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Summary

Polymorphisms are widespread throughout many different taxa of vertebrates. Discrete
polymorphisms or morphs usually differentiate in morphology, ecology and life history, most
likely driven by adaptations to different habitats and resources. For sympatric morphs to be
able to maximize fitness in different niches and habitats, they may develop differences in
several life history traits. Arctic charr (Salvelinus alpinus (L.)) is a good model species for
verifying and understanding ecological driven polymorphism and speciation. Here, 1 address
the life history traits of three sympatric living Arctic charr morphs in Skogsfjordvatn in
northern Norway. The charr morphs differ in diet and habitat utilization; including one morph
that feeds on benthic invertebrates and zooplankton in the littoral-pelagic zone (referred to as
the LO-morph), a second that feeds on chironomids and small mussels in the profundal zone
(PB-morph), and a third that also inhabits the profundal zone, but has a piscivorous diet (PP-
morph). The littoral and the two profundal spawning morphs are differentiated in time and
place of spawning and all morphs are genetically differentiated, indicating complete
reproductive isolation. These morphs also had contrasting differences in numerous life history
traits. Temperature and prey density differences between the profundal zone and the upper
water layers led to that the two profundal morphs had distinctly lower growth rate than the
LO-morph. The fast growth rate for the LO-morph led to a relative low age (~4.8 years) and a
relatively large size (~21 cm) at maturity, which was intermediate compared to the other
morphs. The two profundal morphs had totally contrasting life history traits even though
abiotic factors and the growth rate in the first living years were similar. This indicates that
they had adopted contrasting strategies for increasing fitness. The PB-morph matured at a
young age (~3 years) and at a small body size (~8.5 cm) to be able to increase fitness by
investing in reproduction early in life, leading to a shorter generation time and also decreasing
the potential of being predated on. The PP- morph on the other hand, matured at an old age
(~9.2 years) and a large body size (~26 cm). This delayed reproduction enables the PP-morph
to increase fitness by investing in somatic growth to increase initial fecundity, and also to
reach a body size were profitable prey (fish) might be available. Age at maturity also explain
the difference in longevity between morphs. Fecundity and egg-size increased with body size
both between and within morphs. The difference in trade-off regime between the PP and PB-
morphs seems to be caused by adaptation to alternative trophic niches, and appears to be an

important factor for the co-occurrence of two different morphs in the profundal zone.



Introduction

Polymorphisms are widespread throughout many different taxa of vertebrates, including
examples from birds, amphibians, and fishes (Skulason and Smith, 1995). Polymorphisms are
defined as discrete intraspecific morphs that utilize different resource niches, and which may
have a varying degree of reproductive isolation (Smith and Skulason, 1996). Discrete
polymorphisms or morphs usually differentiate in morphology, ecology and life history traits,
most likely driven by different adaptations to different habitats and resources (Skulason and
Smith, 1995; Smith and Skulason, 1996; Adams and Huntingford, 2004). In sympatry and
parapatry, disruptive selection against intermediate phenotypes is suggested to be potent in
diverging a population into different phenotypes exploiting different niches (Schluter, 2001;
Doebeli and Dieckmann, 2003; Doebeli et al., 2005). For sympatric morphs to be able to
maximize fitness in different niches, they may develop a difference in several life history
traits. Some have even argued that differences in specific life history traits, like e.g. egg size,
could promote divergence of a population (Leblanc et al., 2011). The role of morphology,
body size, resource utilization and behavior for sympatric living morphs are well established
in the literature (see: Skulason and Smith, 1995). In contrast, relatively little attention has been
given to the specifically role of life history traits for sympatric morphs. Here, I address the life
history traits of three sympatric living morphs in a freshwater fish population to be able to

enhance the knowledge of its potential role in polymorphic systems.

Skulason and Smith (1995) suggest that the occurrence of different morphs is most evident in
communities where interspecific competition is low, the potential for intraspecific variation of
traits is high and the availability of open resource niches are large. Genetic variation,
phenotypic plasticity and maternal effects are proposed to create the individual variation that is
needed to adapt to a specific environment and exploit a novel resource niche (Skulason et al.,
1999; West-Eberhard, 2005; Schluter, 2009; Schluter and Conte, 2009). Sympatric morphs
could both emerge as phenotypic variabilities within a single gene pool, or as a differentiation
of a gene pool into more than one, with some sort of reproductive isolation between the
different phenotypes or morphs (Gislason et al., 1999; Parker et al., 2001). Reproductive
segregation between sympatric morphs may occur due to e.g. assortative mating based on
different phenotypic expressions (Doebeli et al., 2005). Differences in habitat selection
between sympatric morphs could lead them to be exposed to different environments and
selection pressures, which again can lead to fixation of different adaptive genes and could

further lead to speciation (Skulason et al., 1999).



Life history theory aims to explain the evolution of different life-history traits adapted to
different environments (Winemiller, 2005). An organism’s life history strategy is defined by
ontogenetic and reproductive traits that determine individual lifetime reproductive success
(Roff, 1992). The selection pressure that creates variation in life history strategies between
morphs comes from both abiotic factors like temperature, light, pH, etc., and biotic factors
related to ecological interactions. The typical life history traits under selection are size at birth,
growth schedule, age and size at maturity, number and size of offspring, age- and size specific
reproductive investments, age- and size specific mortality rates and length of life (Stearns,
1992). An individual will experience energetic and developmental constraints on life history
traits that make the optimization of all these traits difficult (Stearns, 1992). Life history traits
are bound together by trade-offs due to these different constraints; an increase in energy
allocation to one trait, would lead to decreased energy allocation to another trait (Roff, 1992;
Stearns, 1992; Wootton, 1998). A classical trade-off exists between present reproduction and
future growth (Wootton, 1998). For sympatric morphs, different selection pressure could lead
to differences in trade-off regimes and as a consequence lead to differences in life history traits

to be able to maximize fitness.

Fishes has evolved huge differences in numerous life history traits that are adapted to their
ecological niche (Wootton, 1998). Also intraspecific differences in life history traits are large,
and especially for many freshwater fish species, like e.g. sticklebacks, European whitefish,
brown trout, Arctic charr, guppies and European perch (Rodd and Reznick, 1997; Klemetsen
et al., 2003; Heibo et al., 2005; Ostbye et al., 2006; Baker et al., 2008). Blanc and Lamouroux
(2007) studied inter- and intraspecific differences in life history traits between 25 species of
freshwater fish. They found that some life history traits, like growth rate, mortality rate and
length of breeding season are more different within species than between species. The life
history variations within species were suggested to come from great variation of abiotic factors
affecting the different intraspecific populations (Blanck and Lamouroux, 2007). Temperature
is one such abiotic factor. The temperature-size rule for ectotherms states that growing up at
low temperatures will make individuals grow slower, mature at an older age, but still be larger
at maturation than individuals in warmer temperatures (Arendt, 2010). Salinity, dissolved
oxygen and light conditions in addition to temperature are all abiotic factors that could vary

between lakes, but also between habitats in the same lake (Wetzel, 2001).

Any factor causing a change or a differentiation in mortality rates in a population will affect

the life history traits of the population (Wootton, 1998). Predation is one such factor that could



affect mortality rates in fishes, and thus affect the life history traits (see: Reznick et al., 1990;
Johnson and Belk, 2001). High and unpredictable mortality rates in the adult stage of the life
cycle select for increased reproduction early in life (Schaffer, 1979). High and unpredictable
mortality rates in the juvenile stage of the life cycle in contrast select for decreased
reproduction early in life and a longer adult life (Schaffer, 1979). Predation risk could force
the prey population into less profitable habitats, but also force the prey species to allocate
energy and attention to predator avoidance and thus alter life history traits indirectly (Griffiths,
1994; Bolnick and Preisser, 2005). There are many examples that inter- and/or intraspecific
competition can affect life history of fishes (see: e.g. Mittelbach, 1988; Persson and
Greenberg, 1990; Magnan et al., 2005). High competition for food resources could lead to
poor growth for individuals within a population, which could affect many life history traits in
addition to growth (Wootton, 1998). Relaxation of competitive pressure by switching to a
different niche (Skulason and Smith, 1995), could alter life history strategies in order to be
able to adapt to that novel niche. Switching from one habitat to another where the resource

densities differ between them could also affect the expression of different life history traits.

In Arctic charr (Salvelinus alpinus (L.)) there are many examples of polymorphic systems that
are believed to originate from an adaptive speciation process (Skulason et al., 1999; Jonsson
and Jonsson, 2001; Klemetsen et al., 2003; Adams and Huntingford, 2004; Klemetsen, 2010).
Some even argue that Arctic charr is the most polymorphic species in the world (Klemetsen,
2010). These Arctic charr morphs show very strong morphological, ecological and life-history
differences (Klemetsen, 2010). The understanding of evolutionary processes, sympatric
speciation and polymorphism in Arctic charr are mostly derived from three classical studies;
lake Thingvallavatn in Iceland, Loch Rannoch in Scotland and lake Fjellfrasvatn in Norway
(Klemetsen, 2010). In lake Thingvallavatn there are described four distinct morphs, which are
all found either in the pelagic or the littoral zone of the lake. These morphs differ in life
history parameters like body size, fecundity and age and size at sexual maturation. These
differences are believed to be an effect of dissimilarities in diet and habitat selection (Skulason
et al., 1989; Sandlund et al., 1992). Loch Rannoch has three distinct morphs, which also
segregate in the littoral-pelagic habitats (Adams et al., 1998). Fraser et al. (2008) found great
differences in life history parameters like growth for the three different morphs as a
consequence of the differentiation of their resource niche. In lake Fjellfrosvatn there are two
distinct morphs, one predominantly occupying the littoral-pelagic habitats, and the other being
confined to the profundal habitat (Amundsen et al., 2008). These two morphs show

significantly different life history traits from one another regarding time and place of



spawning, growth, age and size at maturity, and fecundity and egg-size, suggested to be
caused by difference in habitat and resource utilization (Klemetsen et al., 1997; Klemetsen et

al., 2003).

Recently a polymorphic population of Arctic charr was discovered in lake Skogsfjordvatn,
northern Norway. This population must originate from anadromous Arctic charr that invaded
Skogsfjordvatn some time after the last ice age (10 000-12 000 years b.p). These ancestral
charr assumedly segregated into different morphs either in sympatry or through multiple
invasions to the lake (Knudsen, R., unpublished data). There are now three distinct morphs of
Arctic charr in the lake; one inhabits the pelagic-littoral habitats, whereas two morphs inhabit
the profundal. According to genetic analyses, the three morphs have a strong reproductive
isolation from one another (Praebel, K. and Knudsen, R., unpublished data). They are also
segregated in diet, morphology and parasite infection (Knudsen. R., unpublished data,
Skoglund, S. in prep., Refsnes, B. in prep.). The morph that is utilizing the pelagic-littoral
habitat is believed to be the ancestral invader and feeds mainly on zooplankton and
zoobenthos, resembling monomorphic populations of Arctic charr elsewhere in northern
Norway (Knudsen, R., unpublished data; Eloranta et al., 2013). This morph is named the
littoral spawning omnivore morph, hereafter called LO-morph. One of the morphs that is
utilizing the profundal zone feeds on soft bottom benthos similar to the profundal morph in
Fjellfrasvatn (see: Klemetsen et al., 1997). The last morph is mainly piscivorous and has a
feeding habitat that is seldom seen for Arctic charr, since it utilizes the profundal zone to hunt
for fish prey (Knudsen, R., unpublished data). These two morphs are named profundal
spawning benthivore morph, hereafter called PB-morph, and profundal spawning piscivore

morph, hereafter called PP-morph, respectively.

Here, I studied different life history traits of the three sympatric Arctic charr morphs in
Skogsfjordvatn. I will contrast the life history parameters that these morphs exhibit, compare
their life history traits to other populations of Arctic charr found elsewhere and compare the
findings to general life history theory. Based on the knowledge about these morphs habitat
utilization and resource niche and, knowledge from other Arctic charr systems, I expect them
to differ significantly in the life history traits studied here; time and place of spawning,
growth, age- and size at maturity, fecundity and egg size. Due two differences in temperature
and prey densities between the profundal and the upper water layers (Wetsel, 2001), it is
expected that the LO-morph has a faster growth rate than the two other morphs. Due to the

difference in growth rate, habitat and diet it is expected that the different morphs would have

10



different strategies for increasing fitness; the PB-morph is expected to mature at a young age
and thus a small body size, invest relatively more energy in reproduction early in life leading
to a low maximal body size and as a consequence of a small body size have low fecundity and
small eggs. The PP-morph is expected to mature at an older age in order to invest energy in
somatic growth to be able to reach a size where piscivory is efficient, and thus a relatively
large size at maturity, reach the largest maximal body size because of its diet, and as a
consequence of body size have the highest fecundity and largest eggs. The LO-morph is
expected to mature at a relatively young age, however, at a relatively large body size due to
high growth rate, have intermediate age and size at maturity relative to the other morphs and

thus intermediate fecundity and egg-size.
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Materials and methods

Study site and sampling
The study site was Lake Skogsfjordvatn on the island Ringvasseya in Troms County, northern

Norway. The lake is 13.6 km” and about 10 km long and is situated 20 meters above sea level.
The lake is considered to be an old fjord from the last ice age (10 000 -15 000 years ago)
(Norges vassdrag- og energidirektorat, 2010). The main basin is between 60-65 meters deep
and the lake has a maximum depth of about 100 meters. The lake is dimictic, oligotrophic,
poor in calcareous compounds and is slightly affected by humic influx. It is usually ice-
covered from December to early June. The drainage area is dominated by alpine landscape and
birch forests, and there is also a few farms on the eastern side of the lake. Gillnet fishing by
local people has been conducted for a long time. The outlet river from Skogsfjordvatnet is
only 1 km long, with no major obstacles for anadromous fish (Norges vassdrag- og
energidirektorat, 2010). This leads to a fish community that consists of both anadromous and
freshwater-resident fish populations. The fish species present in Skogsfjordvatn are
anadromous and resident salmonids: Arctic charr (Salvelinus alpinus (L.)), brown trout (Salmo
trutta (L.)) and Atlantic salmon (Sal/mo salar (L.)). There is also a population of three-spined
stickleback (Gasterosteus aculeatus (L.)), and a small population of the catadromous
European eel (Anguilla anguilla (L.)). Gillnet fishing has revealed that the anadromous

populations of salmonids are very limited.
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Fig. 1. The small map is a map of northern Europe with the location of Skogsfjordvatn. The larger map showing

Skogsfjordvatn where the blue square marks the area of the survey fishing. (from Google-maps).
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The fieldwork was done over 2-3 days once a month (except July) from May 2011 until
January 2012. We used gillnets in all three habitats of the lake and the gillnets were set out at
approximately the same sites each time (fig. 1). The gillnets were set out in the afternoon and
taken up in the morning the next day, giving each gillnet around 12 hours of fishing at every
set. We used three different types of multi-mesh sized gillnets, one type called BGO, that is 40
m long and 1.5 m deep, used in the benthic areas both in the littoral zone (0-15 m) and the
profundal (>20 m). The second one is called FGO, it is 40 m long and 6 m deep and is used in
the pelagic zone. The two types of gillnets have a range of mesh sizes in 5 m intervals from 10
to 45 mm knot to knot. The third type of multi-mesh sized gillnets is called NORDIC net, it is
30 m long, 1.5 m deep and with a range of mesh sizes in 2.5 m intervals from 5 to 55 mm knot
to knot and is also used in the benthic arecas. We also used a fourth type of gillnet in this
survey, called standard sized gillnets (SG) which are 30 m long, 1.5 m deep and only one

mesh size throughout the whole net. This last gillnet type is also used in the benthic areas.

Table.1. Overview of fishing efforts in the survey period, with the distribution of fishing efforts in different
habitats and type of gillnet used.

Habitat (depth) Gillnet type Number of nights fishing
35
3

Littoral (1-15m) (€0

I NoRoC
B NoRoC 2
K
B O
B NowIC 2
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All captured fish were sampled and recorded, but here only the Arctic charr procedures will be
described. In the field laboratory the individual fish was given a number and divided into three
different morph groups by its external looks. Littoral spawning omnivore morph (LO) has a
relatively small head, red to orange spawning color on the abdomen and a silvery body color.
Profundal spawning benthivore morph (PB) has a small body size, an inflated gas bladder, the
adults have par marks along the side of the body and a relatively blunt and rounded head.
Profundal spawning piscivore morph (PP) has a relatively large and elongated head, dark grey
or black body color with white spots along the side of the body. The PP- morph also has a
relatively slim and elongated body shape and sharp teeth on the tongue and the palate.

In the field a photo was taken for morphological studies, the fish was weighed (g), the fork-
length of each fish was measured (mm), otoliths were taken for age determination and a
sample of the gills was taken for genetic studies. Thereafter the fish’s body cavity was opened
and the stomach, swim bladder, intestine and gonads of sexual mature female fish were
sampled. The sex and stage of sexual maturity of each fish was decided by examining the
gonads, and the stage of sexual maturity was classified in three groups; 1) juvenile or
immature, 2) sexually mature and spawning this following breeding season and 3) sexually
mature, but not spawning the following breeding season or already spent. Parasites in the body
cavity were classified by species and counted. Samples from liver and muscle tissue were

taken for stable isotope analysis and the coloration of the flesh was noted.

Laboratory analysis

Age determination

The age determination was done by analyzing the sagittal otoliths, which are located in the
inner ear of the fish. The otoliths consist of calcium carbonate and the accretion rates of
calcium carbonate vary with the growth rate of the fish (Holden and Raitt, 1974). In subarctic
areas the growth pattern of fishes vary within the year, with typically good growth in the
summer and slow growth in the winter. This pattern is also shown in the otoliths, where the
opaque winter-growth zones differ significantly from hyaline summer-growth zones (Holden
and Raitt, 1974). Hence, it is possible to distinguish between these zones and thus determine
the age of the fish. The otolithes were preserved in 96 % ethanol, and later analyzed under a
stereo microscope after being put in glycerol to make the difference in growth zones more
visible (see: Holden and Raitt, 1974). The surface reading method was used and the otholiths
were classified according to their quality, i.e. how easily the different growth zones distinguish

from each other. The otoliths with the poorest quality were analyzed multiple times by
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different readers or ignored and classified as unreadable. The few unreadable otoliths were

taken out of the sample, since age determination was impossible.

Fecundity measurements
Gonads of sexual mature female fish were collected in the field from August through January,

was weighed and preserved and stored in Gilson's fluid (100 ml 60% alcohol, 800 ml water,
15 ml 80% nitric acid, 18 ml glacial acetic acid, 20 g mercuric chloride) (Holden and Raitt,
1974). The glasses with the gonads and Gilson's fluid were shaken to loosen the ovarian tissue
from the eggs and to ensure that the preservative got into contact with all the eggs (see:
Holden and Raitt, 1974). In the laboratory the gonads were re-weighed to look for deviations
from the measurements taken in the field and how the Gilson preservation affected the
oocytes. We estimated the total number of eggs (i.e. clutch size) for each individual fish using
a gravimetric method described in Holden and Raitt (1974). We counted a sub-sample of 1- 2
grams of eggs and then used the following equation to estimate total clutch fecundity; F =
nG/g where F = fecundity, n = number of eggs in the subsample, G = total weight of the

ovaries, g = weight of the subsample in the same units (Holden and Raitt, 1974).

The fish that were selected for egg size measurements were all collected within a month prior
to spawning time for the different morphs, so that differences in spawning time would not
affect the egg-size. Fifteen oocytes from each fish were randomly picked out for egg size
measurements. They were measured to the nearest 0.01 mm using a stereo microscope. We
also measured the size of oocytes from fish collected in other months to see if the development

of the oocytes varies within the morphs or between morphs.

Statistical analysis

Growth

Growth or length at age data were analyzed using a von Bertalanffys growth model. This
growth model is well established for estimating individual growth in fish populations and has
been used widely for many years (see: Chen et al., 1992; Lester et al., 2004). It is especially
good describing individual somatic growth after the individuals have reached sexual maturity,
however not as well describing somatic growth pre-maturity (Lester et al., 2004). The von
Bertalanffys growth model assumes that somatic growth rate decreases as the individuals

grows, the equations can be as following:

L, =L, (1-e™""
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where ¢ 1s time or age of the fish, / is the length of the fish, L. or “L infinity” is the asymptotic
length where growth is zero, K is the growth coefficient or the rate of how fast the L., is
achieved, and 7, is the age where size equals zero and is included to adjust the equation for the
initial size of the individual. The three parameters L., K and ) have to be estimated with a

nonlinear regression. This was done for all three morphs.

The difference in von Bertalanffy curves where pairwise tested between the morphs using a

Welch-two-sample-t-test.

Age and size at maturity
Logistic regression with immature and mature fish as binomial variables was used to analyze

and interpret the data regarding age and length at sexual maturity. Logistic regression
produces a sigmoid curve fitted to the observed values,

bg+b1x bg+b1x
Px=e( 0+01%) ;1 4 (P0+P1%),

where P is the probability that an individual is sexual mature, x is the age or length interval, by

and b, are parameters that define the shape and intercept of the fitted sigmoid curve.

We have two predictor variables (morph and age/length) predicting the response variable
(proportion sexual mature). To be able to decide which generalized linear model that describes
the observed response variables best, the Akaike information criterion (AIC) was used. This is
a tool used to measure goodness of fit of a statistical model, effectively describing how much
information that is lost using a particular model. Five different models were tested, all were
different combinations of the two predictor variables predicting the response variable. The
model that had the lowest value of AIC or the model that lost the least amount of information
was morph:age (AIC = 27.1) and morph:length (AIC = 30.96). This model describes the
response variable = Proportion sexual mature = dependent on both morph and age or length
(morph*age/ or length) or in other words; the chance of an individual is sexually mature
depend on the morph and the length or the age of the individual. The model was also tested
with a chi square test on the residual deviance and the degrees of freedom to determine if the
model fitted the observed value in a satisfying way. The null hypothesis, which is in this case
the selected model cannot be rejected if the P-value of the chi square test > 0.05. The chi
square test is performed as following in R = 1 — pchisq (residual deviance, degrees of

freedom) = The result of the chi square test was 2 P =0.999999 for morph:age and 0.999999

16



for morph:length. This means that we have no evidence against the null hypothesis and cannot

reject the model.

To calculate Asy, age where 50 % of the population is sexual mature, and Lso, length where 50
% of the population is sexual mature, for the three morphs, the logistic regression parameters

by and b;, were used.

A (or L)50 =-bg/bq

Fecundity
Number of eggs produced by a female has a statistical normal distribution around an average.

To be able to analyze and interpret these data a linear regression model and ANOVA (analysis
of variance) were used. Regression analysis have a few important assumptions: the variance of
the residuals has to be constant and independent of each other, in addition the residuals has to
be normally distributed. Whether the three assumptions were fulfilled, was tested by using a
diagnostic tool-plot in R. The model that fitted best and where all the assumptions of a linear
regression analysis were met, was a nlog-nlog model of the response variable number of eggs,
and the predictor variable length of the fish. When this was established I tested if there was an
interaction between the two predictor variables length of the fish and morph. This was done by
a two-way analyze of variance. The two-way ANOVA established a significant (P = 0.00166)
interaction aspect between the two predictor variables that describes the response variable.
Hence, we had to treat the two predictor variables together and not independently form each

other to be able to explain the response variable.

Eggsize
Egg-size of different female individuals are also statistical distributed normally around an

average egg-size. As for fecundity, ANOVA (analyze of variance) and linear regression were
used to interpret egg-size data. The same assumptions had to be fulfilled regarding the
regression analysis for egg-size as for fecundity. The model that fitted the observed values best
was the natural logarithm (nlog) of the predictor variable length. Then a two-way ANOVA
was used to be able to test for an interaction between the two predictor variables length and
morph. This established no evidence against the null hypothesis (P= 0.3468), which was no
interaction amongst the two predictor variables. No interaction means that the two predictor
variables (length of the fish and morph) should be treated independently of each other to be
able to describe the response variable (egg-size). Whether both predictor variables or only one

of the two should be included was tested using Aikake Information Criterion or more precisely
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stepAIC function in R. This established that the only predictor variable that should be included
in the model was the length of the fish, and thus ignoring the predictor variable of morph. I
also converted the diameter or more precisely the radius of the eggs to volume using the

following formula:

V=(4xr)/3.
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Results

Age and length distribution

A comparison of the age and length distributions of the three different morphs revealed large

differences between them (fig 2). The oldest individuals of the PP-morph was 17 years old, for

the LO-morph the oldest individual was 12 years and for the PB- morph the oldest individual

was 11 years. The length distribution was quite similar between the LO- and PP-morphs, but

the PP-morph had a higher frequency of fish >30 cm (fig 2). However, the largest difference in

length distribution occurred between the PB-morph and the two others. The largest individual

of the PB-morph was 15 cm, whilst the two other morphs had individuals well over 40 cm.
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Fig 2. Age- (left) and length- (right) distribution for the three different morphs split up in sexual immature (dark

shaded) and mature (light shaded) individuals. On the top panel: LO-morph (n= 608 and n= 623 for age- and

length distribution, respectively), middle panel: PB (n= 88 and n= 118) and lower panel: PP (n= 218 and n= 223).
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Time and place of spawning
Time and place of spawning were distinctly different between the morphs. The LO-morph

spawns in the littoral zone, whilst the two other morphs seem to spawn in the profundal zone
since the two profundal morphs never were caught in the littoral zone and all ovulating
individuals were caught in the profundal zone both for the PB- and the PP-morph. Apparently,
the LO-morph mainly spawned in the beginning of October, and all caught females had
spawned when sampled in November (table 2). The PB-morph appeared to spawn mainly from
late November to early December, and all females had spawned by January (table 2). For the
PP-morph, a few individuals spawned in October, a few in November and a few had spawned

early December, and all individuals were done with the spawning by the beginning of January
(table 2).

Table 2. Proportion of spent individuals from the mature portion of the populations from August to January for
the three different morphs.

e ] e
194 0 0 86 100 100 100
“ 62 0 0 0 17 80 100
“ 58 0 0 13 12 17 100

Growth
The LO-morph had the best growth of all morphs up to 7-8 years of age, however after this

age the growth curve flattened and the LO-morph reached an intermediate maximal body size
compared to the two other morphs (L., = 33.3 cm) (fig. 3, table 3). The PB-morph had the
slowest growth and the growth curve flattened at a young age compared to the other morphs.
The PB-morph reached also the smallest maximal body size (L. = 13.8 cm) (fig. 3, table 3).
The PP-morph had relatively slow growth up to the age of 7-8 years, but the growth curve did
not flattened out as for the LO-morph, this let to that the PP-morph reached the largest body
size of all morphs (L, = 40.3 cm) (fig. 3, table 3). The pairwise Welch-two-sample-t-test
showed that there was a significant difference in the estimated growth curves between the PB-
and the LO-morphs (P < 0.01), and between the PB- and the PP-morphs (P < 0.0001), whereas
the growth curves were not significantly different between the LO- morph and the PP- morph
(P > 0.05) (table 3).
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Table 3. The von Bertalanffys growth parameters (+ SD) for the three different morphs, where L., is the

asymptotic length of the fish where growth is zero, K, is the growth coefficient and t,, is the estimated age where

the length of the fish is zero. P-values for the Welch-two-sample-t-test of difference in growth curve.
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Length (cm)

-539 333+1.1 0.2 +0.01 -0.52+0.14  0.001061 0.509
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13.8+2.3
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Fig. 3. Growth (age at length) for the three different morphs with von Bertalanffys growth model fitted to the
observed values (black lines). To the right: LO-morph (n = 539); middle: PB-morph (n = 74) and to the right: PP-

morph (n = 183). For the LO-morph, the age groups 10 years and older were put together (>10) in the model

estimations due to low sample size for these age classes. The same apply for the PP-morph regarding the age

groups 15 years and older.
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Age at sexual maturity
Age at sexually maturity was significantly different between the three morphs (fig. 4, table 4).

For the BP- morph, some individuals became sexually mature already at the age of 3 years,
whereas from the age of 4 years and older practically all of the individuals were mature. The
age where 50 % of the population first reached sexual maturity was estimated at 3.2 years
(GLM: p = 0.009) (fig. 4, table 4). For the LO- morph individuals started to mature at the age
of 4 years, and at age 6 and older almost all individuals were sexually mature. The estimated
age where 50 % of the population first reached sexual maturity was 4.8 years (GLM: p =
0.005) (fig. 4, table 4). For the PP- morph the earliest individuals that reached sexual maturity
were 5 years old. However, 100 % maturation did not occur before the age class of 15 years,
and the estimated age for 50 % maturity was 9.2 years for the PP-morph (GLM: 0.003) (fig. 4,
table 4). Females sexually matured on average about 1 year later than males for the LO-morph
and PP-morph, but the age at maturity was more similar between females and males from the

PB-morph (table 4).

Table 4. Age at 50 % sexual maturity (Asp) (= SD), P-value for the difference in slopes for the generalized linear
model (GLM), number of individuals (n), z-statistic for the GLM-slope and the age at 50 % maturity (As) (£ SD)

for the different sexes for the three different morphs.

Morph As9 £SD P-value Z-statistic Aso £ SD
GLM (Age*morph) (Females)
593  4.8+3.0

0.00519 ** 2.7950n33d.f. 5127 43+14

“ 89  32+22 0.00897 ** 2.6130n33d.f 33+2.0 3.0+0.1
“ 217 92+2.0 0.00315 ** 2953 0n33df 95+1.7 8.6+23
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Fig. 4. Observed (dots) and fitted generalized linear regression (lines) of the proportion sexual mature individuals

at age for the three different morphs. Top: LO-morph in red, n = 593; middle: PB-morph in black, n = 89; bottom:

PP-morph in green, n =217.
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Length at sexual maturity
The length at first sexual maturity was also significantly different between the three morphs

(fig. 5, table 5). For the PB-morph the first individual reached sexual maturity already at 7.3
cm and the length that the PB-morph first reached 50 % maturity (Lso) was around 8.5 cm. The
first LO- morph individual reached sexual maturity at the length of 14.3 cm and the calculated
Lso were around 21.2 cm of length for the LO-morph (table 5). For the PP-morph the first
individual reached maturity at the length of 16.6 cm and the calculated Lsy for the PP-morph
were 26.0 cm of length (table 5). The females were significantly larger than males at maturity
for the LO- and PP-morph, but in contrast the males were distinctly larger than females for the

PB-morph (table 5).

Table 5. The length at 50 % sexual maturity (Lso) (= SD), P-value for the difference in slopes for the generalized
linear model (GLM), number of individuals (n), z-statistic for the GLM-slope and length at 50 % maturity (Lso)
(£ SD) for the different sexes for the three different morphs.

Morph Lsy P — value Z-statistic Lsy
GLM (Length*morph) | (Females)

21.2+£2.7 0.00009 ***  3.852 on 56 d.f. 21.7+55 199 +3.4

“ 89  85+25 0.000163 *** 3728 on 56 d.f. 8.0 +4.3 9.1+1.9

“ 217 26.0+3.0 0.000196 *** 3.6440n56d.f. 27.1+43 238+3.7
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Fig. 5. Observed (dots) and fitted generalized linear regression (lines) of the proportion that is sexual mature by
length-groups (1 unit equals 1 cm) for the three different morphs. The last length group is pooled individuals
above a length of 32 cm (>32). Top: LO-morph in red, n = 539; middle: PB-morph in black, n = 89; bottom: PP-

morph in green, n=217.
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Fecundity

Mean number of eggs produced for each morph in Skogsfjordvatn was distinctly different
from one another (table 6). Females from the LO- morph, PB-morph and PP- morph had on
average around 611, 48 and 810 eggs, respectively. Mean number of eggs per gram total fish
weight was significantly different between the three morphs (table 6). The PB- morph
produced the highest number of eggs per gram fish weight and the PP-morph the least amount
of eggs per gram fish weight. The gonadosomatic Index (GSI) showed similar values for all
three morphs in Skogsfjordvatn. The numbers of eggs an individual produce (fecundity) were
mostly dependent on a function of length (volume) of the fish, however fecundity had an
additional effect of which morph the individual derived from (ANOVA - P > 0.001) and thus
an interaction between length and morph had to be included into the linear model (ANOVA >
P =0.0016). Fecundity was significantly different between the PB- morph and the LO- moprh
(P = 0.009) and between the PB- morph and the PP- morph (P = 0.0008), but not between the
LO- morph and the PP- morph (0.433).

Table 6. Gonadosomatix index (GSI + SD), mean number of eggs with fecundity range, mean number of eggs/kg

body weight (= SD) and sample size (n) for the three different morphs in Skogsfjordvatn.

Morph GSI+ SD Mean number of eggs | Mean number of
(Fecundity range) eggs/kg fish * std.
LO

- 35 11.6+25 610.6 (320-1139) 3149.6 + 254

23 10.4+£2.3 48.0 (32-78) 4262.4 + 198
13

99+3.8 809.8 (212-1835) 2372.3 £328
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Fig. 6. Number of eggs as a function of fish length for the three different Arctic charr morphs in Skogsfjordvatn
(LO-morph in red triangles, n= 35; PB-morph in black sircles, n= 23; PP in green crosses, n= 13). The lines
describe the estimated relationship between the number of eggs and body length for the three different morphs
(Black = PB, red= LO and green = PP).

Egg-size
The PB-morph had the smallest mean egg-diameter (3.12 mm) and the PP-morph the largest

(4.54 mm), with the LO-morph having intermediate mean egg-diameter (4.24 mm). The
difference in mean egg-size was even clearer when recalculated to volume. PB-morph had a
mean egg volume of 15.9 mm?®, LO-morph 39.9 mm® and PP-morph 48.9 mm’. The egg size of
the PB-morph was only 32 % of the size of the eggs from the PP-morph. An analysis of
variance test showed that mean egg-diameter was significantly different between the morphs
(P <0.001, F =51.57, d.f. 2 and 45). From a linear model analysis, egg-diameter was found to
increase significantly with fish size (P = 0.00347). An Analyze of variance to test if there was
an additional effect of morph, ignoring the predictor variable of length of the fish did not show
significant importance (P = 0.1084).
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Discussion

Time and place of spawning
The difference in time and place of spawning indicates that the three Arctic charr morphs in

Skogsfjordvatn are reproductively isolated from one another. Genetic analysis of the three
morphs in Skogsfjordvatn verifies this (K. Prabel et al., unpublished data). The LO-morph
seems to spawn in the middle of October in the littoral zone. This coincides with the majority
of Arctic charr populations in subarctic areas (Klemetsen, 2010). The two profundal morphs
spawned later in the year in the profundal zone. Apparently, the highest spawning frequencies
occurred from late November to early December and from late December to early January for
the PB-morph and PP-morph, respectively. The profundal morph in Fjellfresvatn also spawned
later than the littoral morph similar to the present findings. However, in Fjellfrosvatn the
profundal morph spawned as late as in February-March (Klemetsen et al., 1997; Klemetsen,
2010), i1.e. approximately two-three months later than the PB-morph in Skogsfjordvatn.
Klemetsen et al. (1997) suggests that profundal living Arctic charr morphs develop different
spawning seasons compared to their sympatric morphs. Due to less variation in temperature
and light conditions in the profundal zone compared to the littoral zone the exact timing of the
spawning season may vary between profundal morphs of Arctic charr (Klemetsen et al., 1997).
Fjellfrosvatn and Skogsfjordvatn is only approximately 95 km from each other and thus it is
reasonable to assume that the temperature regime in the lakes do not differ significantly. In
Fjellfrasvatn, Klemetsen et al. (1997) found that eggs laid in the profundal zone experienced
on average 1.5°C warmer water temperature during the ice covered season compared to eggs
laid in the littoral zone and thus eggs in the profundal zone need less time to develop than eggs
in the littoral zone. This could compensate for at least some of the time lag between the
profundal morph and the littoral morph in Fjellfresvatn (Klemetsen et al., 1997), and also
compensate for the time lag between the two profundal morphs and the LO-morph in

Skogsfjordvatn.

Growth and Maturity
The von Bertalanffys growth- curve was significantly different between the PB-morph and the

two others, but not distinctly different between the LO-morph and the PP-morph. However,
the estimated slope parameters (L., K and ty) were different between all three morphs. The
LO-morph had the fastest growth of all three morphs, and grew to a relatively large body size.
The exhibited growth pattern of the LO-morph seems to coincide with other littoral-pelagic
living Arctic charr populations (e.g. Klemetsen et al., 1997; Fraser et al., 2008). The von

Bertalanffys model parameters L., and K for the LO-morph had intermediate values compared
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with other Arctic charr populations in general (Vellestad and L"Ab¢e-Lund, 1994). In some
populations of Arctic charr and other salmonids it is common to see an ontogenetic niche shift,
from feeding on zooplankton via benthic invertebrates to fish as the fish grow larger (Forseth
et al., 1994; Keeley and Grant, 2001). Such niche-shifts seem also to apply for the LO-morph
in Skogsfjordvatn, however piscivory does not seem to be valid in a very large degree for the
LO-morph. This could also be seen out of the LO-morphs low asymptotic length (L), but

some large individuals do become piscivorous (Knudsen, R., unpublished data).

The length at age shows that the PB-morph had slower growth and achieved the smallest body
size compared to the two other morphs in Skogsfjordvatn. This pattern of slow growth and
small maximum body size is also seen for other profundal morphs, both in Arctic charr (see:
Hindar and Jonsson, 1982; Hesthagen et al., 1995; Klemetsen et al., 1997; Alekseev and
Pichugin, 1998; O'connell and Dempson, 2002), and other fish species like European whitetish
(Coregonus lavaretus) (Kahilainen et al., 2003; Siwertsson et al., 2010).

The PP-morph had a slow growth rate compared to the LO-morph in Skogsfjordvatn, but it
still reached the largest body size of all three morphs due to large longevity and continued
growth up to old age classes. Piscivorous and cannibalistic populations or individuals of Arctic
charr grow in general to a larger maximum body size than populations or individuals that
exploit other lacustrine food resources (Svenning and Borgstrom, 2005; Klemetsen, 2010).
This is also true for other salmonids like e.g. brown trout (Jonsson et al., 1999; Klemetsen et
al., 2003, and references therein). To my knowledge, there has not been described any other
reproductively isolated piscivore morph of Arctic charr that utilizes the profundal zone as their
main feeding habitat. However, there is reported a piscivore form in Gander Lake that mostly
is caught quite deep in the lake throughout the year (on average > 40 m) (Power et al., 2005),
but to my knowledge the reproductive behavior is not described. This form grows to a similar
body size (max = 42 cm) and has similar longevity (17 years) as the PP-morph in
Skogsfjordvatn (Power et al., 2005). In addition, there are a few other piscivore morphs of
Arctic charr that utilize the littoral-pelagic habitats like e.g. the PI-morph from Thingvallavatn
on Iceland and the piscivorous morph from Loch Rannoch, Scotland (Sandlund et al., 1992;
Adams et al., 1998). The piscivorous morph from Loch Rannoch shows strikingly similar
growth trajectory and von Bertalanffys growth parameters as the PP-morph from
Skogsfjordvatn (see: Fraser et al., 2008), whereas the PI-morph from Thingvallavatn does not
(see: Sandlund et al., 1992).
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Also age and size at sexual maturity were significantly different between all three Arctic charr
morphs in Skogsfjordvatn. This was expected due their great differences in resource utilization
and habitat selection. The LO-morph had intermediate age (Aso = 4.8 years) and size (Lso = 21
cm) at maturity compared to the other two morphs. This age and size at maturity seems
common for Arctic charr populations elsewhere (Vellestad and L°Abee-Lund, 1994). The
Fjellfrasvatn littoral Arctic charr morph also mainly utilizes the littoral-pelagic habitats and
has a similar diet as the Skogsfjordvatn LO-morph (see: Knudsen et al., 2006; Knudsen, R.
unpublished data), and they also show a similar age (5 years) and size at maturity (Klemetsen
et al., 1997). The Sirdalsvatn “normal” morph which also lives sympatrically with a profundal
living “dwarf” morph, also have a similar age at maturity as the LO-morph in Skogsfjordvatn

(Hesthagen et al., 1995).

The PB-morph had the youngest age (Asp = 3.2 years) and smallest size (Lso = 8.9 cm) at
maturity amongst the three morphs in Skogsfjordvatn. The age and size at maturity for the PB-
morph is at the very low end of the scale for Arctic charr populations in general (Vellestad and
L’Abee-Lund, 1994; Klemetsen et al., 2003). However, the age and size at maturity is similar
to the profundal morph in Fjellfrosvatn, and these two morphs also have similar growth
trajectories, feeding niches and habitat utilization (see: Klemetsen et al., 1997; Klemetsen et
al., 2006; Knudsen et al., 2006; Knudsen, R. unpublished data). Also the SB Arctic charr
morph in Thingvallavatn has similar age and size at maturity as the PB-morph in
Skogsfjordvatn, although they have different habitat and diet niche utilizations (Sandlund et
al., 1992). Hence, the size at maturity for the PB-morph seems to be very small for Arctic
charr as a species, although not unique. These findings support Klemetsen et al. (2003) in that
there seem to be a lower threshold for size at sexual maturation of Arctic charr females around
7 cm. To my knowledge there has not been found mature females below this size in any
“dwart” populations of Arctic charr. The fecundity of 7 cm female Arctic charr are very low
(around 30 eggs or fewer), and this is suggested to be a determining factor for the lower size
limitations of adult female Arctic charr (Klemetsen et al., 2003). However, as these fishes are
extremely plastic (Klemetsen, 2010), there might be female individuals maturing at an even
smaller size. One potential candidate may be the extremely deep living, small-sized charr form

in Tinnsjoen, Norway (Sereide et al., 2006), but this still remains to be explored.

The PP-morph matured at the oldest age (Aso = 9.2 years) and largest size (Lsp = 26 cm) of the
three Arctic charr morphs in Skogsfjordvatn. Contrasting the PB-morph, the PP-morph was at

the very high end of the typical scale regarding age at maturity, whereas the size at maturity
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was more intermediate compared to other populations of Arctic charr (Vellestad and L"Abe¢e-
Lund, 1994). When comparing the PP-morph to other profundal living Arctic charr morphs
(i.e. the Fjellfrasvatn profundal morph and the Sirdalsvatn dwarf morph), especially the age,
but also the size at maturity is high (see: Hesthagen et al., 1995; Klemetsen et al., 1997). If we
compare these findings to other piscivore morphs, independent of habitat utilization, the age at
maturity still seems to be high for the PP-morph, but the size at maturity seems to coincide.
For example the age and size at maturity for the PI-morph in Thingvallavatn is 5.7 years and
25.6 cm, respectively (Sandlund et al., 1992) and for the piscivore morph in Loch Rannoch the

age and size at maturity is 8.9 years and around 25 cm (Fraser et al., 2008).

The somatic growth of fishes seems in general to be very flexible and the same species may
show very different patterns of growth in different environments (Wootton, 1998). The growth
trajectories for the different morphs in Skogsfjordvatn could be explained by different factors,
both abiotic and biotic. One of the most important factors affecting growth for fishes in
general is the trade-off between reproduction and somatic growth (Stearns, 1992; Wootton,
1998). Growth rate could affect age and size at maturity and conversely, age and size at
maturity could thus affect growth. Before maturation, all acquired energy is available for
maintenance and growth, but when maturation sets in, energy allocated to gonads, secondary
sexual characters and reproductive behavior has to be prioritized (see: Wootton, 1998). This
leads to less energy for i.e. somatic growth (Wootton, 1998). This means that the timing of
first reproduction often will affect the average lifetime growth rate and the achieved maximum
body size of fishes. Life history theory states that early maturation is beneficial because there
is a higher probability of surviving until maturity, since they spend a decreased period of time
at a juvenile stage (Stearns, 1992). In addition, early maturation will increase fitness since it
would lead to shorter generation time for those individuals that mature early compared to
individuals that mature later (Stearns, 1992). However, if delaying maturity permits further
growth, and fecundity increases with size, then delayed maturity leads to higher fecundity at
first reproduction. Maturity should be delayed until the fitness gains of early maturation are

outweighed by the increased fecundity from delaying maturation (Stearns, 1992).

The two morphs that utilize the profundal zone, and thus experience similar abiotic factors,
have obviously adopted different strategies for age and size at maturity: The PB-morph is
maturing at a young age and small body size and the PP-morph is maturing at an older age and
larger body size. At the age when the PB-morph reaches maturation the growth rate seems to

go towards zero, which suggests that all available energy is used on maintenance and
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reproduction leaving no energy to allocate to further growth. Also the somatic growth before
the PB-morph matures is lower than for the PP-morph. This further suggests that the energy
intake rate of the PB-morph is low. Life history theory states that one should mature early if
there is no fitness gain of delaying maturation (Stearns, 1992). The energy intake rate for the
PB-morph is apparently so low that investing in further growth will not increase fecundity
enough to be able to outweigh the fitness gain of maturing early. The PB-morph increases
fitness by earlier maturation, shorter generation time and assumedly a shorter period of time
exposed to predators before maturation. This again could lead to the observed small
maturation and maximum body size for the PB-morph. Arctic charr morphs elsewhere show
the same pattern, where small morphs mature earlier than sympatric living larger ones (e.g.

Jonsson et al., 1988).

The PP-morph delays maturation and invests in somatic growth apparently in order to increase
fecundity and thus increase fitness by higher initial fecundity (i.e. fecundity at first
reproduction). The PP-morph, contrasting the PB-morph, seem to grow relatively well also
after reaching the reproductive age, which could indicate that the food resources are so
abundant and energy rich that they can invest in growth simultaneously with allocating energy
to maintenance and reproduction. This reflects that for a piscivore morph there would be a
potential for further growth after maturation due to the possibility of including larger and
larger prey as they grow, and the body size constraints are therefore not as evident as for the
other morphs (Fraser et al., 2008). Hence, for the PP-morph it seems like delaying maturation
would increase fecundity sufficiently to be able to outweigh the fitness gain of maturing
earlier. In addition, the PP-morph has to invest more in growth to be able to reach a size where
piscivory is possible and effective. When this size is reached, fish prey are a much more
profitable food resource than chironomids and small mussels (e.g. Kerr, 1971), which are the

diet for the PB-morph.

The LO-morph was somewhere in the middle regarding both age and size at maturity, as they
delayed maturity a bit longer than the PB-morph, but not as long as the PP-morph. However,
the LO-morph reached almost the same size at maturity as the PP-morph, thus in much shorter
time. Life history theory predicts that relatively fast growth in the juvenile stage compared to
the adult stage of an individual selects for maturation early in life (Hutchings, 1993, and
references therein), however size at maturity could vary. The fast growth of this morph
compared to the other morphs in Lake Skogsfjordvatn, leads to that the selected size at

maturation is achieved relatively early in life and much sooner than for the PP-morph. The
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relative high growth rate before the age at maturation compared to the growth rate post age at
maturation for the LO-morph, suggest that the LO-morph matures at a size where foraging
efficiency is optimized, and energy is allocated to reproduction instead of somatic growth (see:

Fraser et al., 2008).

There are other factors besides the trade-off between reproduction and somatic growth that
could affect growth rate, maximal body size and age and size at maturity. Temperature could
be an important environmental factor affecting the growth rate of fish, as low temperatures
slow down metabolic processes involved in somatic growth (Wootton, 1998). The temperature
regime in the profundal zone of lakes is relatively homogenous throughout the year compared
to the littoral- and upper pelagic zone which has temperatures that fluctuate greatly between
seasons (Wetzel, 2001). In lakes in northern Norway the temperature seldom exceeds 8°C in
the profundal zone (see: Huang, 2011; Mousavi and Amundsen, 2012). The maximum growth
for Arctic charr is suggested to occur between of 14.4 and 17.2°C (Larsson et al., 2005). This
is within the range for the upper water temperatures during the summer in Skogsfjordvatn
(see: Christensen, 1994). Larsson et al. (2005) studied climatic trends in eleven Arctic charr
populations and found that there was no geographical or climatic trend in growth performance
among populations of Arctic charr. Thus, there was no indication of thermal adaptations that
would differ between different populations of Arctic charr (Larsson et al., 2005). Assumedly
there would not be any differentiating thermal adaptations between the different morphs in
Skogsfjordvatn, although this could not be verified here. Therefore, based on the temperature
differences between the profundal zone and the upper water layers, it is logical that the two
profundal morphs had slower growth than the LO-morph. However, energetic growth
efficiency for Arctic charr seems to decrease with increasing temperatures (Larsson and
Berglund, 2005). This suggests that the two profundal morphs in Skogsfjordvatn need less
energy to be able to grow than the LO-morph. Wootton (1998) states that when nutrition
intake rates are low, growth will increase with decreasing temperatures. Also growth capacity
was suggested to be higher in the profundal morph in Fjellfrosvatn compared with the littoral
morph (Klemetsen, 2010). The relatively less profitable habitat that is the profundal zone
(Wetzel, 2001) could thus be inhabited by profundal adapted Arctic charr morphs as a

consequence of low energy needs for these morphs.

There are several ecological interactions that could decrease energy availability for growth of
fishes (Wootton, 1998), including for example an increase in competition for food resources,

low densities of prey or increased attention given to predator avoidance (e.g. Mittelbach, 1988;
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Bolnick and Preisser, 2005). There is so far no evidence that there is a difference in
competitive pressure between the Skogsfjordvatn morphs that would explain that the two
morphs in the profundal zone had slower growth compared to the LO-morph. The predation
risk could on the other hand be highest in the profundal zone due to the presence of the PP-
morph. This could indirectly affect the individual growth of the PB-morph and juveniles of the
PP-morph in a negative way, by allocating energy to predator avoidance instead of somatic
growth (Bolnick and Preisser, 2005, and references therein). However, in Fjellfrosvatn where
no specialized profundal predator such as the PP-morph is present, the profundal morph still
has a similar growth pattern as the PB-morph in Skogsfjordvatn (see: Klemetsen et al., 1997).
Furthermore, the presence of piscivorous brown trout and birds in the upper water layers likely
leads to a relative high predation risk for the LO-morph (see: Klemetsen, 1989; Persson,
2007). Hence, between-habitat differences in predation pressure are likely not important for

the growth differences between the LO-morph and the two profundal morphs.

Maximal body size could also be affected by different factors other than age and size at
maturity. There is for example evidence that there is an optimum prey size for gape-limited
fish predators such as Arctic charr, defined by amongst other factors the per capita energy gain
of the predator (see: e.g. Werner, 1974; Mittelbach, 1981). In that respect, Fraser et al. (2008)
proposed an interesting hypothesis, suggesting that the constraints in maximum body size arise
from the food particle size utilized by individual Arctic charr. A narrow size distribution of
small sized prey like zooplankton (0.01 — 0.3 cm) and benthic invertebrates (0.1 — 3.5 cm),
will select for a body size where the foraging efficiency for this prey types is large (Fraser et
al., 2008). The prey size distribution is much broader for piscivorous Arctic charr (4 — 50 cm;
Maitland, 2004), and therefore the foraging efficiency will remain high over a wide range of
body sizes (Fraser et al., 2008). The PB-morph utilizes small-sized soft bottom benthos, the
LO-morph predominantly feeds on littoral invertebrates and zooplankton while the PP-morph
is mainly piscivorous (Knudsen, R., unpublished data). These differences in the diet niche of
the three morphs in Skogsfjordvatn are likely to cause maximum body length constraints on
the PB- and LO-morphs, but in less degree on the PP-morph and may thus partly explain the

difference in maximum body length, especially in respect to the large L., of the PP-morph.

According to life history theory, another factor that could determine age and size at maturity is
the instantaneous mortality rates at different ages and sizes (Wootton, 1998). The LO-morph
may experience heavy predation in the juvenile stage from cannibalistic charr and fish-eating

trout and birds. It could therefore be vital for LO-morph individuals to grow to a size where
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the predation risk is reduced, and as a consequence maturation would be delayed until that size
is achieved (see: e.g. Reznick and Endler, 1990). There is no evidence that the predation risk
for the PB-morph would differ significantly with different sizes or ages, since all size-groups
of the PB-morph could potentially be predated on by adults of the PP-morph (Knudsen, R.,
unpublished data). This assumption is based on the observations that cannibalistic Arctic charr
on average may utilize fish prey that are 22-30% of their own length (Amundsen, 1994;
Amundsen et al., 1995). This further suggests that the longer the PB-morph lives, the higher
the probability of being predated on by the PP-morph will be. Hence, in this predation
scenario, early reproduction will indeed increase fitness for the PB-morph. However, the
Fjellfrasvatn profundal morph showed similar age and size at maturity without any known
predation risk (see: Klemetsen et al., 1997). This again suggests that the size at maturity for
the PB-morph is already at a minimum and the selection pressure in form of predation does
not further force the size at maturity to be even lower, as could be anticipated from life history
theory (Stearns, 1992). Juvenile or small individuals of the PP-morph are assumedly also at
predation risk from cannibalistic individuals of its own kind (Knudsen, R., unpublished data).
Apparently, the PP-morph has adopted a contrasting strategy in the trade-off between growth
and reproduction compared to the PB-morph. The PP-morph invest energy in somatic growth
to be able to reach a size outside the predation window, and therefore postpone reproduction
(see: e.g. Reznick and Endler, 1990), while the PB-morph try to “escape” predation by
investing in reproduction early in life, reducing the time before reproduction and thus lowering

the chance of being predated on.

As expected, age and length at sexually maturity were different between the sexes within the
different morphs, the females usually maturing at a later age and a larger size. However, the
females of the PB-morph matured at a smaller size, although at an older age than the males,
partly contradicting general life history theory (see: Bell, 1980). Female gonads are
energetically more costly to produce, but more importantly the large size difference between
sperm cells and eggs leads to that male fish can have many more times the number of gametes
than females at the same size (Wootton, 1998). Therefore, it should be more favorable for a
female to delay maturation in order to increase body size and thereby increase fitness. The
fitness consequences for male fishes in general are not as prominent in respect to increased
body size. An important exception of this general rule is in situations where there is a strong
mating competition between the males (see: Wootton, 1998). This could suggest that the PB-
morph males has some sort of competition for females or mating behavior that selects for a

greater body size, but this does not seem very likely as there were an overweight of females in
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the PB-morph population. A more likely explanation could be that there is a difference in
survival or growth that selects for a slight differentiation in size and age at maturity between
the sexes of the PB-morph. The low densities of nutrition in the profundal zone could explain
why females of the PB-morph mature at a smaller size and older age than males, the females
may be forced to invest all available energy into reproduction and thus there is no energy left
to invest in somatic growth, whilst males could invest one fraction to reproduction and one

fraction to somatic growth.

Fecundity and Egg-size
Number of eggs produced was significantly different between the PB-morph and the two other

morphs in Lake Skogsfjordvatn. As expected, the difference was mostly explained by the size
difference between the morphs, but the number of eggs produced by the PB-morph had an
additional effect of morph regardless of body length. This could indicate different adaptations
regarding fecundity between the PB-morph and the two other morphs in Skogsfjordvatn.
However, a more likely explanation is that there is a confounding effect of the difference in
egg-size between the PB-morph and the two other morphs. The PB-, LO- and PP-morph had
relative to each other the lowest, intermediate and highest absolute fecundity, respectively.
The totally opposite picture was true for number of eggs per kilogram body weight (i.e. the
relative fecundity), where the PP-morph had the lowest and the PB-morph had the highest
value of eggs/kg. This is most likely due to the observed difference in egg-size between the
three morphs and does not reflect difference in energetic investment to the gonads, since the
GSI (Gonadosomatic Index) was not significantly different between the morphs. However, it
is evident that there is a trade-off between egg-size and fecundity, which acts differently

between the three morphs.

Lets assume that a random female individual from the PB-morph is mature at age 3 years and
produce on average 50 eggs every year until it reaches the age of 8 years and then dies, which
would indicate a lifetime fecundity of around 600 eggs. This shows that the PB-morph would
have a lifetime fecundity that is less than the fecundity in one breeding season for the LO-
morph and the PP-morph. However, the difference in generation time needs to be taken into
consideration. For simplicity reasons, we can assume that survival of the offspring until they
can reproduce by them self is 100 percent and that the different morphs only reproduce once,
the PB-morph at 3 years and the PP-morph at 9 years. After 3 years: the PB- and PP-morph
would have produced 50 and 0 offspring, respectively. After 6 years: the PB- and PP-morph
would have produced 50 = 2500 and 0 offspring, respectively. After 9 years: the PB- and PP-
morph would have produced 50° = 125 000 and 809 offspring, respectively. If we assume that
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they can reproduce many times the difference would be even greater after 9 years. In this
thought experiment it is quite easy to see that difference in age-specific mortality rates and

longivety between the different morphs would have dramatic effect on fitness.

As expected, also the egg-size was significantly different between the three morphs. However,
results show that this difference is only a function of the length differences between the
morphs. On average the PB-, LO- and the PP-morph had the smallest-, intermediate- and
largest eggs, respectively, compared to each other. The volume of the eggs of the PB-morph
was only 32 percent of that of the PP-morph on average. In general for salmonids, larger eggs
have higher energy content than smaller eggs (e.g. Thorpe et al., 1984; Einum and Fleming,
1999). In addition, smaller eggs lead to smaller juveniles at hatching than larger eggs for
Arctic charr (Leblanc et al., 2011). This suggests that the PB-morph in Skogsfjordvatn is
smaller already at hatching than the two other morphs. Larger juveniles at hatching may eat
larger sized prey, survive starvation for a longer period of time and have fewer predators than
small juveniles (Wootton, 1998). This suggests that hatchlings from the PB-morph have higher
mortality rates than hatchlings for the other two morphs in Skogsfjordvatn.

For salmonids in general, egg-size and absolute fecundity increases with body length,
however, relative fecundity decreases (see: Wootton, 1998; Einum and Fleming, 1999; Thorpe
et al.,, 1984). This general life history assumption seems to be true for all morphs in
Skogsfjordvatn, where absolute fecundity increases and egg-size and relative fecundity
decreases from the smallest sized morph (PB) to the largest sized morph (PP), but also within
morphs where fecundity increases from small sized individuals to larger ones. Lacustrine
populations of Arctic charr are suggested to have a clutch size of approximately 3000 eggs per
kilogram body weight (Pethon, 2005), and have a egg-size range between 3.5 - 5.0 mm
(Johnsen, 1980). Klemetsen et al. (2003) also indicates a lower limit of egg-size for Arctic
charr around 3.5 mm. The LO-morph had a similar average number of eggs per kilogram
(3150 eggs/kg) as the suggested number for Arctic charr in general, and an egg-size within the
given range for Arctic charr. The Fjellfrasvatn littoral morph is reported to have an annual
fecundity range between 278-480 eggs per individual (Klemetsen, A., unpublished data in
Klemetsen et al., 2006), which is distinctly less than the range of annual fecundity for the LO-
morph in Skogsfjordvatn (320-1139), even though size differences between these two morphs
are less evident (see: Klemetsen et al., 1997 for body size of mature individuals). However, the
egg-size for the LO-morph (4.2 mm) was distinctly smaller than the egg-size for the littoral
morph in Fjellfresvatn (5.3 mm) (Klemetsen, A., unpublished data in Klemetsen et al., 2006).
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This suggests that the LO-morph invests its energy to increase fecundity at the expense of egg
quality, whilst the littoral morph in Fjellfrosvatn invest more energy in each egg at the expense
of fecundity. The PB-morph had significantly higher relative fecundity than the suggested
general number of 3000 eggs per kilogram fish for Arctic charr and smaller average egg-size
than the given range of Arctic charr, also smaller than the smallest egg-size reported by
Klemetsen et al. (2003). This indicates that egg-size of Arctic charr could be much more
variable than formerly assumed. The profundal morph in Fjellfresvatn had a similar fecundity
range (18-69 eggs; Klemetsen et al., 2002) as the PB-morph, however, the lower limit in
fecundity is somewhat smaller than for the PB-morph. This could be related to the observation
that the mean egg size of the profundal morph in Fjellfrasvatn (3.8 mm) (Klemetsen et al.,
2003) was larger than for the PB-morph in Skogsfjordvatn (3.2 mm). This suggests that the
trade-off regime between egg-size and fecundity is somewhat different between these two

morphs.

The Gonadosomatic Index (GSI) was quite equal between the three morphs in Skogsfjordvatn.
The GSI values for the Skogsfjordvatn morphs falls in the range of the reported GSI values for
a number of populations of Arctic charr (Vellestad and L"Abee-Lund, 1994), however at the
very low end of the range for all three morphs. Life history theory predicts that fish that
mature relatively early and at a small body size should invest relatively more in annual
reproduction than its conspecifics that mature later and at a bigger body size (Fraser et al.,
2008). The gonadosomatic index (GSI) for the three morphs in lake Skogsfjordvatn did not
support this theory, as the PB-morph did not invest more energy than the other morphs into
gonads. However, this was also true for the small benthivorous morph in Thingvallavatn, this
morph had lower GSI than the other morphs in Thingvallavatn (Sandlund et al. 1992). This
pattern could also be due to low energy intake rates and thus it is possible that there is not
enough energy to be able to increase the relative energy to gonads. Therefore these morphs
invest relatively more energy to enhance fecundity at the expense of egg-size, evidently to be

able to increase fitness.
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Conclusion and future perspectives

As hypothesized, there were great differences in life history traits between the three different
Arctic charr morphs in Skogsfjordvatn. These different life history strategies reflect their
differences in habitat and diet utilization, and in most cases the adopted traits could be
predicted by life history theory (see: Stearns, 1992; Wootton, 1998). Both different abiotic and
biotic factors seemed to influence the differences in life history traits. Temperature
dissimilarities between the upper water layers and the profundal zone in Skogsfjordvatn seem
to be important for the growth rate of the different morphs. The two profundal morphs, that
experience lower temperature in the growth season, have lower growth rates than the LO-
morph at least in the pre-adult stages. Difference in age and size at maturity was furthermore
important to explain growth differences in the adult stages of their life cycle. The trade-off
between reproduction and somatic growth seems to differentiate the two profundal morphs in
lifetime growth rate, maximal body size and age and size at maturity. The PB-morph increases
fitness by maturing early and the size at maturation was thus quite small, leading to low
growth rate and a small maximum body size. In contrast, the PP-morph invests in somatic
growth for a longer time to be able to utilize fish prey effectively, and when this size limit for
piscivory is achieved they seem to grow quite well as a consequence of their large-sized and
nutritious diet. This leads to an old age at maturity and a larger maximum body size than for
the PB-morph. The difference in size at maturation also explains their dissimilarities in
fecundity and egg-size. As predicted by life history theory both fecundity and egg-size
increased with the size of the female fish, both between morphs and also within each morph.
As a consequence, smaller individuals apparently invest relatively more energy to enhance
fecundity at the expense of egg-size compared to larger individuals that invest relatively more

energy into each egg.

One interesting aspect of this research is to see another evidence of a profundal niche for the
Arctic charr. The niche of utilizing the nutrition poor profundal zone for the whole life cycle is
now found in an increasingly number of lakes. These Arctic charr morphs feed exclusively on
soft bottom benthos like chironomids and small mussels. This niche seems also to produce
very similar life history traits between lakes as the profundal morph from Fjellfresvatn and the
PB-morph from Skogsfjordvatn show almost identical life history strategies. The only slight
difference between them is the relative investment in fecundity and egg-size, where the PB-
morph in Skogsfjordvatn seems to invest a little more energy in fecundity at the expense of

egg-size compared to the profundal morph in Fjellfrasvatn that invests more energy in each
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egg. One cannot eliminate the possibility that these morphs originate from the same population
although it does not seem very likely due to the lakes historical origin and geographical
distance. This could mean that the experienced selection pressure is so similar between these
two morphs that they are a product of two different sympatric/parapatric speciation processes

or in other words a product of parallel evolution.

However, the novelty of this system is the occurrence of a second Arctic charr morph in the
profundal zone. To my knowledge there has never been described two different Arctic charr
morphs in the profundal zone of lakes, and the PP-morph has thus a life history strategies that
is seldom to see for Arctic charr. It seems like the split between the PB-morph and the PP-
morph is related to trade-off differences in energy allocation between somatic growth and
reproduction at different ages and sizes. In Fjellfrosvatn the profundal morph was caught in
the profundal zone throughout the year, while in monomorphic populations there is very few
individuals of Arctic charr in the profundal zone during the ice covered season. Therefore, it
seems like the PP-morph is dependent of the presence of the PB-morph to be able to exist,
because one can assume from other systems, that the only fish prey in the profundal zone
during the ice covered season is the PB-morph and thus at least from December to May the
only prey for the PP-morph is the PB-morph. This has led to a year around piscivore niche in
the profundal zone, however, further research need to be conducted to be able to understand

why a piscivorous morph has emerged in Skogsfjordvatn and not in Fjellfrosvatn.
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