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Population consequences

of climate change through effects
on functional traits of lentic brown
trout in the sub-Arctic

Kim Magnus Baerum'*!, Anders G. Finstad?, Eva Marita Ulvan? & Thrond O. Haugen*

Climate-induced plasticity in functional traits has received recent attention due to the immense
importance phenotypic variation plays in population level responses. Here, we explore the effect of
different climate-change scenarios on lentic populations of a freshwater ectotherm, the brown trout
(Salmo trutta L.), through climate effects on functional traits. We first parameterize models of climate
variables on growth, spawning probability and fecundity. The models are utilized to inform a dynamic
age-structured projection matrix, enabling long-term population viability projections under climate
and population density variation. Ambient temperature and winter conditions had a substantial effect
on population growth rate. In general, warmer summer temperatures resulted in faster growth rates
for young fish but ended in smaller size at age as fish got older. Increasing summer temperatures also
induced maturation at younger age and smaller size. In addition, we found effects of first-year growth
on later growth trajectories for a fish, indicating that environmental conditions experienced the

first year will also influence size at age later in life. At the population level, increasing temperatures
average (up to 4 °Cincrease in areas with mean summer temperature at approximately 12 °C) resulted
in a positive effect on population growth rate (i.e. smaller but more fish) during climate simulations
including increasing and more variable temperatures.

Climate change is expected to induce a variety of ecological responses through phenotypic plasticity’ and evo-
lutionary adaptation®. These responses range from behavior alterations® to changes in phenology*®. Thus, it is
not trivial to draw general conclusions about the direction or form of climate-change responses. However, an
emerging trend with an increasing empirical evidence base for organisms with indeterminate growth seems to
be related to the temperature-size rule®, where organisms exposed to warmer temperatures grow faster through
ontogeny, but reach a smaller adult size’-'". These effects might be especially pronounced in systems where
there are few opportunities for behavioral thermoregulation, and for ectotherms, as temperature and growth
are directly connected. A less explored aspect of the temperature-size rule and global warming is if and how
these changes in somatic growth will affect population dynamics. Somatic growth and size are key life-history
traits across taxa as they often link directly with sexual maturity, survival, reproductive success and movement/
migration'?!%. Thus, understanding and forecasting how trait variation affects populations is crucial, because
climate change will alter the phenotypic trait distributions. Recent studies on temperature dependent body size
effects for aquatic ectotherms have shown a potentially large impact on the population dynamics'>~"7, and even
on ecological interactions and food web responses'®. However, as there are a multitude of population processes in
the wild, there is still a large potential to explore and increase the understanding on how these act simultaneously
to produce variations in population dynamics in a changing world. Interacting effects of population density and
temperature might result in both synergistic'® and opposing® effects on somatic growth in the wild, depending
on habitat quality and food availability. It is also likely that a temperature effect on growth might come in addition
to other effects of climate change, such as the effect of local precipitation patterns**?. Therefore, to understand
and forecast variation in population dynamics as a function of changing life history traits, modeling that cap-
tures the possible variation of these essential underlying mechanisms without being overly complex, is required.
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Length at age 1 Length at age>1
Fixed effects Model coefficients | Model coefficients
Intercept 13.35 (5.58) 102.90 (7.81)
Lengthatagel |- 1.23 (0.04)
CPUE - -0.64 (0.41)
NAO 22.33 (4.62) 6.60 (4.82)
Temp 2.81 (0.46) 5.47 (0.62)
Age - 56.68 (2.01)
NAO*Temp —-2.42(0.39) —-0.83(0.38)
Age*NAO - 0.52 (0.50)
Age*Temp - —-1.73(0.18)
Observations 889 2503

Table 1. Estimated model coefficients for the fixed effects in the most supported model for length at age 1 and
length at age > 1, respectively. Numbers in parenthesis represent standard errors for the estimates.
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Figure 1. A contour plot of length at age 1 (~ first year growth), as predicted by the most supported model.
Predicted length at age 1 in mm, as indicated by the variation in colour, is shown as functions of air summer
temperature (x-axis) and winter NAO-index value (y axis). The figure has been made using the ggplot2-library®.

Here, we explore how climate components affect population dynamics of lentic brown trout (Salmo trutta),
via expected effects on functional traits. Through models based on variations within temperature and precipita-
tion gradients, as well as density, we infer how individual fish size at age, fecundity and spawning norm might
be affected. During climate simulations, all these life-history traits are allowed to interact and react to changes in
the environmental variables, which dictate the parameter range in an age-structured matrix population model*
to forecast changes in population growth rate. Through the developed population tool, we explore the following
research questions: How would an allopatric lentic brown trout population react to an increase in mean summer
temperature, as well as increased variation in annual summer temperature, and how would added changes in
winter conditions alter population dynamics further?

Results

Length at age. For length at age one, the model including an interaction effect between summer tem-
perature and winter North Atlantic Oscillations-index** (NAO, Table 1) got considerable support over the other
candidate models. This model predicted that summer temperature had a positive effect on first year growth, but
this was increasingly and most pronounced for declining and low winter NAO values (i.e., a tendency of colder
and dryer winters) (Fig. 1). For high winter NAO values, the model predicted a general pattern of small length
at age, and as the NAO index increased towards maximum, the growth was increasingly unaffected by variations
in the summer air temperature (Fig. 1).

For length at age greater than one, there were two candidate models that got considerable support over the
other models in the selection procedure (model selection table can be seen in Supplementary information S1).
Although the result of the two models differed only marginally, we chose to do model averaging over these two
models to get a single set of representable parameter estimates to include in the population simulations. The
parameter estimates can be seen in Table 1. In general, the model predicted a positive effect of first year growth
and a negative effect of CPUE (capture per unit effort, used as a proxy for density), both effects lasting throughout
the fish life span. Further, low average summer temperatures resulted in slightly smaller length at age <3, but
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Figure 2. Predicted mean length in mm (y-axis) at age (x-axis) from the most supported growth model. The
variation between the different lines illustrates differences in predicted mean length at age given four different
combination of summer air temperature and winter NAO-index values. Low and high mean summer air
temperature considered in the growth projections are 10.6 °C and 15.1 °C, respectively, while high and low
w-NAO represents -0.82 and 1.85, respectively. Shaded areas show the standard deviation of the predicted mean
length at age. The figure has been made using the ggplot2-library®s.

increased length for fish older than 3 (Fig. 2). The effect of winter NAO index on length at age was in general
small, but being most pronounced during high summer temperatures (Fig. 2).

Spawning probability. The most supported model for spawning probability included an effect of summer
temperature in addition to the length-age interaction effect (Supplementary information S2). Low summer tem-
peratures resulted the spawning probability reaction norm to shift up and right, so that fish tended to spawn at
an older age and larger size compared to fish experiencing warmer summer temperatures (probability reaction
norm shifting down and left, Fig. 3). Thus, if two hypothetical fish were to follow the same growth trajectory in
two different lakes, one experiencing warm summer temperatures (~ 14 °C) and one experiencing low summer
temperatures (~ 11 °C), the fish in the cold lake would reach a 50% probability of spawning at approximately
260 mm and 6 years of age while the fish in the warm lake would reach the same probability at approximately
200 mm and between age 4 and 5 (Fig. 3).

Survival. Estimated annual survival rate (s) based on calculations from the descending catch curve (age
5-10) was estimated to be 0.496 (standard error=0.04).

Climate scenarios and population projections. The climate scenarios with an increase in mean air
summer temperature (mean annual increase of 0.04 °C) revealed a rather large effect on lambda (Fig. 4, upper
panel). The rise in temperature induced an increasingly positive population trend until about 50 years out in the
100-year scenario, equivalent to an increase of mean summer temperature of 2 °C, where the model predicted
a lambda ranging between 1.06 and 1.07. This would mean an annual increase in population size of up to 7%.
However, from 50 to 100 years (2 °C to 4 °C increase in mean summer temperature), the potential for popula-
tion growth was slightly reduced and seemingly stabilizing on a lambda value around 1.01. The climate scenario
where annual mean summer air temperature increased with 0.02 °C, as well as allowing for larger annual varia-
tion in temperature, also induced a positive population trend. The potential of population growth had, however,
a more gradual increase than was expected in the warmer climate scenario. Here, the highest rate of popula-
tion increase was expected around year 75 in the simulation (~ 1.5 °C increase in temperature, lambda ranging
between 1.03 and 1.04), and resulting in a lambda of approximately 1.03 after 100 years of climate change.

The climate scenarios where we also allowed for a positive trend in winter NAO-index values accompany
the summer air temperature scenarios (i.e. also simulating warmer and wetter winter conditions), changed the
above-mentioned expectation only slightly (Fig. 4, lower panel). For the scenario where summer temperatures
had similar mean and variation as contemporary summer temperatures, there was an expected negative popu-
lation trend (lambda between 0.99 and 0.98). The scenarios including a mean annual increase of 0.04 °C and a
mean annual increase of 0.02 °C as well as larger variation between years did not change the respective maximum
lambdas too much, but rather delayed the expected population projections compared to the scenarios with no
expected change in winter trends. Larger annual variation in summer temperature by itself did not have a large
effect on long-term population dynamics, however the combination of warmer winters with more precipitation
(still usually as snowfall in the area) and increased annual variation in mean summer temperatures produced
more oscillating population sizes (Fig. 4).
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Figure 3. Contour plot representing variations in spawning probability (green shading) in relation to age
(x-axis) and length in millimetres (y-axis). A value of 0.1 equals 10% probability of spawning, 0.2 equals 20%
and so on. Left panel shows the spawning probability for lakes in the data experiencing low mean summer
temperatures (10.8 °C), and right panel shows the spawning probability for lakes experiencing high mean
summer temperatures (13.4 °C). Blue lines represent the estimated mean length at age across all the lakes and
the corresponding shaded areas are 95% confidence bounds. The dotted lines indicate the approximate point
of 50% probability to spawn in the two temperature scenarios. The figure has been made using the ggplot2-
library®®.

Discussion

Our results show that changes in summer temperatures and winter conditions, and thus also size at age and
spawning probability norm, can have profound population-level consequences for the studied sub artic brown
trout communities. The relatively large changes in predicted instantaneous population growth rates were mostly
apparent during climate scenarios with an increase in mean summer temperature, visible even at relatively con-
servative increases in temperature. In general, the climate-warming simulations forecasted increasing population
sizes (Fig. 4), where individuals obtained smaller size at age, but also spawned at earlier age and smaller size
compared to scenarios with no temperature increase. The apparent bell shaped curves of the expected instan-
taneous growth rate as a function of time for scenarios with increasing temperature (Fig. 4), are likely a result
of density regulation in the simulations (stock-recruitment relationship, as well as density effect on growth),
gradually reducing the high potential for population growth. The population growth potential is, however, always
above 1 and therefore the populations are always increasing in size during the time and temperature frame of
our simulations. The situation for sub-Artic brown trout in face of global warming thus seems to be more much
more positive, compared to populations in warmer regions®. Our findings corresponds with a comparable study
which also found a positive effect of temperature on population growth of pike (Esox lucius L.) in the Winder-
mere lake system, United Kingdom, as a result of the fish following temperature-size rules during temperature
warming?. Interestingly, Vindenes et al.?® also found that variable temperature regimes had little effect on the
population dynamics compared to a stable increase in temperature, which indeed seems to be reflected in our
results as well. We do, however, see a tendency of oscillating population sizes if more variable summer tempera-
ture regime is accompanied by warmer winters with more precipitation. The latter is likely still to fall as snow
in most of the areas that our data is extracted from and would thus also likely produce a shorter growth season
as snow accumulates during winter.

The effect of winter conditions in general (as interpreted from NAO-index values), had most effect on young
individuals, where index-values associated with warmer winters and more snow resulted in smaller sizes at age.
At the population level, this resulted in a tendency of declining population size (A <1) for the scenario with
unchanged summer temperatures, while populations experiencing warmer summers still experienced increase in
population size. The trend of reduced somatic growth as a result of warmer winters with more snow is expected as
this would negatively affect the length of the effective growth season?’-**. Nonetheless, the environmental effect
on size at age 1 (i.e. experienced growth between age 0 and 1) was still influential in determining the intercept
of the growth trajectory for later ages. In other words, if a fish experienced poor growth conditions early in life
(low summer temperature and/or high winter NAO), this seemed to carry over to reduce size at age throughout
ontogeny. This response is in line with the results from a recent study of temperature effects on Eurasian perch
(Perca fluviatilis) where larger body size at age also was associated with high juvenile growth rates®. The results
from Huss et al.*® contrasts the temperature size-rule®, as a smaller body size for adults would be expected as
juvenile growth increased. In that perspective, our results diverge from Huss et al.*, as we indeed see evidence
for the temperature size-rule with increased juvenile growth and a reduced adult size (Figs. 2, 3). The differ-
ences is, however, that a reduction or increase in effective growth season duration early in life might lower or
heighten the expected growth trajectory through life (change the intercept of the growth trajectory), while the
temperature still affects the slope of the growth trajectory. These are likely two different mechanistic processes
in play, one acting according to the length of growth season (intercept), and perhaps also the mismatch between
food availability and temperature, while the other might be related to metabolic effects of temperature (slope).
This explains how experienced growth early in life can be influential in determining realized size at mature age,
even though the growth trajectory stays rather unchanged through ontogeny. It also adds to the notion that body
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Figure 4. Estimated lambdas, interpreted as instantaneous population growth rate, (y-axis) as a function

of time (x-axis) from the projection matrix model. Blue solid lines represent a status quo scenario with no
temperature trend, blue dashed lines represent scenarios with no increase in the mean temperature, but with
increased annual temperature variation, the red lines represent a climate scenario where annual mean summer
temperature increases with 0.04 °C throughout the time frame and dot-dashed red lines represent expected
lambdas during an annual summer temperature increase of 0.02 °C as well as increased annual temperature
variation. All lines represent smoothed mean trends from 100 iterations of the respective climate scenario.
Shaded areas represent the 95% confidence interval around the smoothed mean. Upper panel visualize
projections for summer temperature scenarios with no particular trend in the NAO-index values (a proxy for
winter conditions, following historical values for the last 20 years), and lower panel visualize the same summer
temperature scenarios as above, but also including a trend of increased NAO-index values (a proxy for warmer
and more snowy winter conditions). The figure has been made using the ggplot2-library®.

size-temperature relations are probably not general and simple, but rather complex with proximate explanations
that vary according to the specific situations and organisms*"*2.

The brown trout included in our study likely experienced water temperatures that mostly were below or just at
the optimal temperature for individual growth, never exceeding thermal tolerances for either fry or adult fish®.
Our model projections therefore also reflect general expectations for similar sub-Artic populations, whereas
populations now experiencing temperatures closer to thermal limits for growth and survival, are likely to be more
negatively affected. It is, however, interesting to observe that expected individual growth of adults is reduced as
temperatures in theory moves towards more optimal conditions for growth (mean air summer temperature of
approx. 10 °C to approx. 15 °C, Fig. 2). This is likely, at least partly, due to interactions between food-resources/
density and thermal regimes'****>%, reducing the capacity of laboratory-based growth-models for accurately
predicting observed growth patterns in the wild.

It should be noted that due to restricted data available for the survival estimates, we were not able to explore
how age-specific survival rates might change as functions of different environmental properties. We rather choose
to fix the survival rates in the population projection process, which perhaps gave more marginal projections com-
pared to natural situations as survival might vary according to e.g., growth trajectory, winter conditions, tempera-
ture and density’’*%. Furthermore, an accurate disentanglement, understanding and reassemble of all functional
traits and environmental drivers in play to determine the population dynamics is a daunting task. For example,
maturation norms and growth trajectories are likely very intertwined, where both traits jointly affect each other®.
Our model approach is a simplification of such processes, based on best knowledge and observed mechanistic
relationships between focal traits and environmental drivers. Furthermore, as our results are based on observed
correlative relationships, we do not have a full causal explanation for the observed trends. For instance, we do
not have detailed data on seasonal habitat utilization of the fish, nor variation in actual water temperature, but
rather clear indications of trait variations as function of changes in air temperature. Consequently, we do not have
information concerning the proximate cause of the temperature effect, which could both be related to metabolic
constrains as well as for example food availability. Both examples are associated with differences in for example
individual growth?**. This sets some limitations to the range of temperatures where the model projections are
likely to be representative (e.g. not for populations where temperatures are much higher than range observed
in this study, as discussed above), but is also promising as air temperatures usually are more accessible across
scales. Previous studies have found little support for large variation in thermal-related performance in brown
trout?*. As a consequence, the models can easily be reparametrized across larger geographical scales where fish
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Figure 5. Study lake positions (filled dots) and names. Unfilled large circles connects the different lakes with
the most representative weather stations (stars) in the area (in terms of altitude, vegetation zones and landscape).
The dashed line constitute the national border between Norway and Sweden. The figure was produced using
Adobe illustrator.

data exist, but lake-specific environmental data lacks. This will further increase the understanding of population
dynamics across an even wider range of temperatures than explored in this study.

In conclusion, our study shows that regionally down-scaled climate-warming scenarios are likely to have
a positive impact on sub-arctic brown trout population sizes within the first half century, followed by a half
century of declined or levelling-off population growth for high or intermediate summer temperature increase,
respectively. The population structure changed towards smaller individuals that matured earlier at smaller sizes
under both climate warming scenarios. Changes in winter climate towards increasingly warmer and wetter (yet,
snow condition) slightly moderates and delay these population trajectories. Interestingly, the modelled sub-
arctic brown trout populations performed less optimal when run under contemporary climate conditions. An
interesting question that arises, and that calls for further research, is how robust these populations with many
small sized individuals are to withstand other relevant anthropogenic disturbances such as the introduction of
alien fish species or changes in the habitats?

Material and methods

Sampling and data. The data consist of gillnet catches of brown trout (N = 5733, caught during 2008-2009)
from 21 lakes situated along an altitudinal gradient (30 m above sea level, m.a.s.1.-800 m.a.s.1.) in mid-Norway
and Sweden (Fig. 5). The lakes were sampled within three main types of vegetation zonation in the catchment
area that ranged from the southern boreal to the alpine zone. The lowland lakes were situated in the southern
boreal zone dominated by coniferous woodland and forest, but there were also large areas of alder (Alnus sp.) as
well as some broad-leaved deciduous woodland. Average annual and July air temperature are 4-6 and 12-16 °C,
respectively*®. Middle boreal catchment area is dominated by coniferous woodland, forest and mires. Aver-
age annual and July air temperature are, respectively, 2-4 and 8-12°C*®. Vegetation around the high altitude
lakes were dominated by bilberry (Vaccinium myrtillus), grass heaths and dwarf birch (Betula nana) scrub, with
annual and July air temperature of — 2 to 0 and 6-12°C*. The clustering of lakes within vegetations zones can be
seen in Fig. 5. The epilimnetic water temperature across a sample of the lakes in the altitudinal gradient in this
study seems to be within the general trends in the air temperature®’.

All lakes were sampled using standardised gillnet series consisting of single mesh nets (25 x 1.5 m) with
mesh sizes 12.5, 16, 19.5, 24, 29 and 35 mm®. Three nets were linked together making chains with alternating
mesh sizes in order to represent all mesh sizes at different depths in each lake at each sampling. This gillnet
series catches brown trout with a slight bias in favour of larger individuals®® that was assumed similar in all
lakes. The nets were distributed along the shoreline, and the lakes were fished during summer, with different
effort (i.e., number of gillnet series) depending on lake size. Weight per unit catch effort (CPUE) based on total
weight of the brown trout catch per 100 m? gillnet area per night was used as a proxy for biomass density. Since,
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Variables

Numerical summery (mean, std. deviation,
Description min and max) rounded to nearest decimal

Temperature

Year and area specific mean air temperature (°C) during 15th of May until

end of September (obtained from the closest representative weather station) 118,13,94,15.1

Summer precipitation

Year and area specific sum of precipitation (mm) from May until end of July

(obtained from the closest representative weather station at www.eklima.no) 203.7,38.1,102.3, 371.4

CPUE

Lake specific catch per unit effort obtained from gillnets, used as an indica-

tion for abundance 4.1,3.2,0.6,16.9

NAO

Year specific North Atlantic Oscillation-index during winter season (Decem-
ber-March) for all areas. Interpreted as an indicator of winter conditions.
Low (negative) values usually leads to cooler and drier conditions (cold but | 0.3,0.9, - 0.8, 1.9
less snow) in Norway and high values brings warmer and wetter weather to
Norway (often meaning more snow in mid to high altitude areas)

Age

Age of the specific fish in growth season 3.2,1.8,1,10

Table 2. Description of candidate variables used in the model selection process determining the most
supported model for individual growth of brown trout.

differences in environmental conditions across lakes cause large variations in body size and hence per capita
resource demands, biomass was considered a better measure of population density than number of individu-
als for among-lake comparisons. Length (total length, mm) and weight (g) at catch were measured for every
individual in the full data set. Age, sex, maturation status and back-calculation of length-at-age was undertaken
for a randomly selected representative subset (N =889) of the data. Growth and spawning probability ogives*
were modeled based on this subset. Scale samples and otoliths were taken and used for age determination, of
which scales were used primarily, and scales were used for back-calculation of growth®. Distance between the
annuli was measured, and a direct proportional relationship between the length of the fish and the scale radius
was assumed®'. If the scales were difficult to read, which was the case for more slow-growing individuals from
the low altitude lakes were the annuli were less distinct, otoliths were used for determining the age. As we did
not have complete records of water temperature, area and time specific summer air temperature and precipita-
tion measurements were obtained from an online database (www.eklima.no, Norwegian Metrological Institute).
The database contained historical weather data from the closest representative (i.e., corresponding in distance,
altitude and operational period) weather stations to the respective lakes (Fig. 5). This resulted in overlapping
temperature and precipitation regimes for some of the lakes as there were in total five different weather stations
that were most representative within the area containing the 21 lakes. Further, as there was some variation
in how complete the different measurements were within years, we also had to calculate the sum of summer
precipitation for a shorter period of the summer compared to the average mean air temperature. Both measure-
ments still being good proxies for experienced summer conditions in the bulk of the growth season. The effect
of temperature and precipitation was thus derived from the spatio-temporal variation in observations between
these five weather stations, where the historic temporal variation corresponds to recorded climate components
relevant to years for the back calculated age of the individual fish in the specific lakes (resulting in a total of 29
distinct measurements, see variation in Table 2) Epilimnetic water of lakes usually reflects warming trends in
air temperature well, however hypolimnetic temperature variation might not be very correlated to the air tem-
perature. Yet, changes in air temperature might indeed influence the thermal stratification of a lake and thus the
environment and conditions for a fish®2. There are good reasons to believe that most of the lakes in our study
obtained some sort of thermal stratification during the summer season. Nonetheless, we chose not to model air
to water temperature for the few measurements of water temperatures we had, and extrapolate this relationship
to the full spatio-temporal resolution of the data. The rationale for this was threefold: (1) We were interested
in exploring potential effects and relationships of easily available climate components, such as air temperature,
simplifying the model concept; (2) we did not have access to detailed data on lake bathymetry so that hypothetical
modeled air-to-water relationships would be rather uncertain; (3) we had no detailed information on how the
brown trout was distributed in the water column during the summer period in study lakes. However, compared
to similar lakes, there are reasons to believe that brown trout mainly feed and stay in the upper six meters of
the water column, as well as epibenthic areas with high invertebrate abundances®***, where both areas often are
overlapping and highly influenced by the air temperature.

Data analysis and model descriptions. Overall process. We used linear mixed model approaches to
parameterize environmental effects on key life history traits for brown trout. Specifically: Length at age was
parameterized as function of the environment (e.g., summer temperature, population density, winter NAO and
summer precipitation). Spawning probability were modeled as functions of individual length and age. We also
allowed either the age effect or length effect on spawning probability to vary with temperature or summer pre-
cipitation. Individual fecundity (number of eggs produced) was predicted as a function of length and spawning
probability. Annual survival estimates from age 1 and up was accessed using catch curve analysis, while first year
survival was estimated based on a stock-recruitment function. The estimated parameters were utilized to feed
an age structured matrix projection model®, enabling long-term population viability projections in an changing
environment (see overview in Fig. 6). Although there are several choices of population models that might be
utilized for inferring the population dynamics, such as IBMs> and IPMs™, the age structured matrix model was
deemed especially suited to model our systems as they are highly seasonal (with very reduced growth during
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Figure 6. A schematic overview of the processes involved in our model-setup. Red lines indicate drivers and
connections acting on individual life history traits, blue lines indicates traits driving the population model and
green lines indicates links to climate variables. In short, existing area and time specific climate data on summer
precipitation (Prec) and mean summer air temperature (Temp), as well as time specific data on winter NAO-
index (recorded NAO values during December, January, February and March, NAO.DJFM), were used to
parameterize models for length at age 1 and length at age> 1, as well as spawning probability at age. Length at
age 1 was allowed to affect length at age> 1, and in the simulations achieved length at age > 1 was also influenced
by the achieved length the previous year (L*). Length at age and spawning probability, both defined by climate
variables, interacted in defining how many eggs a female was likely to produce (i.e. fecundity). Survival from
eggs to small juvenile fish was based on a stock-recruitment relationship, where the stock was defined by the
results from the population model (expected number of fish). Expected number of fish across all ages was also
allowed to affect length at age > 1. The model parameters was used to simulate long term population dynamics,
where we also varied expected temperature change scenarios (steadily increasing mean temperatures and
temperature variation, respectively, as well as a combination of the two latter scenarios). The populations long
term rate of increase (\) was inferred using the age structured population matrix model.

winter) and thus producing a clear age structure in the data. Further description of the various modeling ap-
proaches are described below. All statistical analyses was done in R*’.

Size at age. Data inspections prior to model development showed length at age to be surprisingly linear within
the size and age distribution in our data (i.e. no obvious signs of asymptotic growth for fish in any of the sam-
pled lakes). Length (L) was thus explored using a linear mixed effects model approach with the Ime4-package’®.
Denoted, length for individual j in population i (L;) could thus be expressed as:

P
L= xikBr
k=1

Here, B=(py, .- [SP)T is px1 vector (one column matrix) of unknown regression parameters, XiT =(Xip> -+ o> Xip)
€ RP is the explanatory variables of interest (k+p <#). L;j was assumed normally distributed. p is the number of
explanatory variables included. Further, as the brown trout in this dataset stays (at least) one year in their natal
tributary after hatching before they migrate to the lake, we choose to model individual size at age one and size
at subsequent ages as two different processes. The variables considered in the candidate models were summer
air temperature, summer precipitation, NAO-index (see extended variable description in Table 2). For size at
age> 1, age was always included as a variable, and we also tested models including an effect of CPUE and first year
growth on subsequent growth trajectories. Multiple candidate models where the different environmental effects
were allowed to vary with age were constructed (Supplementary information S1). Population ID and individual
ID were included as nested random effects in all candidate models exploring size at age> 1, and population ID
was included as a random effect for the models exploring size at age 1. The most supported models were selected
based on AIC-values®. During the population simulation the variation in the predictions attributed to the ran-
dom effect(s) was treated as random noise, and not explicitly included in the simulations.

Spawning probability. Brown trout is an iteroparous species, however under normal food conditions and harsh
winters in Norway it might not spawn every year following maturity. Accordingly, we modelled likelihood of
spawning at age, derived from the number of female individuals that was going to spawn the following autumn,
rather than probability of maturation at age. Aging effects on spawning probability was included in the model-
ling as skipped-spawning individuals (i.e., mature females that skip spawning episodes, sensu Rideout and Tom-
kiewicz ©°) were coded as non-spawners in the analysis. Probability of spawning (P) was calculated based on a
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maturation-ogives approach®!, utilizing generalized linear mixed effects models in the Ime4-package®®. Binomial
models as two-dimensional ogives, 0(A, L) were considered in the model selection. Here, A and L represent age
and length, respectively. In addition, we also explored how these ogives might change due to either a temperature
effect, summer precipitation effect, or a measure of fish abundance (CPUE) including either as an additive effect
in some candidate models (see Supplementary information S2). Population ID was always included as a random
effect. In general, the probability of spawning could thus be described as:

Pr (spawning)ij = Boi + BriAij + Bailij + B3iAijLij + Paix1i + ai + &j

where Bs represent coefficients under estimation, A;=age of individual j in population i, L =individual length, x,
represent a lake-specific environmental variable (if present in the candidate model, either summer temperature,
CPUE or precipitation), ; is the estimated random lake-specific intercept and ¢ is the random residual variation
assumed normally distributed on logit scale. The most supported model was selected based on AICc-values™.

Fecundity. Female fecundity (i.e., number of eggs per female) was predicted as a function of female length
(mm) and two constants based upon published values for brown trout from Norway (F= e 108()'221-6.15)62 my]t;-
plied by the probability of spawning (P) at size and age.

Survival. Annual survival rates (s) for fish age>1 were based on estimations from catch-curve slopes utilizing
the Chapman-Robson function in the FSA-package®. The survival was estimated based on descending catch
curves, i.e., where numbers of caught individuals decreased as a function of age in the catch. Based on this slope
we can derive an instantaneous mortality rate (Z), and from this the annual survival rate could be estimated from
S=eZ Due to a restricted number of populations available for survival rates, the survival was estimated across
all population. As it is unlikely that S would be constant across all age classes we choose to make age specific
survival rates, S,, where the S, (survival from age one to age two) was reduced, and S; 5 was slightly increased
whereas all other S,=S. The respective reduction and increase are described more in detail below. Survival rates
for age 0-1, S;, was based on a stock-recruitment function (see further description under “Climate scenarios,
calibration and population projections”).

The projection matrix. Population projections were derived utilizing an age-structured matrix population
model® in the popbio-package in R®". Changes in the age structure and abundance of brown trout was modelled
from N,,, = K(E,N,t)N, or rather:

N AL P, NDso(Ee) (L P,ND)so(Er) -+ - Fanae (s P Np)so (Er) N
2 Sa 0o .. . 0 2
_ 0 Sa e e () «
' 0 0 0 s 0 :
Namax t+1 “ Namax t

where N, is the abundance of brown trout across all age classes a=1,..., a,,,, at year t. Census time is chosen so
that reproduction occurs at the beginning of each annual season. f, is the fecundity at age a (i.e., the number of
offspring produced per individual of age a during a year). More specifically, f varies according to f(L,P,N), where
variations in L (length) and P (probability to spawn) in turn is defined by climate variables and the number of
individuals N. s is a constant and represent the survival probability of individuals from age a to age a+ 1, and a,,,,,
is the maximum age considered in the model. a,,,, was set to 10 years in the simulations, as was also was the age
of the oldest fish in the aged subset of the data (see frequency table in Supplementary information S2). Although
varying between systems, the maximum age observed and simulated also corresponds to expected maximum
age found in other systems in Norway®. S, is a function of E, the numbers of eggs laid, where the relationship is
determined by a stock-recruitment function.

Consequently, K(E,N;t), the Leslie matrix, is a function of N and E. In each time step, the survival of indi-
viduals in age class a,,,, is 0, whereas individuals at all other ages spawn and experience mortality as defined
above. From the Leslie matrix K, we can infer the population’s long-term rate of increase, A, from the dominant
eigenvector of the matrix®.

Climate scenarios, calibration and population projections. To explore the population effects of changes in sum-
mer air temperature or winter conditions we simulated different 100-years climate-change scenarios for a single
lake, which included variations the climate variables in focus. The first scenario represented a status quo setting.
Here, annual average summer air temperatures were randomly drawn from a normal distribution with mean and
standard deviation from observed summer air temperatures from 1998-2009 in the study area. The second cli-
mate scenario randomly assigned temperatures as in scenario one, as well as allowing for more and more fluctu-
ating annual summer temperatures as time progressed. This was done by adding a random variable t (~ N(0,0.03)
times the number of the specific year (i.e., 1-100) in the 100-years climate change scenario. The third climate
scenario, drew annual summer temperatures as in the first scenario, but included an increase in the average
air summer temperature by 0.04 °C each year (i.e., 4 °C in total for the 100-year-scenario which is close to the
expected mean increase in regional temperature following the regionally down-scaled RCP8.5 IPCC scenario®).
The fourth climate scenario included an average summer temperature increase of 0.02 °C each year (close to the
expected average temperature increase following the regionally down-scaled RCP4.5 IPCC scenario®), as well
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as allowing for more and more fluctuating annual summer temperatures as time progressed (as in scenario two).
For all climate scenarios above, annual winter NAO-values was randomly drawn from a uniform distribution
between — 1.5 and 1.5.

We also simulated a second set of climate change scenarios, where summer temperatures were as described
in the four scenarios above, however in all these scenarios we also included a trend of higher winter NAO values
(meaning a general trend of warmer winters with more precipitation/snow in the study area, as predicted by the
down scaled climate scenarios®). This was done by letting annual NAO-values be drawn from a random normal
distribution with mean =0.5, and standard deviation of 0.5.

During the calibration process for the simulations, we altered the age specific survival estimates S, and S, 5 so
that average lambdas for the status quo climate scenario was relatively stable and close to 1 (i.e. no large changes
in population size) based on 100 iterations of a 100 year-climate scenario. Specifically, S; = $*0.6 and S; ;= 5*1.2,
which is also assumed to be within the realistic range of survival rates for the specific age classes in the focal
populations. S, was derived from a stock recruitment function, and was thus allowed to vary as a function of
density in the population. Specifically, from the total egg number (E,) at year ¢ and the number of one-year olds
atyear t+1 (N, ,,) the stock-recruitment function could be estimated by fitting a Shepherd function®”:

[lEt

N = —
L = 1 bE)*

where a=0.04, b=0.0000003 and c=3.5. E is number of eggs deposited during ¢-1 spawning season, estimated

as the total fecundity. The estimated N ,,, was used to estimate first-year survival (s,) from:

so = In(Ei—1) — In(Ny)

All 100-years scenarios were simulated with 100 iterations to extract the variation in the expected popula-
tion projections. CPUE in the simulations was included as a dynamic variable in the growth model, recalcu-
lated through the matrix projection model for each time step, i.e. year. Length at age, spawning probability
and fecundity was predicted for each time step (i.e. pr year) as described above. The spawning probability did
however not vary annually according to changes in the environment but was predicted according to the mean
values of the environmental variables across all years the climate scenario. However, for climate scenarios with
increasing mean temperature over time, the expected spawning probability was a function of the gradual mean
temperature increase. Thus, by allowing the spawning probability reaction norm gradually to follow changes
in the temperature, as predicted from the spawning model, we allowed the populations to gradually adapt the
reaction norm to the respective changes.
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