number of years spent at sea
(Erkinaro et al., 2019) and thereby fecundity (Thorpe et al., 1984). Thus,
information on the size at smoltification could be used in stock-assessments.
The method presented in this paper provides a simple and clear but still
powerful statistical method that can be used to predict the size and age at
smoltification. However, the transferability of parameter estimates from one
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river to another seemed to be influenced by the geographic proximity. The
most southern river (Morrumséan) generated parameter estimates that did not
predict the observed length and age distribution of smolt in the other four
rivers (more northerly located) well. The same trend was observed when
Morrumsén parameters were used in order to estimate length and age at
smoltification in the four other rivers. This indicates that latitudinal
differences are important for the estimated growth from parr to smolt. Thus,
the results from Paper 111 suggest that this difference might be influenced by
for example mean annual water temperature. In order to obtain more general
estimates of growth, the growth parameter could be modelled as a function
of temperature or photoperiod. However, this method could most probably
be used in closely located rivers to predict length and age at smoltification.

4.4 Interspecific competition of two closely related
species (Paper V)

The survival rate for Atlantic salmon and brown trout combined across
the years and the experimental arenas was 0.047+£0.009 (n=36). The
proportion of surviving salmon did not depend on water flow or the total
number of eggs stocked from both species. There was a positive effect on
survival by the proportion of stocked salmon eggs, i.e. the higher proportion
of stocked salmon eggs, the higher proportion of salmon survived (pooled
correlation: 1=0.470; p=0.024, n=24). The relative proportion of salmon
among all surviving individuals was 0.937+0.021 in 2018 and 0.139+0.073
in 2022. In other words, in 2018, salmon had a much higher survival rate
than brown trout, but in 2022, the result reversed. In 2019, Atlantic salmon
had a slightly higher survival rate (0.654+0.193), but not as clear as the effect
in 2018.

Thus, this study gave mixed, or contradictory, results. In the first
experimental year, Atlantic salmon outcompeted brown trout when occurring
simultaneously at the same spot. However, the result from the second year
demonstrated brown trout dominance over salmon. In the field, most brown
trout hatch, emerge and begin feeding earlier than Atlantic salmon (e.g. Crisp
and Ottaway, 1981; Jensen et al., 1989; Lura and Sagrov, 1993) and several
studies have showed that water temperature affects the competitive abilities
of other fish species (e.g. Watz et al. 2019). In our study, the water
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temperature during 2022 was on average 1-2 °C higher in comparison to
2018, from mid-March to mid-April. At 10°C the growth rate of a 0.5 g
brown trout increases about 2% per day, whereas Atlantic salmon of the same
size and at the same temperature have a growth rate of 1.3% per day
(Solomon and Lightfoot, 2008). Thus, brown trout may benefit more from
higher spring temperatures than Atlantic salmon, since the brown trout fry
growth faster and thereby outgrow and outcompete Atlantic salmon fry
during warmer springs. During cooler springs, the roles can be reversed. This
conclusion is, however, preliminary and rather speculative, and further
experiments controlling temperature are warranted to further evaluate the
effect from temperature.

The use of different families also could have influenced the survival rates.
In our study eggs from 7-9 females of each species were used and some of
them in more than one arena. Murray and Beacham (1986), used different
stocking densities and families of chum salmon (Oncorhynchus keta) and
noted that embryo survival rates were significantly different among families
but not between incubation densities. A similar effect could have influenced
our results.

In conclusion, my study shows (1) that the number of stocked eggs (i.e.
density of hatched fry) did not affect the number of individuals remaining at
the hatching area; (2) that the outcome of the competition between Atlantic
salmon and brown trout, when hatching at the same time and the same
location, might differ significantly between years; and (3) that spring water
temperature might be an important factor for the observed results. This,
however, needs to be investigated further, using different water temperatures
and bottom structures. In addition, as our study only covers three years that
differed substantially (in terms of temperature), the study would require
further years of data and control of temperature in order to fully evaluate the
potential effects of temperature in the competition between salmon and
brown trout.
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5. Conclusions and future perspectives

In this thesis 1 have explored how spatial distribution and inter- and
intraspecific competition affect population distribution and regulation. [ have
also developed new methods for determining the spawner distribution
behaviour and its consequences on stock-recruit analyses using empirical
data and spawner behaviour models. Moreover, 1 have developed an
alternative method for prediction of the body size that determines the timing
of smoltification and seaward migration in young salmon. All of these
different parts of my thesis have mainly been focusing on Atlantic salmon,
but some of the results may also be valuable for other salmonid species and
perhaps also other fish species in general.

The spawner behaviour models developed in this thesis were based on
potential spawner behaviours common to many fish species. I find that the
spawner behaviour can cause bias in vital parameter estimates in stock
recruitment functions if the spawner behaviour is ignored. The models
evaluated in paper I and paper Il can potentially be used within population
models and stock-recruitment functions, such as the Beverton-Holt and
Ricker, potentially reducing bias in resulting estimates and status
evaluations. I also found that if the available stock-recruitment data suffer
from observation errors, or do not cover contrasting population abundances,
the potential effects of the spawner behaviours might be of subordinate
concern. However, this highly depends on the specific spawner behaviour.
Therefore, more attention should be given to the spawner behaviour in future
studies in order to obtain accurate unbiased estimates of population
productivity. The spawner behaviour models can also be used to determine
the “real” underlying spawner behaviour, by comparing the fit based on the
different spawner behaviour models to empirical data. This finding provides
an additional method apart from other already existing migration spatial
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movement methods, such as telemetry or mark-recapture. The Bayesian
framework used herein for simulating the dynamics of an age-structured
salmon population could in the future be used for testing additional or
perhaps combined spawner behaviour models. Moreover, 1 developed a
method for habitat classification of rivers using remote sensing. This method
could also be used in order to determine migration mortality rates and the
total carrying capacity of a river. The findings and method development in
papers I and II provide a solid platform for future research in the field of
spawner behaviour and population regulation.

I have further showed that it is possible to estimate size and length at
smoltification using length data from parr and smolt. Moreover, the results
from Paper III also show that for rivers sharing the same abiotic factors, it is
possible to transfer parameters, estimated in the reaction norm, from data
rich rivers (in terms of smolt and parr length measurements) to rivers were
only parr length measurements are available in order to predict the smolt
length and age distribution. Lastly, I have examined (Paper IV) the
competitive relationship between juvenile salmon and trout. In contrast to
other studies, I found that trout may be the stronger competitor, whereas
salmon can outcompete trout under some conditions. These conditions are
suggested to be water temperature, but further experiments including other
environmental variables needs to be conducted.

All of the processes studied in this thesis influence the population
regulation spawner behaviour models in Atlantic salmon from the Baltic Sea.
Spawner behaviours affects the survival rates of recruits based on
underutilization of spawning habitats, and if this is not considered in stock
assessment this might generate bias in parameter estimates of vital
population dynamic parameters. Age and length at smoltification might
ultimately influence the post-smolt survival and fecundity, and interspecific
competition between salmon and brown trout be temperature dependent.

In summary, this thesis provides insights in some processes regulating
populations of the Atlantic salmon, and provide novel methods that can be
used to estimate and predict the effects from these processes.
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Popular science summary

When harvesting natural populations, we need to make sure that the harvest
rates are sustainable. If natural populations are overexploited, we risk losing
populations and vital ecosystem functions. In order to achieve sustainable
harvest rates we need to assess and manage populations. This assessment of
populations needs to be based on the best possible knowledge of vital
population regulatory processes. There are numerous ways that populations
can be regulated. These processes can roughly be divided into density-
independent (e.g. fishing or weather) or density-dependent (e.g. competition
between conspecifics) processes. If we for example harvest a population
(density-independent process), we also need to know what other density-
dependent processes that affects the mortality in that population in order to
not eradicate the population. Most populations are self-regulatory, meaning
that the system in which they live can only support a certain number of
individuals. At a specific level, the density-dependent competition over
common resources will hinder the population from increase in abundance.
This means that at some level of abundance the population is producing more
individuals than is needed to sustain the population abundance. This further
means that if we harvest just this surplus production the population should
not decrease in abundance. This is the foundation of fisheries ecology.
Fishing is one of the few activities where we have a commercial outtake from
natural populations. In fisheries ecology, the status and development of the
harvested populations should be continuously monitored, in order to follow
their status. This is performed by the collection of data that is later used in
different statistical models. Even if we have profound knowledge of
regulatory processes, populations still declines. Therefore, we need not gain
more understanding and incorporate regulatory mechanisms in the stock
assessment in order to succeed in our management goals.
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In this thesis, I evaluate unknown processes and potential sources of bias
or in population assessments. More specifically, I evaluate if and how the
distribution behaviour of reproducing fish (spawners) might affect the
survival of their offspring. By simulate a fish population with different
spawner behaviours I found that, depending on the specific behaviour, the
distribution of the spawners could affect estimates of the population
production. However, if we have many errors in our data from the
observations, this problem might be more profound than the spawner
behaviour. In the second paper, I investigated if we can use the spawner
behaviour models to gain understanding in how spawners of Atlantic salmon
in the Baltic Sea actually distribute in nature. By comparing the theoretical
behaviour models with what we observe, I found that this method could work
for detecting the spawner behaviour. Moreover, based on this method we
would also gain important information of population regulatory processes
based on the spawner behaviour, which could generate better stock
assessments for salmon and other fish species. In my third paper, I tested an
alternative method that can be used to estimate at what length and age a
juvenile salmon will smoltify and migrate to the sea. This estimation process
is not new, but our method provides the possibility to use predictions from
one river on another river were data of smolt lengths are missing. This means
that we can receive better estimates of the smoltification process, which
ultimately could influence the population regulation. In the last paper, I
explored how salmon and trout, two closely related fish species, compete
during the earliest life stage. Earlier it has been shown that trout is the
strongest competitor, but in our experiments, we found that salmon may
outcompete trout under certain circumstances and that this pattern may be
temperature dependent. From these four studies, I have provided new
information and methods for the assessment of harvested fish populations,
information that potentially can improve our possibilities to achieve
sustainable fisheries.
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Popularvetenskaplig sammanfattning

Nar vi exploaterar naturliga populationer maste vi dven forsdkra oss om att
detta sker pa ett hallbart vis. Overexploaterar vi populationer riskerar vi att
forlora dessa samt potentiellt vitala ekosystemfunktioner. For att vi ska
uppnd ett hallbart nyttjande behover vi Overvaka och forvalta dessa
populationer. Denna forvaltning bor alltid grundas i den bésta rddande
kunskapen om vitala populationsreglerande processer. Det finns manga satt
som en population regleras pa. Dessa processer kan delas in i
tathetsoberoende- (t.ex. fiske) eller téthetsberoende- (t.ex. konkurrens
mellan artfrinder). Om vi till exempel exploaterar en population
(tdthetsoberoende process) maste vi dven veta vilka andra tithetsberoende
processer som paverkar dodligheten i populationen, for att undvika att
populationen inte minskar i abundans. De flesta populationer é&r
sjdlvreglerande, vilket betyder att det i ekosystemet endast finns resurser
eller plats som racker till for ett specifikt antal individer. Vid en specifik
populationsmidngd kommer konkurrensen om gemensamma resurser att
hindra populationstillvixten. Det betyder att vid vissa tdtheter producerar
populationen fler individer &n vad som behévs for att upprétthalla en
konstant populationsniva. Det betyder i sin tur att om vi bara nyttjar detta
overskott av individer kommer véntas inte populationen att minska pa sikt.
Detta utgor ett av fiskeriekologins fundament.

Kommersiellt fiske dr en av de fa aktiviteter dir ménniskan bedriver ett
kommersiellt uttag frén naturliga populationer. I fiskeriekologi beddms
statusen och utvecklingen av de fiskbestand som fiskas kontinuerligt. Detta
gbrs genom insamlande av data som sedan anvéinds i olika statistiska
modeller dir populationsstatusen skattas. Aven om vi har en 6kad kiinnedom
om populationsreglerande processer sd minskar manga fiskpopulationer.

49



Dérfor behover vi mer kunskap om populationsreglering for att uppna véra
forvaltningsmal.

I denna avhandling utvérderar jag olika killor till populationsreglering som
antingen dr paverkade av bias eller som 4 okdnda i
populationsforvaltningen. Mer specifikt utvarderar jag om och i sa fall hur
spridningsbeteendet hos reproducerande fiskar (lekfisk) péverkar
overlevnaden hos avkomman. Genom att simulera en fiskpopulation med
olika spridningsmonster hos lekfisken, kunde jag konstatera att estimat av
populationsproduktionen paverkades av lekfiskens spridningsmdnster. Men
om vi har stora métfel i insamlad data s4 kommer denna effekt vara storre &n
effekten av spridningsmonstret hos lekfisk har. I det andra manuskriptet i
avhandlingen sd undersokte jag om det gar att anvdnda dessa
spridningsmonster-modeller for att ta reda pa vilket underliggande
spridningsmonster som forekommer i en naturlig population av Ostersjolax.
Genom att jimfora hur vél olika spridningsmonster passade med observerade
data kom jag fram till att denna var metod kan anvéindas for att detektera det
naturliga spridningsmonstret hos lax i Byskedlven, och att beteendet foljde
ett homing-beteende (d.v.s. att fisken 1 hdg grad atervénder till fodelseplatsen
for lek). I mitt tredje manuskript testade jag en alternativ metod for att skatta
vid vilken ldngd och é&lder som lax migrerar frén &lvar till havet. Resultaten
frén denna studie visar att metoden fungerar vil for att forutse vid vilken
langd och élder som en lax smoltifierar. Parametrarna som estimerades i
denna studie kunde dven 6verforas till néarliggande dlvar for att berdkna vid
vilken &lder och storlek som laxen vandrar ut i havet, bara genom att anvinda
data frén yngre fiskar (stirr). I det sista manuskriptet i avhandlingen
utforskade jag hur konkurrensen mellan yngel av lax och oring ser ut.
Tidigare studier har visat att 6ringen oftast &r den starkaste konkurrenten av
de tvé arterna, men vara experiment visar att vi vissa forhéllanden sa kan
laxen konkurrera ut 6ringen. Vi tror att detta dr beroende av temperatur. Med
dessa fyra studier sé har jag bidragit med mer kunskap for bedomningen av
exploaterade fiskpopulationer, kunskap som potentiellt kan forbattra vara
mojligheter att uppna ett héllbart fiske.
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Abstract

The relationship between the spawning stock size and subsequent number of recruits
is a central concept in fisheries ecology. The influence of habitat selection of spawning
individuals on the stock-recruitment relationship is poorly known. Here we explore
how each of four different spawner behaviors might influence the stock-recruitment
relationship and estimates of its parameters in the two most commonly used stock-
recruitment functions (Beverton-Holt and Ricker). Using simulated stock-recruitment
data generated by four different spawner behaviors applied to multiple discrete habi-
tats, we show that when spawners were distributed proportionally to local carrying
capacities, there was small or no bias in estimated recruitment and stock-recruitment
parameters. For an ideal free distribution of spawners, larger bias in the estimates of
recruitment and stock-recruitment parameters was obtained, whereas arandom and a
stepwise spawner behavior introduced the largest bias. Using stock-recruitment data
corresponding to a “realistic” range of population densities and adding measurement
error (20%-60%) to the simulated stock-recruitment data generated larger variation
in the estimation bias than what was introduced by the spawner behavior. Thus, for
exploited stocks at low population density and where spawning stock size and recruit-
ment cannot be observed perfectly, partial observation of the possible spawner abun-

dance range and measurement error might be of higher concern for management.
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1 | INTRODUCTION

Maximizing long-term yield is a common target for the management
of exploited fish populations around the world (Hilborn et al., 2015;
Vert-pre et al., 2013). The rate of harvest that maximizes yield
strongly depends on a population's productivity (potential rate of
net population increase), of which the maximum per capita recruit-
ment at low population density (i.e. the slope at the origin of the
stock-recruit curve) is a key determinant (Beverton & Holt, 1957;
Myers, 2001; Myers & Barrowman, 1996; Quinn & Deriso, 1999;
Ricker, 1954). The productivity of an exploited population (stock),
thus underlies its response to exploitation, and the level of harvest
that it can sustain over the long term (Conn et al., 2010).

Stock-recruitment (SR) models are widely applied in fisheries
stock assessments to describe the expected average number of re-
cruits as a function of spawning stock metrics (e.g. eggs or spawning
stock biomass). The two most common SR models used in stock as-
sessments are the Beverton-Holt (Beverton & Holt, 1957) and the
Ricker (Ricker, 1954) models. These two SR models have different
functional forms, where recruitment increases asymptotically with
increasing spawning output in a Beverton-Holt model, whereas
a Ricker model describes recruitment as a skewed dome-shaped
function of spawning output. Both models include parameters that
are based on biological density-dependent and -independent pro-
cesses influencing the productivity of a population. As an example;
the slope at the origin of the fitted curve in a SR model can be in-
terpreted as the density-independent maximum reproductive rate,
whereas the asymptote (Beverton-Holt model) or the maximum re-
cruitment (Ricker model) describes density-dependent population
processes related to the system's carrying capacity (Myers, 2001).
The shape of the SR relationship for a specific population correlates
to both the evolved life history traits and the reproductive behavior
(Foss-Grant et al., 2016), where different stages in the pre-recruited
phase can be both density-dependent and -independent (Brooks &
Powers, 2007; Taylor et al., 2013).

Stock-recruitment relationships form the basis for reference
points (e.g. Maximum sustainable yield, MSY) that are commonly
used to evaluate stock-status and specify appropriate catch levels
(Haddon, 2001). Thus, obtaining unbiased estimates of such param-
eters is crucial to avoiding loss of yield and/or unsustainable harvest
rates in exploited natural populations (Needle, 2002). Ideally, esti-
mated SR parameters should provide unbiased information on the
productivity of a stock (Lee et al., 2012). However, fitting statistical
functions to SRdata provides no insight into the biological mecha-
nisms generating the observed patterns.

Estimated SR relationships are often uncertain and/or biased
(Conn et al., 2010). A variety of factors influencing SR estimates has
been suggested, e.g. time-series bias (Walters, 1985), observation
(Walters & Ludwig, 1981), and process errors (Linton & Bence, 2008),
productivity regimes (Gilbert, 1997; Vert-pre et al., 2013), and non-
stationary dynamics (Feiner et al., 2015; Quinn & Deriso, 1999).
Biological and ecological aspects such as age structure, spatial

distribution, fecundity and spawning patterns are also known to influ-
ence the variation in recruitment (Green, 2008; Shelton et al., 2012).
However, it remains poorly understood if (and how) the spatial dis-
tribution of spawning individuals may generate potential bias in SR
estimates, although such behavioral patterns among spawners have
long been acknowledged as a key factor affecting population pro-
ductivity and regulation (Fretwell & Lucas, 1970; Jonzen et al., 2004;
Morris, 1987; Pulliam & Danielson, 1991).

In fisheries applications, traditional SR models typically assume
that the parameters determining productivity are constant across
the range of reproductive output (Holt & Michielsens, 2020). For
fish that spawn over large areas, this either that productivity is the
same over the whole environment, or if it varies, that spawners dis-
tribute themselves in homogenously in the spawning environment.
For many fish species, however, reproductive environments and
the selection of habitats for reproduction among adults are known
to deviate from these simplified assumptions (Bietz, 1981; Dingser
et al., 2007; Falcy, 2015; Finstad et al., 2013; Haugen et al., 2006;
Purchase & Hutchings, 2008; Skjaeraasen et al., 2011). Such devia-
tions are expected to directly influence the initial intraspecific com-
petition experienced by the offspring if the juvenile life-stages are
less mobile than the adults (as in many fish species). This may, in turn,
ultimately influence population regulation if density dependence
acts strongest in the initial life-stages (Einum, Nislow, et al., 2008;
Sinclair & Pech, 1996; Teichert et al., 2010; Turchin, 1999). As an
example, for Atlantic salmon (Salmo salar), an anadromous species
with heterogeneously distributed spawning aggregations in fresh-
water river habitats (Finstad et al., 2013; Fleming, 1996), it has been
shown that juvenile survival is negatively correlated with egg den-
sity (Einum & Nislow, 2005). Thus, for some spawner behaviors,
parameters determining population productivity and carrying might
be influenced if the SR assumption of homogenous distribution of
spawning individuals is violated.

In particular, the transfer or extrapolation of SR processes (i.e.
maximum reproductive rates and carrying capacities) from one spa-
tial scale to another can be problematic (Mayor et al., 2009), since
patterns observed on one scale may not necessarily represent pat-
terns at other scales (Levin, 1992). Data used for population-scale SR
estimates commonly represent a sum of many local nonlinear pro-
cesses affected by multiple local productivity parameters. Available
SR data typically consists of numbers or biomass of the spawning
stock and resulting recruits; thus, different survival rates that may
affect intermediate life stages (e.g. alevin and fry) are often un-
known and subsumed into one estimated parameter. For example,
density dependent regulatory processes act most strongly in the ini-
tial life-stages on restricted temporal and spatial scales (Fernandez-
Bellon et al., 2016; Finstad et al., 2009; Ray & Hastings, 1996; Rogers
et al., 2017). A pre-recruit multi-stage model approach has been
suggested to deal with the differences in density-dependent and
-independent survival in different life-stages, which might improve
the predicted number of recruits in a system (Brooks et al., 2019).

Moreover, incorporating local rather than global density dependence
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in stock assessments is anticipated to provide a better understanding
of the effects of fishing on spatially structured populations (Kapur
et al., 2021). However, even if local SR parameters are known for all
habitats in a system, SR estimates for the whole population might
still be biased, if the distribution of spawners among those habitats
isignored. Density-dependent processes might thus act under lower
or higher than expected densities if spawner distributions deviate
from the common SR assumption that productivity is not affected
by the spatial distribution of spawners.

In this study, we study how population productivity might be
affected by the underlying habitat selection patterns of spawning
individuals. Moreover, we evaluate potential bias in estimates of
recruitment and maximum survival rate over a range of population
abundance, with and without realistic levels of measurement error,
and what implication this might have in stock assessment context.
Specifically, we have investigated if different spawner behaviors
may introduce bias in estimates of recruitment as well as in SR pa-
rameter estimates, and how such bias might vary over population
densities. This has been evaluated earlier, using the number of local
spawning habitats as a proxy for the total carrying (Maunder &
Deriso, 2013), but here we instead use local spawning area and local
pre recruited survival rates as potential production capacity limita-
tions. Using the widespread Ricker and Beverton-Holt SR relation-
ships applied to multiple discrete habitats, we compare simulated/
expected and estimated total recruitment under four hypothetical
spawner behaviors (habitat quality, ideal free, random and stepwise;
definitions below). Following the spatial dispersal classifications
from Thorson et al. (2016) and Bartolino et al. (2011), the habitat
quality distribution would fit a constant density model, whereas the
stepwise and ideal free distributions fit an proportional distribution
model. The random distribution model does not fit any of the sug-
gested distribution models, since distribution is not dependent on
spawner abundance.

2 | MATERIALS AND METHODS

Simulated data was produced to quantify potential bias in estimates
of total recruitment (R’), total carrying capacity (K') and maximum
survival rate (S') relative to underlying predetermined values, using
two traditional SR-functions (Beverton & Holt, 1957; Ricker, 1954).
The SR-functions used in this study do not account for density de-
pendent mortality caused by predator behavior.

To disentangle the effects of the spawner behavior from other
potential sources of bias (i.e. measurement error), and to achieve
good contrast in the population abundance data, we first simulated
data without additional measurement errors for a wide range of
spawner abundances with a maximum close to carrying capacity.
Second, to explore how potential effects of spawner behavior would
manifest under a more realistic management scenario, we added
measurement error and to a subset of the simulated recruitment
data (only at lower spawner abundance levels). The simulations con-
sisted of the following six steps:
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1. Creation of different environments that define properties of

local spawning sites, with randomly assigned habitat character-
istics in terms of pre-recruitment survival rates and carrying
capacities.

2. Allocation of females to different spawning sites based on the
four spawner behaviors evaluated and site-specific environments.

3. Simulation of a recruits at each local site and under each spawner
behavior, given the number of females present, using either the
Beverton-Holt or the Ricker functions.

4. Calculation of a predefined total carrying capacity and survival
rate, using the local spawning site characteristics defined at step 1.

5. Estimation of the parameters for the two stock-recruit functions
and the total recruitment, using the total number of females over
the entire population abundance range and the total recruitment.

6. Quantify the relative estimation bias (REB) as the difference be-
tween the estimated and the predefined: recruitment, survival
rate and carrying capacity.

This procedure was then repeated for the measurement error
and low abundance scenario using the same set of local parameter
values. Each step is described in detail below.

2.1 | Environments

In the equations and text that follow, subscript i denotes spawning
site, j denotes the environment, and k denotes the spawner abun-
dance level. In total, the simulations comprised 1000 different envi-
ronments. Each spawning environment was assigned a unique set of

local survival parameter, Slw and carrying capacity K. ., but was as-

i
sumed to have the same female fecundity (Fec), array of total female

numbers (N, ., range 100-50,000), and density-independent egg-

tot”
juvenile survival, SO (see Table 1 for definitions of parameters and
variables). The stock-recruit functions (Beverton-Holt and Ricker)
introduce density-dependent mortality, which increases with an in-
creasing number of spawners, and therefore the total survival rate
will only reach SO in situations with very few eggs.

In each environment, there were five local spawning sites that
the spawners could choose from (according to each evaluated
spawning behavior). Each spawning site was associated with its own
density-independent survival 51,.'1. and carrying capacity K,.J.. 51;,; cov-
ers the spawning site-specific survival rate from juvenile to recruited
individual leaving the spawning and nursery environment (e.g. river,
seagrass meadow or bay). The sites were numbered from 1 to 5 with
no. 1 having the highest density-independent survival rate, S1y;
followed by lower rates such that 515,<51,;<51;,<51, <51, ;. K;;
parameters were randomly drawn from a Dirichlet-multinomial dis-
tribution with a fixed total sum of Ki = 1 to 5,j (150,000) for each
environment and with the same underlying probability parameter
(@ = 1) for all spawning sites.

The environments were assumed constant over time, whereas
the total number of females varied between years. It did not matter
to the simulations in what order the total female numbers appeared;
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TABLE 1 Definitions of terms, parameters and variables used in the simulations. The same parameter settings were used for all four

spawner behaviors

Parameter Values
Environment 1-1000
Spawning site 1-5

Ru,k Varying, calculated
RMM Varying, alculated
Ni,j,k Varying, predefined
[\ Varying, predefined
S0 0.20

S1; 0.05-0.30

Ki; O<K”<Kth

Kot 150,000

Fec 5000

logsd,,; 0,0.2,0.4,0.6

% Varying, predefined
O Varying, predefined
R".‘k Varying, estimated
Kj' Varying, estimated
Sj’ Varying, estimated
Dyt kom Varying, calculated

Definition

Unique combinations of maximum survival
rates and carrying capacity

Five spawning sites per environment

Local recruitment

Total recruitment

Local female abundance

Two arrays covering different total numbers of
spawners per environment

Same at all sites and for all environments

Randomly drawn from a uniform distribution
between 0.05-0.3 for each spawning site

Randomly drawn from a Dirichlet multinomial
distribution with a fixed total sum of local
K,.J (150,000 recruits) and with equal
underlying probability parameter (a = 1) for
all spawning sites

Different depending on the SR function but
the same for all environments

Constant for all female spawners
SD (of log(x)) for lognormal measurement
errors
2= iy S1Ky;
T Rije
0, = Z=17ik 50
T

Estimated total recruitment

Estimated total carrying capacity

Estimated total survival rate

Total recruitment with measurement error

Explanation

The environment within which the population
spawns. Each environment has five
spawning sites

Local spawning site. Each spawner selects
one out of five available sites

Based on the underlying spawner behavior,
the SR function and N,

The sum of recruitment from all spawning
sites for the total spawner abundance

Local female abundance at each spawning site
based on the spawner behavior for each

Ntot,k

Without measurement error: sequence of
49 abundances from 100-50,000. With
measurement error: sequence of 24

abundances >1 but <K, /2

Density-independent egg-juvenile survival
rate

Density-independent survival rate covering
the juvenile (including potential migration)
phase

Local carrying capacity

Total maximum carrying capacity in the
environment, i.e. the sum of carrying
capacities from the five local spawning
sites

Fecundity (number of eggs per female)

SD of lognormal measurement errors added
to Ry j in the simulations with low
spawner abundance levels

Predefined maximum number of recruits for
the environment j

Predefined total survival rate for the
environment j and spawner abundance k

Total recruitment estimated based on the
number of recruits for spawner abundance
k and environment j. Calculated from the
SR functions using the estimates of S;'
and K/’

Estimated total (summed over all sites)
carrying capacity in the environment
j. Estimated from the entire range of
simulated SR data

Estimated total survival rate in environment
j. Estimated from the entire range of
simulated SR data

Total recruitment with additional
measurement error with SD m
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the actual years were not relevant to the results and were therefor
omitted from the analyses. Hence, the dynamics of the populations
are not modeled explicitly.

For each environment, two one-dimensional arrays of female
numbers were used. The first array contained 49 different total
female numbers, with the highest numbers in a given environment

chosen to reach close to K, , . in the Beverton-Holt stock-recruit

tot,j
function, and to exceed the p‘eak in the Ricker function. The rea-
son for this choice was to allow as good a fit as possible of the
global SR function and to isolate the effects of spawner behav-
ior, potentially causing bias in the recruitment estimates as well
as in the parameter estimates. The second array consisted of 24
different equally spaced total female numbers, with the highest
female numbers resulting in a total recruitment corresponding to
tou/2). This range of data
availability was introduced in order to mimic real-life management

just half of the total carrying capacity (K

situations where harvested stocks often exhibit abundance levels
far below carrying capacity.

Total recruitment (Rtot,j,k) was calculated by summing local recruit-
ment from the five spawning sites for each female abundance level
after accounting for mortality loss due to S1;; and SO. Local recruit-
ment (for each spawner behavior) was calculated using the Beverton-
Holt and the Ricker stock-recruit functions. The Beverton-Holt
and Ricker functions were chosen since they are both widely used
in stock assessments (Lowerre-Barbieri et al., 2017; Myers, 2001;
Walters & Martell, 2004), and moreover, since they cover two dif-
ferent compensatory shapes: asymptotic compensation (Beverton-
Holt) and dome-shaped overcompensation (Ricker). The asymptotic
compensatory process in the Beverton-Holt function can arise from
increasing intraspecific competition, whereas the over-compensatory
Ricker shape can be induced by cannibalism. There are other exten-
sions of the Ricker and Beverton-Holt SR functions that account for
additional ecological theories (e.g. Maunder & Deriso, 2013; Taylor
et al., 2013). The SR functions used in this study do not account for
density dependent mortality caused by predator behavior.

We chose to parameterize both the Beverton-Holt and Ricker
functions using the peak level of recruitment (Ki,i) (Pulkkinen &
Méntyniemi, 2013; Quinn & Deriso, 1999):

51;; SON, Fec

TTSON, K Fec/Kij' (Beverton — Holt)

Rijk = -
)

50 Ny Fec

Rijx =S1;;SON;;, Fece ki

(Ricker)

where R;; is the local recruitment and N;; is local female abundance.
Carrying capacity, K;

i
recruitment the stock could obtain with maximum survival. Note that

can be thought of as the theoretical maximum

this differs from RO, another common parameterization defined as
the long-term average recruitment at demographic equilibrium with
no fishing, as R, also includes information about the unfished eggs or
spawning biomass per recruit. The ratio of R, to Ki.i depends on the

stock-recruit steepness: thus use of Ki; is analogous to the use of R in
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situations where steepness approaches one. The relationship between

Ryand K;; is described as:

KU(EPRO - ﬁ)

Roii= —fpro
where EPRO is unfished eggs per recruit, which in our study would be

Fec, since we assumed constant mean fecundity in all simulations.

2.1.1 | Spawner behaviors

The four spawner behaviors evaluated are defined as follows:
1. Preference for habitat quality, HabQ

The spawners' probability to select a local spawning site is di-
rectly proportional to the local habitat quality in terms of its carrying
capacity compared with the other sites. In this scenario, the females
will spread among the five local spawning sites such that the relative
frequency distribution of spawners at the five sites becomes equal
to the relative frequency distribution of the five carrying capacities.
Note that this spawner behavior is not similar to what would be ex-
pected in a dynamic situation, at equilibrium, when the offspring re-
turns to the site where they were born, as the HabQ behavior does
not account for offspring migration mortality. The number of spawn-

ers in each local spawning site was calculated as:

Ny = (

where N, is the total female abundance for the spawner abun-

K ) Kaj Knj
Nt t,k'NZ ik=\ <=0 Nt tkr o N, ik=\ <=n o Nk tk
ZLl Ku‘ i ! 2;1:1 Kw : " ZL Ki,i i

dance level k.
2. ldeal free distribution, IFD

Following an ideal free distribution, each spawner selects the
spawning site that will maximize the overall per capita (Fretwell &
Lucas, 1970). The first spawners will select the habitat with the highest
product of §1,*K; ,
dependence starts to reduce the recruitment success the habitat choice

but as the number of spawners increase and density

will depend on the number of spawners already present at the different
spawning sites. The solution in this situation can only be found by com-

paring the expected per capita recruitment success, R;;, / N;, at each

ik
spawning site. When there are many spawners the final distribution will
be the one when the per capita recruitment is approximately the same at
all spawning sites. At equilibrium the IFD will be identical to a strict hom-
ing spawner behavior (i.e. that spawners return to the same local site
as where they were born), in terms of the number of spawners at each
habitat, and in terms of individual fitness. The IFD process was solved
iteratively so that each additional spawner “evaluated” the recruits/egg

ratio based on the existing spawner densities at each spawning site.
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3. Random habitat selection, Random

We used the Dirichlet-multinomial distribution to distribute the

spawners randomly among the five spawning sites:

NyjgoNojx --- Nyjy ~ Dirichlet — Multinomial (1,1, ... 1, Niggy )-

With this function, the selection of spawning site is essentially
random among the first spawners that arrive. With no influence from
local habitat quality, whereas at an increased abundance spawn-
ers select sites in proportion to, approximately, twice the number
of spawners already available at the sites. Hence, the distribution
of spawners among sites starts to deviate from equal probabilities
as the number of spawners increases. This means that the random
distribution will seldom result in an equal distribution of spawners
among the five sites. Moreover, the same distribution pattern is un-
likely to be repeated in subsequent spawnings since the site that at-
tracts many spawners is a random process.

4. Stepwise habitat selection, Stepwise

The stepwise habitat selection pattern was based on the theory
of social attraction (Bietz, 1981), and the empirical study by Finstad
et al. (2013), who showed that Atlantic salmon (Salmo salar) preferred
areas used by other spawners, and that utilization of additional spawn-
ing sites was positively correlated with spawner densities. Under a
stepwise habitat selection pattern, the closest (e.g. farthest down-
stream) spawning site (no. 1) will be used first until a fixed abundance
threshold is reached, after which the next closest spawning site (no.
2) will be utilized, and so on until all habitats are filled. Then additional
spawners are distributed equally among all spawning areas. The abun-
dance threshold was set to 95% of K; ,
The influence of the different spawner behaviors on the distri-

and equal for all spawning sites.

bution of females among the five sites and on the total recruitment

is illustrated in Figures 1, 2.

2.2 | Parameter values used in the simulations

Values and limits for the predefined parameters were chosen arbi-
trarily, but are based on production parameters seen as realistic for

a salmonid fish (according to expert opinion), Definitions and param-
eter values are listed in Table 1.

2.2.1 | Predefined parameter values
The predefined simulated parameter value for the maximum total

recruitment for environment j, Xp Was defined as:
n
5= X 51K
i=1

Predefined total survival rate in the system (ejvk) was based on the
five local survival rates (S1;;) and the initial survival rate (SO) for each
spawner abundance level, and was calculated as the product of total
S1;and SO as:

_ iRk

0
ik 5" R
i=1 51,

S0,

where total 51, is defined as the ratio of the total number of recruits
based on the total S1;; and SO (X1, Rijx) and the total number of re-
cruits with only SO (X7 Ry /S1;).

2.2.2 | Parameter estimation

For each of the four modeled spawner behaviors, the parameters Kl.’
(maximum recruitment in the environment) and 5].' (maximum sur-
vival rate in the environment) were estimated using the complete
oty N =49 or 24).

We estimated combined S;’ survival rate and carrying capacity,

spawner abundance sequence (N
Ki’, for the Beverton-Holt model as:

R SJ-/NM ik Fec
O T (14 5/ NyggyFec / K/')’

and for the Ricker model as:

_ Si™NotjkFec

- ! K
Riotj = S'NiotjkFece <

FIGURE 1 Conceptual figure showing
differences in stock-recruitment
relationships for four different spawner
distribution behaviors, assuming local
Beverton-Holt (left) and Ricker SR-
relationships (right). Spawners (females)
and recruits have been summed across

Beverton-Holt Ricker
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FIGURE 2. Total female abundance Beverton-Holt Ricker
c.ompared with t.he n.umbe.r of females at HabQ HabQ
five local spawning sites with a common
environment (environment 1). Panels S S
represents combinations of the four S 2
spawner behaviors (rows) and two SR ° °
relationship (columns). Note that the two - -
axes are shown on logarithmic scales. -
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Note that only one survival parameter was estimated, to resemble
realistic stock assessment use of the SR functions where most often
one density-independent survival parameter (alpha) is estimated. Sj’
here represented the combined survival rate from egg to recruit (i.e.
S0 and $1;)) as with ©;,. Note also that the predefined survival rates
(9;,k) are defined for each spawner abundance level (that can imply a
different distribution of spawners across sites), while the estimated
survival rate does not depend on the spawner abundance. The param-
eters were estimated via non-linear least squares regression using the
“nls_multstart” function from the nls.multstart package in R (Padfield
& Matheson, 2018). This function requires upper and lower starting
values for the parameters estimated; upper and lower values were set
to 0.001 and 0.1 for the Sj’ parameter and to 10,000 and 40,000 for
the Kj’ parameter. These limits for the K].’ parameter were chosen since
the maximum total recruitment in an environment would be a function
of 51“ (Table 1). Thus, the maximum total recruitment in the environ-
ment would not be the sum of the total K;; (150,000).

2.2.3 | Relative estimation bias

The relative estimation bias (REB) was calculated as the difference
between the estimated parameter values for K‘.’ and Sj', calculated

Total number of female spawners

from the SR data for the entire spawner abundance range, and
their corresponding predefined values (;(]. and e].vk), divided by the
predefined parameter values, where positive and negative values
indicate over- and under-estimation, respectively. REB for Ri' was
calculated as the difference in percent between the estimated
recruitment (based on the SR curves obtained when applying
the estimated Sj’ and Kj’ in the SR functions), and the observed
recruitment from the simulations for the total range of spawner
abundance. The SR data, analysis, parameter estimates and fig-
ures were executed and produced in R version 4.2.1 (R Core
Team, 2022).

2.3 | Measurement error and data availability for
management situations

Based on the same 1000 environments 24 equally spaced spawner
abundance levels were produced from a spawner abundance be-

tween 1 and K, j/2 where additional lognormal measurement error

tot,
was added to the total recruitment for each spawner behavior,
spawner abundance level and the two SR functions. In this simula-
tion, the predefined parameter values for each environment were

the same as above, and the REB calculations were made using the
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same predefined values of recruitment R 6, and X Since a

tot,j,k? j,
Ricker SR curve has two levels of spawner abundance representing

tot,j and below in order to exclude

levels of spawner abundances above the peak. To mimic realistic lev-

Kmu/Z, the upper limit was set to K,

els of measurement error, lognormal random variates with an SD of
0,0.2,0.4 or 0.6 were added to each observed total recruitment for
each environment:

Wotjjm = Lognormal(mean = log(Ryoyjx ), o = logsd,y, ),

where logsd,  is the standard deviation of the lognormal distribution
(SD of log(x)), and m indexes different magnitudes of measurement
error (SD = 0, 0.2, 0.4 or 0.6), where SD = O depicted estimates
without measurement error. Measurement errors typically depend
on the type of observation/data and the process by which they
are sampled or measured, and have been suggested to be around
60% among several orders of marine fishes (Thorson et al., 2014).
However, a range between 0% and 20% measurement error is often
sufficient to explore the consequences of both small and large mea-
surement error in fisheries ecology (Memarzadeh et al., 2019), which
is why we also included intermediate levels of measurement errors.
Walters and Ludwig (1981) showed that lognormal measurement er-
rors introduce bias in the stock-recruit estimates as well as in the
parameter estimates, and that this bias could be removed by multi-
plying with a correction term, exp(-1/2 6?). In this study, we applied
this correction factor in order to analyze the bias introduced by the
behaviors rather than that introduced by the lognormal measure-

ment error.

3 | RESULTS
The total recruitment and the SR parameters were affected by the
spawning behavior, where the magnitude and variation in the REB

dependent on the specific spawner behavior.

3.1 | Relative estimation bias without measurement
error and full range of spawner abundance

In general, the estimates of recruitment (R‘.’) and the two parameters
S[’ and KJ.’ were affected by the underlying spawner behavior, but
the magnitude of observed bias (REB) was largely dependent on the
distribution behavior (Figures 3, 4).

3.2 | HabQ
Across environments, the HabQ spawner selection behavior did not
introduce any bias in the prediction of total recruitment (Ril) orinthe
estimates of Sj' and Kl.' (Figures 3, 4). This was consistent for both the

Beverton-Holt and the Ricker function (Figures 3, 4).

3.3 | Ideal free distribution

With a Beverton-Holt SR relationship, IFD spawner behavior caused
larger bias in the estimated R].’, S;’ and Kl.’ compared with the HabQ
spawner behavior (Figure 3). However, the REB in the K].' parame-
ter estimate was close to zero and constant over the full range of
spawner abundance (Figure 3). Meanwhile, estimates of Ri’ and Si’
introduced larger REB that was not constant over the spawner abun-
dance range, indicating that with a Beverton-Holt SR relationship
the REB for these two estimates were dependent on the spawner
abundance, where most REB was introduced at low spawner abun-
dance levels (Figure 3).

Also with a Ricker SR relationship, the HabQ spawner behav-
ior produced negligible REB, whereas with an IFD spawner behav-
ior REB was almost twice as large on average compared with the
Beverton-Holt SR relationship (Figure 4). The REB in the Rl.’ and Sl.’
estimates varied over the spawner abundance range, whereas the
REB introduced in K[' estimates was constant (Figure 4). As for the
Beverton-Holt SR, a Ricker SR relationship introduced most REB for
the Rl.’ and SI.’ at low spawner levels, whereas the median REB at high
spawner abundance was close to zero (Figure 4).

3.4 | Random

The random spawner behavior introduced a large REB with significant
variation compared with the other three spawner behaviors (Figures 3,
4). This was consistent for both the Beverton-Holt and the Ricker
SR functions. The estimates of Rj’ were in general dependent on the
spawner abundance, whereas the REB in the Kll and Sj’ was constant and
independent of spawner abundance (Figures 3, 4). For the estimates of
the parameters Kj’ and SI.’ virtually all of the REB was below zero, which
means that in almost all environments these two parameters would be
underestimated for a random type of spawner behavior (Figures 3, 4).

3.5 | Stepwise

For both SR relationships, the stepwise spawner behavior introduced
REB in the estimates of R;’, following the same pattern as for the
other three spawner behaviors, with larger REB at low spawner abun-
dance and REB close to zero at high spawner abundance (Figures 3,
4). However, the REB in the estimates of Rj' with a Ricker SR relation-
ship dropped off at high spawner abundance (Figure 4). This means
that for population abundances above the peak of the Ricker curve
we would underestimate total recruitment. The REB in the estimates
of Sl.' were virtually independent of spawner abundance (constant)
for the Beverton-Holt SR relationship (Figure 3), but dependent on
spawner abundance in the Ricker SR relationship (Figure 4). The
REB for the Kj’ estimates were in general overestimated, for both a
Beverton-Holt and a Ricker SR relationship (Figures 3, 4), but with-
out any trends across the full range of spawner abundance.
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3.6 | Relative estimation bias at low population
abundance, with and without measurement error

For the analysis of REB at lower population abundances and dif-
ferent levels of measurement error, the results are presented
both graphically (Figures 5-10) and as numbers (Table 2). The
figures presented in the main manuscript compare REB intro-

duced by zero measurement errors (i.e. only spawning behavior),

,Wl LEYm

and REB introduced by measurement errors with SD = 0.2, 0.4

and 0.6 (i.e. spawning behavior and added measurement error)
for the Beverton-Holt (Figures 5-7) and Ricker SR functions
(Figures 8-10).

Even if additional measurement error affected the magnitude of
the REB, the different spawner behaviors influenced the REB differ-
ently, and for some of the spawner behaviors, the spawning behavior
explained most of the REB (Figures 5-10, Table 2). What was most

TABLE 2 Mean and SD of the median REB for the estimated R, S’ and K’ based on additional measurement errors at different levels (SD)

under Beverton-Holt and Ricker SR relationships

R” & K"
Spawner Measurement
behavior error (SD) Mean SD Mean SD Mean SD
Beverton-Holt
HabQ 0 0.00 0.00 0.00 0.00 0.00 0.00
0.2 0.021 0.070 0.010 0.19 0.040 1.80
0.4 0.087 0.17 0.10 0.51 0.090 434.25
0.6 0.22 0.32 0.26 6.51 0.22 44747.62
IFD 0 -0.010 0.010 -0.060 0.070 -0.090 0.12
0.2 0.020 0.070 -0.040 0.20 -0.11 1.12
0.4 0.090 0.17 0.060 0.49 -0.090 127.36
0.6 0.19 0.32 0.13 115.95 0.060 5231.92
Random 0 -0.03 0.29 -0.32 Inf -0.17 0.22
0.2 0.00 0.32 -0.29 0.44 -0.16 0.53
0.4 0.07 0.38 -0.25 138.87 -0.090 491
0.6 0.19 0.53 -0.18 2.41x10 0.00 51.040
Stepwise 0 -0.01 0.26 -0.64 Inf -0.41 Inf
0.2 0.01 0.29 -0.64 0.85 -0.41 8865.13
0.4 0.07 0.35 -0.63 467.88 -0.36 8962.090
0.6 0.20 0.51 -0.60 8.53 x10° -0.27 56899.65
Ricker
HabQ 0 0.00 412 %107 2.11x107 3.56x107® -8.02x107 1.20x107°
0.2 0.030 0.070 0.040 0.14 -0.010 45.83
0.4 0.11 0.18 0.12 0.30 0.12 631.36
0.6 0.26 0.35 0.34 0.70 0.040 597.00
IFD 0 -0.010 0.010 -0.050 0.070 -0.28 0.31
0.2 0.010 0.080 -0.030 0.15 -0.31 5.35
0.4 0.080 0.18 0.050 0.29 -0.27 85.67
0.6 0.21 0.33 0.19 0.57 -0.22 139.93
Random 0 -0.030 0.51 -0.20 0.32 -0.42 Inf
0.2 0.010 0.55 -0.19 0.34 -0.38 2.37
0.4 0.080 0.65 -0.13 0.41 -0.34 14.030
0.6 0.21 0.89 -0.030 0.71 -0.25 57.040
Stepwise 0 -0.030 0.050 -0.23 0.27 -0.35 Inf
0.2 0.00 0.09 -0.20 0.27 -0.32 18.38
0.4 0.070 0.18 -0.15 0.31 -0.27 90.43
0.6 0.22 0.37 0.010 0.51 -0.20 360.020

Note: Estimates only for lower ranges of spawner abundances (<K, ;/2).
calculation gave inf. Large numbers.

Inf (infinity) values were obtained when the exponential part of the SD



SKOGLUND ET AL.

mLW[ LEnycology and Evolution

Beverton-Holt

FIGURE 3 The REB for the total
recruitment R’, survival rate S’ carrying

© HabQ, REB SR © HabQ, REB S . HabQ, REB K o
?, 4 3 _ 2 _ capacity K’, for a Beverton-Holt SR
- - A relationship. Each row represents one
% % § of the four different spawner behaviors
3 | 38 | 3 i evaluate (HabQ, IFD, random, stepwise).
8 g g Each yellow dot represents REB
ST T T T T T - I A - I calculated for a specific combination
100 500 5000 50000 100 500 5000 50000 100 500 5000 50000 of an environment and a total spawner
IFD. REB SR IFD, REE S |FD. REB K abundances. Green solid lines show the
0 ! 0 ! - ! median REB calculated for each spawner
° ° S abundance level from all of the 1000
3 BB — 3 "—:_“/"‘" o | environments. Solid black lines illustrate
O o - ————
_E i i s | zero REB. Positive and negative values
-g ° ° 3 | of REB indicate over-/underestimation
S T YT TTT T A o o o o e e B o B! of the known parameter values and total
=
g 100 500 5000 50000 100 500 5000 50000 100 500 5000 50000 recruitment. Note that the total number
= of female spawners (x-axis) is shown using
3 O Random, REB SR - Random, REB S - Random, REB K a logarithmic scale.
O « ] s S
= 4
£
T 2 S T T S TR e
Q] | LI {1
K S freos————— - -
o o | o |
AT e e e e e | AT e e e A B |
100 500 5000 50000 100 500 5000 50000 100 500 5000 50000
Stepwise, REB SR Stepwise, REB S Stepwise, REB K
2 2+ 2
o - .
- o o
o ] S T TS (T S T T i v i
o ] o |FHh—r—— o |
0 T T T 1T T T T T 71 A\ L L L N T Trrrr17 11T T
100 500 5000 50000 100 500 5000 50000 100 500 5000 50000
Total number of female spawners
interesting was that the average REB for the R,' was more or less 3.8 | Ideal free distribution

equal for the four different spawner behaviors and SR functions,
whereas the average REB in Kj' and S[' was higher for stepwise and
random spawner behaviors (Table 2). Moreover, the average REB in
K;’ and S;’ estimates was increased with increasing levels of mea-
surement error for HabQ and IFD spawner behaviors, whereas the
average REB decreased with increasing levels of measurement error

for the stepwise and random spawner behaviors (Table 2).

37 | HabQ
For a HabQ spawner behavior, measurement error with SD = 0.2,
0.4 and 0.6 explained the majority of the REB for the estimated R.',
S[' and Kj’ (Table 2). This was consistent for both the Beverton-Holt
and the Ricker SR relationship (Figures 5-10). In Figures 5-10, this
is visualized by the majority of the visible points being black. This
means that for stocks with a HabQ type of spawner behavior, data
containing low spawner abundance, and measurement error (SD
20.2); the measurement errors will generate larger REB than the un-

derlying spawner behavior.

For an IFD spawner behavior, all three levels of measurement error
resulted in a large variation in the REB of Rll’ Sil and Ki’ (Figures 5-10,
Table 2). Both the median REB and the variation in REB were larger
than what was produced by the underlying spawner behavior (zero
measurement error) (Figures 5-10, Table 2). These results were con-
sistent for both SR relationships. In estimates of Rl.' and S[' the REB
was influenced by the spawner abundance (Figures 5-10), where
larger REB was introduced at low spawner abundance.

3.9 | Random

For a random spawning behavior and a moderate measurement error
(SD=0.2), most of the REBin R[', Sj’ and K‘.' were explained by the spawner
behavior. This was consistent for both SR relationships (Figures 5, 8).
However, increased measurement error (SD>0.2) generated larger and
more variable median REB (Figures 6, 7, 9, 10, Table 2). For all levels of
measurement error, the REB was constant over the spawner abundance

range, which means that the REB was not dependent on the abundance
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level. Compared with the IFD and HabQ the random spawner behavior
introduced a larger median REB in estimates of 5;" (Figures 5-10).

3.10 | Stepwise

For a stepwise spawner behavior and a majority of the REB in es-
timated Rj' was explained by the spawner behavior compared with
measurement error (SD = 0.2, 0.4 and 0.6, Figures 5-10, Table 2),
except for a Ricker SR relationship with SD = 0.6 (Figure 10,
Table 2). The estimates of Sj' was also largely influenced by the
spawner behavior at low measurement error (SD = 0.2), whereas
larger measurement error (SD = 0.4 and 0.6) generated high varia-
tion in REB (Figures 5-10, Table 2). Even if the median of the REB in
the estimated Sj' was almost equal between the different measure-
ment error levels (SD = 0, 0.2, 0.4 and 0.6), REB without measure-
ment error (SD = 0) introduced REB that was almost exclusively
negative, whereas the other three levels of measurement error
introduced both negative and positive REB (Figures 5-8, Table 2).
Estimates of Kj' introduced large variations in REB, independently
of the SR relationship and spawner abundance level (Figures 5-10,
Table 2).

Total number of female spawners

4 | DISCUSSION

Two of the spawner behaviors evaluated (HabQ and IFD) introduced
no or negligible bias in the estimates of total recruitment, survival
rate and maximum potential recruitment, whereas the other two
spawner behaviors (random and stepwise) generated considerable
REB. These results were consistent for both the Beverton-Holt and
Ricker SR relationships. These general results were also consistent
with and without additional bias (i.e. measurement error). Our re-
sults, therefore, suggest that for some underlying spawner behav-
iors the SR relationship might not be well approximated even when
local recruitment is based on one of these two functions. Depending
on the habitat selection pattern, this miss-specification might ulti-
mately yield biased parameter estimates for two extensively used SR
functions (i.e. Beverton-Holt and Ricker).

For the two common SR functions studied herein, spawning in-
dividuals in the population are typically assumed to distribute ho-
mogeneously across all potential spawning sites in a system, with
all offspring suffering the same average mortality independent of
where they were born. These assumptions are probably not realistic
for most fish species, and there are studies suggesting alternative
spawner behaviors for at least some species (Bouchard et al., 2018;
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FIGURE 5 REBforR’,S"and K’, based
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Falcy, 2015; Finstad et al., 2013; Haugen et al., 2006; Huntsman
et al., 2017; MacCall et al., 2019). The four distribution patterns
evaluated in this study are perhaps rough simplifications of the real
world, but our results clearly demonstrate that depending on the
spawner behavior in combination with environmental conditions in
terms of density-independent survival rates and carrying capacities,
estimates of population productivity can be biased using these two
common SR functions”.

When the spawner behavior was proportional to the local
carrying capacities (i.e. HabQ distribution), parameters were es-
timated with high accuracy and precision over the entire spawner
abundance range (i.e. low REB). Under a more realistic manage-
ment scenario using a lower spawner abundance range and ad-
ditional measurement error the median estimates of R", S”and K~
did not change remarkably, only variation in REB, which could be
explained by the level of measurement error that was added. This
indicates that under a HabQ spawner behavior, the Beverton-Holt
and Ricker SR functions are consistent with the assumption that
reproducing individuals distribute in a spawning system accord-
ing to local carrying capacities, where abundance occupation of
all spawning sites is expected even at low spawner abundance

(see derivation in Appendix S1). This type of spawner behavior
has been observed in chinook salmon (Oncorhynchus tshawytscha)
where habitat quality can override a strict homing spawner behav-
ior (Cram et al., 2013). However, this relationship no longer holds
when SO differs between habitats. Since SO, among other things
includes losses due to predation, one might suspect that SO differs
between spawning areas, and our conclusion of negligible bias in
the global SR function for the HabQ behavior might therefore be
over-optimistic.

The Ideal free distribution has been suggested to hold as the
spatial distribution for many marine fish species (Shepherd &
Litvak, 2004). Our results show that an IFD spawner behavior gen-
erated relatively low REB on average, but with a larger variation
compared with the HabQ. It is important to note that each dot in
Figures 3-10 represents recruitment from one spawner abundance
level in one environment. So a larger variation in REB illustrates that
for some environments (habitat parameter settings) we might risk
considerable bias if we do not consider the underlying spawner be-
havior in the SR functions. Moreover, the REB in R’ and S’ varied
over the spawner abundance range, which means that the magni-
tude of REB was influenced by the spawner abundance level, where



SKOGLUND ET AL.

Ecology and Evolution

FIGURE 6 REBforR’, S andK’, based
on low spawner abundance (K, _, ./2)
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at low spawner abundance R’ and S’ were underestimated, but at
high spawner abundance levels the REB was almost zero. These re-
sults were consistent also when only low spawner abundance range
data was used and measurement errors were added. Therefore, for
populations at low abundance levels also an IFD might introduce bias
in estimates of SR relationships if the spawner behavior is ignored.

The variation and magnitude of REB were more pronounced
in the random spawner behavior which is perhaps not surprising
since the density in each spawning site was randomly assigned,
meaning that some sites were underutilized, whereas others were
over-utilized over the full spawner abundance range. This was also
reflected in the low spawner abundance data analysis with addi-
tional measurement errors added where a large proportion of the
variation in REB could be explained by the random behavior, even at
the highest levels of measurement errors added (SD = 0.6). Maunder
and Deriso (2013) suggested a spatial extent SR function resembling
a Beverton-Holt SR relationship that assumed a random distribution
of spawners. However, as also Maunder and Deriso (2013) discuss, a
random spawner behavior might perhaps not be realistic.

A stepwise spawner distribution is perhaps not a realistic spawner
distribution on its own either, but stepwise dispersal in fish has been
observed in empirical studies; e.g. reflecting spillover processes

0.0

Total number of female spawners (scaled)

(Abesamis & Russ, 2005), spawner dispersal (Finstad et al., 2013)
and density-dependent habitat expansion (Bartolino et al., 2011).
The stepwise spawner behavior generated a large median REB with
considerable variation. This was consistent for all analyses and SR
functions. Moreover, the stepwise spawner behavior explained the
majority of the variation in REB even when additional measurement
error was introduced. These results indicate that in some environ-
ments a stepwise spawner behavior may generate estimation bias in
vital SR relationship estimates, which should be of concern for stock
assessments. A Larger REB was generated in estimates of the max-
imum survival rate parameter (S°), compared with the total carrying
capacity (K'). This was consistent using both the full and low spawner
abundance range, with and without measurement error added, and
for both SR relationships. The high accuracy and precision in the es-
timates of K' is probably due to that the spawner abundance range
was sufficient to inform the SR functions of the peak (Ricker) or as-
ymptote (Beverton-Holt) part of the SR relationship.

Even if K’ is essential in SR functions, most exploited fish stocks
are probably far from the true carrying capacity of the system, which
makes estimates of the S’ parameter arguably more important for
population dynamics modeling and stock assessment (Myers, 2001).
The S’ parameter is the initial slope of the SR curve and can be
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on low spawner abundance (Kt /2)
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interpreted as the maximum reproductive rate of a stock, which
makes it an important parameter in fisheries assessment and man-
agement (Myers, 2001). Our results show that the population-level
survival rate is not only affected by spawner behaviors and the SR
relationship (Beverton-Holt or Ricker), but also by spawner abun-
dances for a given distribution pattern. As an example, IFD, random
and stepwise spawner behaviors generated underestimates of the
survival rates at low spawner abundances but negligible REB at high
spawner abundance levels. Thus, even if we would have data covering
the whole range of population density, we still risk underestimating
the survival rate when population abundance declines. Interestingly,
the median REB in the survival rate estimates were reduced for a ran-
dom and stepwise spawner behavior when additional measurement
errors were added. The majority of the REB in survival rate was mainly
negative and additional measurement error introduced positive REB,
which generated a median REB closer to the predefined parameter
values. Therefore, measurement errors might in these cases make es-
timates less biased. Furthermore, for fish species that have both spa-
tially constrained and unconstrained life stages, climate change might
induce a further separation in stage-specific habitat usage (Ciannelli
et al., 2022). This could lead to a reduction in the habitat range where
local spawning sites might be inaccessible or unused in the future.

4.1 | Management perspectives

Even when factors contributing to lifetime reproductive output (e.g.
fecundity, maternal age and size structure) are accounted for in SR
functions, estimates of recruitment often remain highly variable
(Green, 2008). Our results suggest that the distribution of spawn-
ers might influence such variability. However, our analysis with
additional measurement error, and with SR data covering only low
spawner abundance levels, shows that for a HabQ and IFD spawner
behaviors, the resulting increase in bias, might mask the effects of
the underlying spawner behavior (e.g. generate higher variation in
REB than the spawner behavior). Most stock-recruit data sets for
managed fish stocks lack contrast in spawner abundances, and rather
consist of relatively short time series at low or intermediate spawner
abundances (Hilborn & Walters, 2015). Moreover, additional sources
of bias, e.g. environmental variation, time-series bias, shifting pro-
ductivity regimes, and observation and (or) process bias are com-
mon in SR data (Haddon, 2001; Maunder & Piner, 2015; Quinn &
Deriso, 1999; Vert-pre et al., 2013; Walters, 1985). For stocks lack-
ing contrasting data and with measurement errors (SD > 0.2) the bias
caused by the underlying spawner behavior might therefor be of sub-
ordinate concern compared with that related to the measurement
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FIGURE 8 REBforR’, S and K’, based
on low spawner abundance (K, _, ./2)
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errors if the spawner behavior is either HabQ or IFD. In contrast, for
both the Beverton-Holt and Ricker functions, a stepwise or random
spawner behavior may introduce additional uncertainties that are
not explained by the measurement error (i.e. variation in the REB is
higher than what is added by the measurement error) Measurement
errors are most often accounted for in stock assessment (Brooks
et al., 2019), but additional estimation bias might be introduced by
the underlying spawner behavior. The majority of the REB in our
analyses was negative, which means that the productivity was un-
derestimated. Underestimation of population productivity may lead
to underutilization of populations, whereas overestimation may tend
to produce overly-optimistic management advice (Conn et al., 2010;
Hilborn et al., 2015), ultimately also resulting in lost yield. The extent
of the loss can depend on the magnitude of the bias. Our results
show that the magnitude and direction (under-/overestimation) of
the parameter estimation bias depends on the spawner behavior and
varies over the population abundance range. This is mainly an ef-
fect of the under-/overutilization of local spawning sites depending
on the spawner distribution pattern. Irregular productivity regimes,
not only depending on abundance, have been raised as an important

factor in fisheries management (Vert-pre et al., 2013). Our results

Total number of female spawners (scaled)

suggest that the spawner behavior might be one component contrib-
uting to this irregularity in productivity and that the productivity can
vary according to population density.

For habitat restoration, ignoring the underlying distribution pat-
terns of spawners may directly affect the outcome of restoration
objectives, since habitats could be over- or underutilized compared
with the common SR assumption, where spawners would utilize
all potential spawning sites instantly and distribute homogenously
across all spawning sites. This could ultimately make predictions of a
system's productivity biased. Notably, if spawners follow a stepwise
pattern and distribute according to the recruitment migration dis-
tance and the local carrying capacity, colonization of new habitats
would probably be delayed compared with a more homogeneous
spawner distribution (Einum et al., 2008b; Huxel & Hastings, 1999).
Moreover, our results show that productivity is not stationary over
the spawner abundance range. Results based on global SR functions
may thus deviate considerably from the actual SR relationship of the
global population in certain population ranges, where under-/over-
estimations of the survival parameters depend on the distribution
pattern. Therefore, for recovering exploited populations, knowledge
of the underlying distribution pattern of reproducing individuals
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could be important for accurate stock-recruit parameter estimation
and robust predictions of population development.

4.2 | Directions for future research

Spawner behaviors can be modeled and included in stock assess-
ments; however, to do so, the specific behavior needs to be known,
since the variability depends on the population (stock) specific
spawner behavior. Empirical studies show that different fish species
may display different distribution patterns (e.g. Foldvik et al., 2010;
Huntsman et al., 2017; Langangen & Stige, 2021), indicating the lack
of a general spawner distribution model that can be applied in stock
assessments. It is beyond the scope of this study to provide a general
suggestion on how to statistically handle spawner behavior patterns
in stock assessments, but more stock-specific knowledge of spawner
distribution appears warranted, which can be obtained for some
species via e.g. telemetry studies (Dean et al., 2014) or nest counts
(Finstad et al., 2013). As an extension to our present study, we are
currently exploring if the spawner distribution behavior of Atlantic
salmon could be detected using empirical spatio-temporal data on

juvenile abundance (from electrofishing) together with spawner
counts. This could be one way forward to gain more knowledge of
the distribution behavior before additional data from other methods

are available.

4.3 | Main conclusion

Using theoretically possible spawner distribution patterns, our re-
sults show that, when applying commonly used SR functions, the
underlying distribution patterns of spawning individuals can af-
fect estimates of SR parameters that govern the productivity of
exploited fish stocks. Moreover, for stock assessments, the results
from this simulation study suggest that any underlying distribution
pattern that deviates from a homogenous distribution of spawning
individuals can introduce systematic bias in parameter estimates,
where the magnitude of estimation bias depends on the underlying
spawning distribution pattern. For some of the spawner behaviors
evaluated, realistic levels of measurement error (SD >0.2) would in-
troduce larger bias than resulting from the spawner behavior, which
makes measurement errors of higher concern from a management



SKOGLUND ET AL.

Ecology and Evolution

FIGURE 10 REBforR’, S and K/,
based on low spawner abundance (K, . ./2)

Ricker, SD =

7W] LEY 17 of 19

0.6

tot . . :
without (yellow dots) and with added HabQ R HabQ S | HabakK
measurement error (SD = 0.6, black dots), Al o o M
for a Ricker SR relationship. Green and @ 7 .
blue solid lines show the median REB b <
without and with measurement error, - T
o 4
respectively. Black solid line shows zero ° T
REB. Note the different scales on the 0.0 04 0.8
Y-axis. For clearer visualization, female
abundance (x-axis) is displayed as a IFD §° IFD K"
proportion of the evaluated maximum o |
abundance. ﬂ a7 bl T
% — S T <+
@ o || o 7]
g s TILLLLLLLLLIEITIT) S TTITILIL °
o LI B 1 LN B B B
S 0.0 04 0.8 0.0 0.4 0.8 0.0 0.4 0.8
©
I Random R’ Random S” Random K"
‘g © - _ . 0 -
S T I T H I
B 1111 1L
3 ] NI o ~
o o
T T T T T 1 LI B B B B | T T T T T
0.0 04 0.8 0.0 0.4 0.8 0.0 04 0.8
Stepwise R” Stepwise S” Stepwise K”
S © T T 5
o] ©
: - J
o SR
0 °
T T 1T T T
0.0 04 0.8 0.0 0.4 0.8 0.0 04 0.8

perspective. Moreover, the majority of the estimation bias was of a
precautionary nature (underestimation), which means that violating
the spawner distribution assumption will not lead to unsustainable
harvest rates but rather a potential loss of yield. To reduce potential
estimation bias, further research into stock-specific spawner distri-
bution patterns is needed.
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Supplementary Information (SI)
Here is the derivations proving that the Beverton-Holt SR function (valid also for Ricker)

s = density independent survival during the juvenile phase, e.g. in the river. Here assumed to
be the same for all spawning grounds.

N = Y% n;, (spawners and their fecundity)
K = Y29 k;, (carrying capacities)

The proof below is for the Beverton-Holt SR function, but the same method can be used to
verify that it holds also for the Ricker SR function.

Show that the left-hand side (LHS) equals the right-hand side (RHS) of the two alternative
formulations of Beverton-Holt functions below, which both aggregate spawners (n;) from an
arbitrary number (max) of spawning grounds each with its unique carrying capacities ki, i-1-
max. The LHS version sums the BH functions (local recruitment) from each local spawning
ground, while the RHS version is a single traditional BH function that directly calculates the
total recruitment by using the total number of spawners as well as the total carrying capacity.

Yo (s n/(L+s*n/k)) = s* 00 /(L+s* 3 5 /T k)
Substitute Y125 n; with N, and Y;2%k; with K into the RHS
Z;iaf(s *n;/(1+s*n;/k))=s*N/(1+s*N/K)

Assume that the spawners select spawning grounds directly proportional to the carrying
capacities of the spawning grounds (habQ scenario).

This means that for example ni=N*ki/K spawners will select spawning ground i.
Replace n; with N*ki/K in the LHS.

Y (sNki/K/(1+s*Nki/K/k)) =s*N/(1+s*N/K)

Simplify

s*N/K+*(EM*k)/(1+s*N/K)=s*N/(1+s*N/K)

Replace Y24 k; with K

s*N/K*K/(1+s+*N/K)=s+*N/(1+s*N/K)

Simplifying after the last substitution gives LHS=RHS
s*N/(1+s+*N/K)=s+*N/(1+s*N/K)

Conclusion

The two alternative formulations of the Beverton-Holt function are identical given the
assumptions made. Following the description above it turns out that it is valid also for the
Ricker function. Hence, the traditional Beverton-Holt as well as the Ricker stock recruitment



functions allow for heterogenous recruitment areas (varying size or quality) when the
spawners choose the spawning grounds in proportion to the size or quality of the available
spawning grounds and when the density independent survival of the offspring is the same in
each area. In fact, there is some possibility for varying density independent offspring
survival, but that requires s0;*s1;=s0;*s1; for all i and j. Moreover, as the total spawner
density increase the influence of the density independent survival parameters decreases,
implying that the LHS and the RHS of the above expression will be fairly equal even when
there are some deviation in density independent survival between the areas, as can be seen in
the habQ graphs showing a small bias of the global Beverton-Holt and Ricker SR-functions at
increasing female numbers.
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