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• We assessed effects of climate-driven
warming and flow change on Mediter-
ranean trout.

• We combined climate projections with
hydraulic, bioenergetic and eco-genetic
models.

• Under warming alone, compensatory
dynamics prevented population extinc-
tion.

• With warming and flow change, bioen-
ergetic impacts overwhelmed compen-
satory responses.

• Assuming warming increases food pro-
duction did not offset impacts of climate
change.
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Streamflow is a main driver of fish population dynamics and is projected to decrease in much of the northern
hemisphere, especially in the Mediterranean region, due to climate change. However, predictions of future cli-
mate effects on cold-water freshwater fish populations have typically focused only on the ecological conse-
quences of increasing temperatures, overlooking the concurrent and interacting effects of climate-driven
changes in streamflow regimes. Here, we present simulations that contrasted the consequences of changes in
thermal regime alone versus the combined effects of changes in thermal regime and streamflow for resident
trout populations in distinct river types with different sensitivities to climatic change (low-altitude main river
vs. high-altitude headwaters). We additionally assessed the buffering effect of increased food production that
may be linked to warming. We used an eco-genetic individual-based model that integrates the behavioural
and physiological effects of extrinsic environmental drivers –temperature and flow– with intrinsic dynamics –
density-dependence, phenotypic plasticity and evolutionary responses – across the entire trout life cycle, with
Mediterranean brown trout Salmo trutta as the model species. Our simulations indicated that: (1) Hydrological
change is a critical dimension of climate change for the persistence of trout populations, in that neither river
type supported viable populations under strong rates offlow change, even under scenarios of increased food pro-
duction. (2) Climate-change-related environmental change most affects the largest, oldest trout via increased
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metabolic costs and decreased energy inputs. In both river types, populations persisted under extreme warming
alone but became dominated by younger, smaller fish. (3) Density-dependent, plastic and evolutionary changes
in phenology and life-history traits provide trout populations with important resilience to warming, but strong
concurrent shifts in streamflow could exceed the buffering conferred by such intrinsic dynamics.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

While resident stream fish are currently responding to anthropo-
genic climate warming at a greater rate than many terrestrial organ-
isms, most species have not shifted their ranges fast enough to track
their changing climate (Comte and Grenouillet, 2013). Cold-adapted
species face particular challenges in the combination of climate change
and more localized anthropogenic environmental modifications
(Grenouillet and Comte, 2014). As a result of climate change, many
trout species are undergoing changes in distribution and population de-
clines, sometimes to extinction, especially near the southern edge of
their range or at low altitudes (Almodóvar et al., 2012; Ayllón et al.,
2013; Eby et al., 2014). Projected climatic changes will constrain trout
populations to ever smaller and more fragmented headwater habitats.
This situation has motivated efforts to identify climate refugia and de-
sign effective conservation networks (e.g., Isaak et al., 2015).

Outside of climate refugia, theprobability of persistence depends not
only on climatic exposure but also on the species' sensitivity and adap-
tive capacity to climatic changes. The small number of documented ex-
tinctions of trout populations to date suggests these populations can
exhibit resilience even at low abundances (Kovach et al., 2016). Indeed,
adaptive changes in phenology and life-history traits in response to cli-
mate change have been extensively documented in salmonids (Crozier
andHutchings, 2014). Of course, local persistencewill be possible only if
adaptation rates match the rates of environmental change and the pop-
ulation possesses sufficient additive genetic variability to respond adap-
tively to such changes.

To date, most analyses of climate change effects on resident trout
populations have focused only on altered thermal regimes and
overlooked the potential impacts of climate-driven shifts in streamflow
(Filipe et al., 2013; Kovach et al., 2016), although with rare exceptions
(e.g., Wenger et al., 2011;Wade et al., 2017). This is an important omis-
sion because summer streamflow has beenmore consistently related to
trout demography and individual growth than temperature (Kovach
et al., 2016), and in areaswhere rainier winters are predicted, statistical
species distribution models suggest that increased flood frequency
might be a key driver of trout habitat loss (Wenger et al., 2011).

Streamflow is projected to decrease in many areas of the northern
hemisphere, but especially in Mediterranean regions (Schewe et al.,
2014), where trout will also likely be affected by other drivers of global
change such as land use change (Foley et al., 2005).Water availability is
indeed the most critical environmental filter for the local persistence of
fish populations (Palmer et al., 2009); in particular, flow determines the
quality and quantity of available physical habitat and thus the carrying
capacity of salmonid populations (Ayllón et al., 2012; Sundt-Hansen
et al., 2018). Smaller streams may exhibit greater sensitivity to flow re-
ductions, because wetted area and critical hydraulic features (water
depth and velocity) show strong non-linear relationships with flow
and the rate of loss is steepest at low flows (Rosenfeld, 2017).

Streamflow also controls the availability of invertebrate drift and
thus the magnitude of energy flux to stream-rearing salmonids, conse-
quently influencing their growth, survival and abundance (Harvey
et al., 2006; Naman et al., 2016). Field experiments indicate that syner-
gistic interactions between flow-mediated food reduction and elevated
temperature increase trout mortality (Bruder et al., 2017). The rate of
change in food availability during high- and low-flow events is strongly
mediated by channel architecture, specifically cross-sectional profile
(e.g. Naman et al., 2017). Therefore, the energetic effects of reduced
flow to trout populations will differ along the altitudinal gradient in a
river basin as channel morphology changes. As a result, flow-related
changes in energy flux can potentially follow a different trajectory
than available physical habitat (Rosenfeld, 2017), and thus the overall
consequences of changes in streamflow on trout population dynamics
are complex and not easy to generalize. While headwaters will be
more resistant towarmingdue to the slower climate velocities ofmoun-
tain streams (Isaak et al., 2016), it is not evident that they will show a
lower sensitivity to climate change if they also undergo hydrological
changes. The bioenergetic effects of temperature and streamflow are
to some extent confounded, especially during summer low flows
when higher temperatures increase energy demand as lower flows re-
duce food availability. The overall outcome of these interactions for
trout survival and growth will be difficult or impossible to predict
from empirical data alone (Kovach et al., 2016).

Here, we assess the vulnerability to climate change of resident trout
populations living in two river types that differ in their sensitivity to
warming and hydrological change. We use a comprehensive mechanis-
tic modelling framework that integrates the behavioural and physiolog-
ical effects of extrinsic environmental drivers with intrinsic dynamics –
density dependence, phenotypic plasticity and evolutionary responses–
across the entire trout life cycle. We parameterize the model for two
Mediterranean brown trout Salmo trutta populations at the warmest
edge of the species distribution. We specifically evaluate: (1) how
warming and changes in the flow regime (a) affect metabolic, life-
history and phenological traits of individual fish through changes in
their physical (thermal conditions, habitat availability and hydraulic ge-
ometry) and biological (food availability) environment, and (b) how
these effects scale up to population dynamics; and (2) the potential of
temperature-driven increased food production to buffer the direct (via
behaviour and physiology of individuals) and indirect (via habitat and
energy fluxes) climate-induced impacts on fish populations.

2. Materials and methods

2.1. Model description

Weused inSTREAM-Gen (Ayllón et al., 2016), an eco-genetic version
of the individual-based trout model inSTREAM (Railsback et al., 2009).
In this model, the demographic and genetic trajectories of trout popula-
tions emerge from the growth, survival and reproduction of individual
fish, processes driven by complex interactions among temperature
and flow conditions, heterogeneous physical habitat, competition for
food and habitat, and adaptive behaviour. Plastic responses in growth
rates, maturation schedules and phenology can also emerge from natu-
ral or anthropogenic biotic or abiotic changes in the environment.
InSTREAM-Gen and its documentation can be freely downloaded
(https://github.com/DanielAyllon/inSTREAM-Gen-Fishing-version);
Appendix A provides a detailedmodel description that follows the ODD
(Overview, Design concepts, Details) protocol (Grimm et al., 2006,
2010). Here, we provide an overview of the model, with focus on the
bioenergetics submodel that relates growth and starvation mortality
to food availability, temperature, and behaviour.

InSTREAM-Gen simulates the complete trout life cycle using a daily
time step, with stream flow and water temperature as environmental
drivers. There are four kinds of entities: the stream reach, cells, trout
and redds. The model explicitly describes one stream reach of variable
length and width, which is divided into cells that represent patches of

https://github.com/DanielAyllon/inSTREAM-Gen-Fishing-version
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relatively uniform habitat. Cells contain information about their physi-
cal habitat (water depth and velocity, availability of cover for feeding
and avoiding predators), and their production rate of drift and benthic
(search) food. On each simulated day, the reach's daily flow and tem-
perature values are updated from input files and the depth and velocity
of individual cells are calculated from the flow. Food availability in each
cell is subsequently calculated from its physical habitat features and the
reach's food parameters. Drift food production rate is modelled as the
rate atwhich prey itemsflow into the cell fromupstreamand are regen-
erated within the cell:

driftHourlyCellTotal g h−1
h i

¼ 3600 s h−1
h i

� cellDepth cm½ �
� cellVelocity cm s−1� �� cellArea cm2� �
� habDriftConc g cm−3� �

=habDriftRegenDist cm½ �
ð1Þ

where habDriftConc and habDriftRegenDist are calibrated reach parame-
ters representing the drift food density in the reach and the drift regen-
eration distance, respectively.

Habitat cells provide benthic (search) food at a rate determined by
their area and a calibrated reach parameter that defines benthic food
production:

searchHourlyCellTotal g h−1
h i

¼ habSearchProd g cm−2 h−1
h i

� cellArea cm2� �
: ð2Þ

Therefore, when reach-scale drift concentrations and benthic pro-
ductions rates are constant over time, daily variation in total drift food
availability depends on both the reach's wetted area and hydraulics,
but benthic food availability only depends on variation in wetted area.

After cells variables are updated, individual trout execute the follow-
ing actions on each time step:

(1) All trout select a cell for feeding, following a size-based domi-
nance hierarchy that gives larger trout first access to food and
preferred habitat. Each trout moves to the available cell, within
a radius that increases with body length, that maximizes short-
term fitness, which is a function of the cell's mortality risk and
growth potential (Railsback et al., 1999). The habitat selection
trait is the key adaptive behaviour of trout in the model.

(2) Trout feed and grow according to their food intake and respira-
tion costs experienced in their cell, which are calculated through
a bioenergeticsmodel. A fish captures drift food only within a re-
active distance that increases with body length but decreases
with water velocity, while the amount of food passing within
the reactive distance increases with water velocity and drift con-
centration. Search food intake increases linearly with benthic
food production and decreases linearly with water velocity. Res-
piration is modelled as the energetic costs of metabolism and
swimming, including (a) standard respiration that is a function
of fish size and water temperature but independent of the fish's
activity, and (b) an additional activity respiration that increases
with swimming speed, which equals the cell's water velocity.
However, cover (e.g., boulders or logs that create local velocity
reductions) lower swimming costs for drift-feeding fish, so
trout may compete for it:

respTotal j d−1
h i

¼ respStandard j d−1
h i

þ respActivity j d−1
h i

ð3Þ

respStandard ¼ fishRespParamA� fishWeightð ÞfishRespParamB
� �

� e fishRespParamC�tempð Þ ð4Þ
respActivity ¼ feedTime=24ð Þ
� e fishRespParamD�swimmSpeedð Þ−1
� �

� respStandard ð5Þ

As a result of this formulation, changes in water velocity affect
only activity respiration, while changes in temperature affect
both standard and activity respiration.Therefore, the daily
growth rate experienced by a trout in a cell depends on its
body size, the reach's temperature and characteristics of the
cell (food and shelter availability, and hydraulic conditions;
Fig. B.1 in Appendix B).

(3) Each trout is subject to six natural sources of mortality: starva-
tion, predation by terrestrial animals, predation by piscivorous
trout, high temperatures, high velocity, and stranding; the daily
probability of surviving each mortality source depends on the
state of the fish and the characteristics of its cell. Specifically,
the risk of starvation is a function of body condition, while the
risk of predation by terrestrial animals (the most common
cause of mortality) can be reduced by smaller fish size, hiding
cover, and high velocity or depth, and thus is affected by stream
flow. Unlike Ayllón et al. (2018a), we did not represent angling
mortality.

The next actions take place daily only during specific periods of the
year:

(4) Trout become mature when their length reaches their maturity
size threshold. During the spawning season, mature females
with healthy body condition spawn when environmental condi-
tions (temperature, and flow magnitude and steadiness) allow.
Spawning females create a nest (redd) and its eggs are fertilized
by the largest available mature male plus a random number of
smaller subordinate males. The number of eggs increases expo-
nentially with female length and also varies inversely with egg
size. Egg size increases with the genotypic value of the female's
trait for length at emergence (see below). Each redd stores the
genetic information of the mother and all contributing males.

(5) Redds are subject to egg mortality due to superimposition
(placement of a new redd on top of an existing one), and ex-
treme temperatures and flow events (low flows, and scouring
at high flows). Surviving eggs develop at a rate that increases
non-linearly with temperature.

(6) After redds fully develop, new trout emerge with the heritable
traits of length at emergence and the sex-specific maturity size
threshold. Each new trout inherits its genetic traits from the
mother and one father randomly chosen from the contributing
males. The phenotype of an individual is modelled as the sum
of an inherited additive genetic effect (genotypic value) and a
non-heritable environmental effect; these inheritance rules are
based on the infinitesimal model of quantitative genetics
(Lynch and Walsh, 1998).

2.2. Study sites

We parameterized the model for resident brown trout populations
living in two contrasting river reach types in the same basin in northern
Spain. One reach represents a site on the River Eska, the main river of
the study basin, which corresponds to the Mediterranean medium-
sizedmountain river-reach type described in Ayllón et al. (2010), here-
after referred to as “main river”. The second reach models a tributary to
the River Eska, a medium-sized mountain headwater stream (hereafter
referred to as “headwaters”).

The sites differ markedly in water temperature and stream flow
(Fig. 1). Annual maximum temperatures in the main river (mean 18.1
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°C, range 16.8–20.3 °C over 1993–2011) can exceed values at which
negative effects on feeding and growth have been observed for brown
trout (e.g., 19.5 °C according to Elliott and Elliott, 2010). Annual maxi-
mum temperatures in the headwaters (mean 17.0 °C, range 15.7–19.2
Fig. 1. Time series of mean daily flow (row A) and seven-dayminimum daily flow (row B) durin
4.5 and 8.5; black line), RCP4.5 + Flow change (blue line) and RCP8.5 + Flow change (red li
maximum daily temperature (row D) during the trout growing season under the baseline (bl
change; red line) scenarios. (For interpretation of the references to colour in this figure legend
°C over 1993–2011) do not reach that values. Flow at the main river
site is typically about three times flow at the headwater site (main
river: mean annual flow 4.28 m3 s−1, mean summer flow 0.71 m3 s−1,
minimum flow 0.39 m3 s−1; headwaters: mean annual flow
g the trout growing season (March to October) under the no-flow-change (baseline, RCPs
ne) simulation scenarios. Time series of mean daily temperature (row C) and seven-day
ack line), RCP4.5 (and RCP4.5 + Flow change; blue line) and RCP8.5 (and RCP8.5 + Flow
, the reader is referred to the web version of this article.)
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1.38 m3 s−1, mean summer flow 0.23 m3 s−1, minimum flow
0.13 m3 s−1).

Basin- and reach-scale morphological features and hydraulic geom-
etry also differ between the reach types (Table 1). The main river reach
has a higher ratio of drainage area to river length, which produces a U-
shaped channel, in contrast to the headwaters reach's V shape. The
width-to-depth ratio, a good descriptor of channel shape, is almost
three times higher in the main river; the headwaters channel is
narrower and more constrained by bedrock (Table 1; Fig. B.2). The
main river has a higher proportion of fast waters to pool habitat than
the headwaters and higher mean water velocity but lower water
depth (Table 1).

Topographic, hydraulic, and structural data required to describe
study sites in inSTREAM-Gen were collected following standard proce-
dures: total depth, current velocity, substrate composition and cover
were measured every 1 m along transects placed perpendicular to the
flow. The proportion of different substrate (silt, sand, gravel, cobble,
boulder and bedrock) and cover (velocity shelters, aquatic and over-
hanging vegetation, woody debris and undercut bank) types were visu-
ally estimated in 1-m2 quadrats.We used hydraulic models of PHABSIM
v.1.5.1 (Milhous andWaddle, 2012) to obtain the functions relating cell-
specific depths and velocities to total streamflow. Site-specific demo-
graphic and life-history data required to characterize themodel popula-
tions were obtained from previous field studies (e.g., Ayllón et al., 2012,
2013; Parra et al., 2014). Characteristics of the initial population (mean
and standard deviation of length-at-age and age-specific abundance)
were based on field data collected by the Government of Navarre in
1993. Model parameterization is extensively described in Appendix C.

2.3. Simulation scenarios

We simulated trout populations between 1993 and 2100 under five
different environmental scenarios. We generated time series for water
temperature and flow for that period in a two-step process.We used re-
corded data from the closest stream gauging (Isaba, Navarra Govern-
ment) and meteorological (Urzainqui, AEMET) stations to generate
flow and water temperature time series for the 1993–2011 period.
Time series over 2012–2100 were projected for each scenario following
themethodology fully described in Ayllón et al. (2016) and summarized
below.

2.3.1. Baseline scenario
We modelled a baseline scenario that continues the historical tem-

perature and flow regimes without climate change. We first analysed
the entire historic time series (1992–2011) from the Isaba gauging sta-
tion using IHA v7.1 software (The Nature Conservancy) to differentiate
years into five flow-event categories and determine their probability of
occurrence: extreme low flows (probability of occurrence within the
Table 1
Morphological basin-scale descriptors and reach-scale morphological variables measured
at themedian summer discharge, and water depth and velocity (mean± standard devia-
tion over wetted cells at the median summer discharge).

Variable Headwaters Main river

Watershed descriptors
Altitude (m a.s.l.) 870 655
Watershed size (km2) 79 293
Distance from the origin (km) 13 29
Stream order 2 3
Basin shape (km2 km−1) 6.0 10.1
Slope (%) 5.2 0.9

Reach descriptors
Channel width (m) 6.8 22.5
Width / depth ratio 27.3 83.6
Depth (cm) 22 ± 18.7 18 ± 7.4
Velocity (cm s−1) 28.4 ± 25.5 31.4 ± 26.7
analysed time series = 0.158), low flows (0.368), small floods (0.368),
large floods (0.053), and extreme low flows in summer concurrent
with large floods in winter (0.053). The last category reflects the most
extreme intra-annual variability in flow conditions. The flow regime
for each year of the 2012–2100 time period was randomly set to one
of those initial years (1992–2011), using probabilities weighted to re-
produce the historic frequency of flow-events categories. We estimated
water temperature time series from air temperature time series using a
linear regression model specifically developed for the Aragón River
basin (see Ayllón et al., 2016): Twater = 3.331 + 0.633·T7d-air, where
Twater is daily water temperature and T7d-air is the mean air temperature
during the previous seven days. Air temperature time series at the study
reaches were derived from the Urzainqui meteorological station's time
series by means of the regional air temperature model (T7d-air [°C] =
323.25–6.914·Latitude [decimal degree] − 0.0044·Altitude [m]) de-
scribed in Ayllón et al. (2013). The air temperature time series for
2012–2100 were projected by using historical data from the same
year as for the flow regime to avoid unnatural decoupling of environ-
mental variables.

2.3.2. Scenarios of environmental change

2.3.2.1. Climate warming scenarios. The first set of scenarios represent
temperature increases due to climate warming but not changes in
flow, so we used the same flow time series developed for the baseline
scenario. We used two future climate projections corresponding to the
Representative Concentration Pathways RCP4.5 and RCP8.5 (Taylor
et al., 2012) to generate the temperature time series. Under the
RCP4.5 projection, greenhouse gas emissions peak in 2040 and then de-
cline, so total radiative forcing stabilizes shortly after 2100 without
overshooting the long-run radiative forcing target level, resulting in
moderate warming. The RCP8.5 is characterized by increasing green-
house gas emissions over time, leading to high greenhouse gas concen-
tration levels and thus to very strong warming. We used the inter-
model median of regional daily air temperature projections for the
Urzainqui meteorological station developed by AEMET through statisti-
cal downscaling techniques based on data from six global climate
models associated with the 5th Coupled Model Intercomparison Pro-
ject: (1) BCC-CSM1-1 (Beijing Climate Center, China), (2) CanESM2 (Ca-
nadian Centre for Climate Modelling and Analysis, Canada), (3) GFDL-
CM3 (Geophysical Fluid Dynamics Laboratory, USA), (4) MIROC-ESM-
CHEM (Japan Agency for Marine-Earth Science and Technology,
Japan), (5) MPI-ESM-LR (Max-Plank Institute, Germany), and (6) MRI-
CGCM3 (Meteorological Research Institute, Japan).

Projected air temperatures were translated into water temperatures
using the same model as for the baseline scenario. The RCP8.5 scenario
projects water temperatures well above 20 °C in both reaches, but such
temperatures are projected to be reachedmuch earlier in themain river
(Fig. 1C, D).

2.3.2.2. Climatewarming& hydrological change scenarios. These scenarios
represent increasing temperature and changes in flow regime due to
both climate and land-use change. We used the same water tempera-
ture times series described above, developed fromRCPs 4.5 and 8.5. Sce-
narios of hydrological change relied on stream flow projections
performed by López-Moreno et al. (2014) for the River Aragón basin
(River Eska is tributary to River Aragón) for 2021–2050 under the A1B
scenario of moderate greenhouse gas emissions. Temperature predic-
tions under the A1B emission scenario lie between those of the repre-
sentative concentration pathways 6.0 and 8.5. These flow projections
are based on projected temperature and precipitation patterns and the
expected evolution of land cover according to observed recent trends
of abandonment of agricultural fields and subsequent afforestation, nat-
ural re-vegetation and decrease in livestock pressure (see López-
Moreno et al., 2014 and references therein). Simulations assume that
pasture and shrub areas in the basin will evolve into evergreen conifer
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forests, and that tree linewill shift upward from1600 to 1800 to 2000m
altitude. López-Moreno and collaborators predicted a continuous de-
crease in runoff (due to increased plant evapotranspiration and slight
decreases in precipitation) from late winter to the end of autumn,
with reductions in streamflows exceeding 30–40% relative to the histor-
ical baseline, especially in summer.

We designed different scenarios of hydrological change for each of
the temperature scenarios. First, we modified daily streamflow from
the baseline scenario for 2012–2050 to reflect seasonal changes
projected by López-Moreno et al. (2014). Daily flows within each
month decreased linearly at a rate calculated to match reductions
through 2050 projected by López-Moreno and collaborators. On the
basis of projected temperature and precipitation patterns, we assumed
that stream flows would continue decreasing over 2051–2100 but at
different rates for the two simulated RCP scenarios. We assumed that
flowswould continue to decrease at the same rate under the RCP8.5 sce-
nario, but for the RCP4.5 scenario we arbitrarily set the flow decrease
rate for 2051–2100 to half the rate assumed for 2012–2050. Therefore,
we designed a “RCP4.5 + Flow change” scenario of moderate warming
and flow reduction, and a “RCP8.5 + Flow change” scenario of very
strong warming and flow reduction (Fig. 1A, B).

2.3.3. Scenarios of environmental and food production change
The third set of scenarios include the environmental change de-

scribed in Section 2.3.2 concurrent with a change in food production
over time as a result of the projected warming. In these scenarios, the
parameters defining drift and benthic food production at the reach
scale (habDriftConc and habSearchProd, respectively) change every sim-
ulated year during 2012–2100 as a function of temperature instead of
remaining constant. We used the formula of Morin (1997):

Log P ¼ 2:10þ 0:20� log Mþ 0:037� T ð6Þ

where P is the expected invertebrate annual production (mgDM m−2

y−1), M is individual body mass (mg Dry Mass) and T is mean annual
temperature (°C). Morin's formula resulted from the combination of a
regression model predicting density from body mass (Morin, 1997)
with the model of Morin and Bourassa (1992) predicting production
from body mass, biomass and temperature, which were derived from
a meta-analysis of 35 and 60 published empirical studies, respectively.
These empirical studies encompassed data froma large number of rivers
and taxonomic groups. We assumed no changes over time in individual
mass and calculated the relative change in food production as a function
of the change in temperature under scenarios RCP4.5 and 8.5 relative to
a reference temperature (mean annual temperature during the period
1993–2011: 9.8 °C in the headwaters and 10.9 °C in the main river).
Therefore, production of food of either type (habDriftConc or
habSearchProd) was calculated each year for 2012–2100 as:

Fi ¼ F0 � 10 0:037� Ti−T0ð Þð Þ ð7Þ

where Fi and Ti are food production and temperature at year i, while F0
and T0 are reference values for 1993–2011.

2.4. Model outputs

2.4.1. Physical habitat and food availability
We first assessed the predicted effects of simulated flow changes on

the reach physical habitat and the availability of food for trout during
the season in which growth is most rapid (March to October; hereafter
referred to as the “growing season”). To this end, we recorded each sim-
ulated day the reach's wetted area, mean water depth and velocity
(weighted by the availability of velocity shelters, so that it represents
the swimming speed of fish feeding in the drift) of wetted cells, and
the drift, benthic and total food available in the reach. Values were aver-
aged over the growing season.
2.4.2. Fish bioenergetics
We then analysed the predicted effects of simulated temperature

and flow changes on fish energy expenditure. For each simulated day,
we calculated the standard, activity and total respiration costs for a
trout of a size equal to the size maturity threshold swimming at a
speed equal to the reach's mean water velocity (see previous
Section 2.4.1), and averaged these daily values over the growing season.

2.4.3. Fish life-history and phenology traits, and population demography
Finally, we analysed the predicted consequences of temperature and

flow-driven changes in instream physical habitat and fish energetics on
individual growth rates and body size traits, and how they scale up to
alter the demography and eco-evolutionary trajectory ofmodel popula-
tions. For this analysis, we recorded the density, biomass, and mean in-
dividual length and weight (W) of four age-classes (0, 1, 2, and 3-and-
older trout) every simulated year at September 1st. Growth rate (GL)
was calculated as a daily mass-specific rate GL = (ln W1 − ln W2) (t2
− t1)−1, whereW1 andW2 aremeanWat age at times t1 and t2.We cal-
culated this growth rate for age-0 trout during the first growing season
(between emergence time and September 1st), during the first annual
interval (age-0 –at September 1st– to age-1 years, whichmostly reflects
trout growth during the growing season as age-1 individuals) and dur-
ing the second annual interval (age-1 to age-2 years, which mostly re-
flects trout growth during the growing season as age-2 individuals).
The size structure of the population was measured as the adult (trout
older than age-1) to juvenile (age-0 and 1 trout) biomass ratio. We
also calculated the production rate of the population from emergence
to the third year of life using the instantaneous growth method
(Ricker, 1975). Production represents the flow of energy across trophic
levels to create new tissue over time, so it is quite responsive to environ-
mental change. We additionally recorded at the end of each spawning
season the population fecundity (total number of eggs produced). To
track the simulated evolution of the populations, we recorded the
mean genotypic value of length at emergence of all spawners. We also
recorded the mean date of spawning and emergence, measured as the
Julian date.

2.5. Data analyses

We evaluated the trajectory of model outputs using the rank-based
non-parametric Mann-Kendall test (Mann, 1945; Kendall, 1975), which
can detect significant trends over time that need not be linear. This test
is robust to outliers, does not assume any distribution of data, and has
low sensitivity to abrupt breaks in the series, but it is quite sensitive to se-
rial correlation. The analysiswas thus performed asmodified by Yue et al.
(2002) to account for temporal autocorrelation with the zyp v0.10-1 R
package (Bronaugh and Werner, 2015). We estimated the Kendall's tau
statistic and its probability, and the Sen's slope (the median linear slope
joining all pairs of observations) expressed by quantity per unit time.

3. Results

3.1. Physical habitat and food availability

Mean water temperature during the growing season is projected to
increase in both river types, by 0.12 and 0.35 °C per decade in the cli-
matewarming scenarios RCP4.5 and RCP8.5, respectively. In the simula-
tions with no temperature-driven changes in food production, the
average total energy availability (i.e., total energy content of inverte-
brates both in the drift and in the benthos) during the growing season
at the end of simulation time (2086–2100) was 1.4 times higher in the
main river than in the headwaters under both warming scenarios.

Both reach wetted area and mean water velocity significantly de-
creased over time under both warming plus flow-change simulation
scenarios (Table 2, Fig. 2). Consistent with the differences in channel
morphology between reach types, the rate of decrease in wetted area
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was higher in the main river while the rate of change in water velocity
was higher in the headwaters.

Benthic food availability decreased significantly over time under
both warming plus flow-change simulation scenarios due to the reduc-
tion in wetted area, and thus the effect was stronger in the main river
(Table 2, Fig. 2). Drift food availability decreased at a faster rate than
benthic food availability under both warming plus flow-change scenar-
ios, since it depends both on wetted area and water velocity. Stronger
reduction in wetted area in themain river compensated for stronger re-
duction in water velocity in the headwaters, resulting in similar de-
creases in drift food in the two reach types (Table 2, Fig. 2). Overall,
food availability decreased at a higher rate in the main river (Table 2,
Fig. 2). At the end of the simulation period (mean for 2086–2100)
under the most extreme scenario (RCP8.5 + Flow change), total food
availability decreased by 49% in the main river and by 46% in the head-
waters. The average total energy availability during the growing season
was only 1.3 times higher in the main river than in the headwaters
under the combined scenarios with hydrological change.

When we simulated changes in food production as a function of
temperature, food availability increased under temperature-change-
only scenarios (of course) and it still decreasedunder hydrologic change
but at a lower rate compared to scenarios in which food production
remained constant (Table 3). In fact, temperature-driven food produc-
tion resulted in increased benthic food availability under the RCP8.5
+ FC scenario in both river types, but not under the RCP4.5 + FC
scenario.

3.2. Fish energetics

The standard respiration costs for a trout of a given size increased
significantly over time relative to the baseline, at a rate of 1.3 and 3.3%
Table 2
Trends of model outputs over the 1994–2100 time period for the climatewarming (RCPs 4.5 an
scenarios in two river types (headwaters vs. main river). Trends were analysed using the Mann
the Sen's slope in %/decade. All trends were highly significant (P b 0.001) except when indicat

Headwaters

RCP4.5 RCP8.5 RCP4.5FC R

Physical habitat
Wetted area 0 ns 0 ns −0.89
Water velocity 0 ns 0 ns −2.45

Food availability
Drift food 0 ns 0 ns −4.31
Benthic food 0 ns 0 ns −0.91
Total food 0 ns 0 ns −3.48

Metabolic traits
Standard respiration 1.32 3.33 1.32
Activity respiration 1.32 3.33 −1.94
Total respiration 1.32 3.33 0.30 *

Phenological traits
Spawning date 0.07 ns 0.16 0.23
Emergence date −1.66 −3.42 −0.87 * −

Body size traits
Gen Emergence L 0.09 −0.09 −0.35
Growth rate age-0 −0.94 −1.74 −0.04 ns
Growth rate age-1 −0.57 −0.83 −0.41 **
Growth rate age-2 0.27 ** 0.43 0.68
Weight age-0 0.62 * 1.04 0.58 ns
Weight age-1 −0.10 ns −0.06 ns 0.06 ns
Weight age-2 0.23 ns 0.31 ns 0.86 *
Weight age N 2 −0.36 * −1.85 −2.99

Demography
Production −2.07 −5.56 −7.75
Total biomass −1.11 −3.21 −4.84
Ratio adults/juveniles −0.75 −2.11 −4.18
Total fecundity −1.01 −3.56 −6.03
per decade under the RCP4.5 and 8.5 climate warming scenarios, re-
spectively (Table 2, Fig. 3). Due to the reduction in water velocities
under the combined warming and flow-change simulation scenarios,
the respiration costs associated with swimming increased over time at
a lower rate than under warming alone in the main river, and actually
decreased over time in the headwaters (Table 2, Fig. 3). Therefore, the
increase in total respiration costs under the scenarios simulating both
climate warming and hydrological change was markedly lower in the
headwaters than in the main river (Table 2, Fig. 3). As a result of these
patterns of change over time, under combined warming and flow re-
ductions over the last 15 years of the simulated period, a female at the
threshold size for maturity requires around 2.6 times more energy for
maintenance and feeding in the main river than in the headwaters,
while the potential energy intake is only around 1.3 higher in the
main river (see Section 3.1).

3.3. Fish phenology and life-history traits

There were density-dependent, plastic and evolutionary responses
in fish individual traits that helped reduce the effects of changes in tem-
perature and stream flow:

1) Wedetected a strong genetic response towards smaller size at emer-
gence, especially in the combined scenarios of warming and flow
change, particularly in the main river (Table 2). Larger size at emer-
gencewas linked to reduced growth rates of age-0 trout during their
first growing season (Table D.1 in Appendix D). Moreover, because
of the tradeoff between number of eggs produced and egg size
(seeModel description), larger eggs (and thus size at emergence) re-
duce fecundity.

2) Changes in the environment affected trout phenology (Table 2). Fish
emerged earlier due to faster development of eggs resulting from
d 8.5) and climate warming plus flow change (RCP 4.5 and 8.5+ Flow change) simulation
-Kendall test and p-values were corrected for serial correlation. Trends are represented as
ed otherwise (ns non-significant, * P b 0.05, ** P b 0.01).

Main river

CP8.5 FC RCP4.5 RCP8.5 RCP4.5FC RCP8. 5FC

−1.77 0 ns 0 ns −1.60 −2.74
−3.56 0 ns 0 ns −0.44 −0.80

−6.52 0 ns 0 ns −4.33 −6.50
−1.55 0 ns 0 ns −1.37 −2.19
−5.22 0 ns 0 ns −3.74 −5.73

3.33 1.32 3.33 1.32 3.33
−2.01 1.32 3.33 0.63 1.76
1.60 1.32 3.33 1.10 2.77

0.94 0.04 ns 0.13 −0.01 ns 0.36 **
0.04 ns −1.69 −3.06 −1.83 −1.42 ns

−0.24 −0.34 −0.42 −0.52 −0.68
0.22 ns −0.40 ** −0.47 ** −0.95 0.58 ns
1.68 −0.03 ns −0.30 ** −0.47 * −1.13

−2.65 * −0.84 * −1.64 0.09 ns −1.71 *
5.78 0.83 2.71 −0.77 ns 3.57 *
6.46 0.76 1.95 −1.88 −0.14 ns
3.35 0.01 ns 0.23 ns −2.02 −1.60
−3.75 −0.30 ns −0.76 −4.64 −5.67

−12.00 −3.98 −8.09 −9.91 −12.27
−10.05 −1.70 −4.27 −7.61 −11.82
−6.46 −2.72 −5.17 −6.58 −10.51
−11.77 −2.82 −7.11 −9.25 −11.59



Fig. 2.Changeover time in thephysical habitat and food availability variables under scenarios offlow change relative to the baseline scenario in two river types (headwaters vs.main river).
Thefigure showswetted area (rowA) andmeanwater velocity (row B) changes under RCP4.5+ Flow change (blue line) and RCP8.5+ Flow change (red line) scenarios. RowC shows the
availability of drift (thin continuous line), benthic (dotted line) and total food (thick continuous line) changes under RCP4.5+ Flow change (blue colour) and RCP8.5+ Flow change (red
colour) scenarios. Changes in the variables are expressed as the percentage change: [(value flow change scenario − value baseline) / value baseline] × 100. Time series were smoothed
using the three-year moving average for representation purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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increased temperatures, which lengthened their first growing sea-
son. However, increased temperatures and decreased flows in late
autumn and early winter delayed spawning under the combined
scenarios, more markedly in the headwaters (due to lower flow
magnitude). Overall this yielded similar dates of emergence under
the baseline and RCP8.5 + Flow change scenarios.

3) Due to increased metabolic costs and reduced energy availability,
daily growth rates of age-0 trout during their first growing season
decreased over time (Table 2). However, decreased competition
for safe and productive feeding sites (see Section 3.4) resulted in
density-dependent growth responses that partially (or totally)
compensated for increased metabolic costs (Table D.1). Growth
rates of age-1 trout showed similar compensatory dynamics
(Table D.1). Patterns of age-2 trout growth rates differed between
river types because of the large differences in metabolic demands,
which made density-dependent compensation impossible in the
main river; therefore, while growth in the headwaters increased
over time under all but the most extreme scenario (RCP8.5
+ Flow change), growth in the main river decreased over time in
all environmental change scenarios (Table 2). Because daily growth
rates decreased in general, production rates were more affected by
climate change than total population biomass in both river types
(Table 2).

4) These differences in growth trajectories led to different size-at-age
patterns among age classes and river reach types (Table 2). The
most consistent patterns were that age-3 and older trout became
smaller over time while age-0 trout became larger because earlier
emergence offset reduced daily growth rates (Table D.2).



Table 3
Trends of model outputs over the 1994–2100 time period for the climatewarming (RCPs 4.5 and 8.5) and climate warming plus flow change (RCP 4.5 and 8.5+ Flow change) simulation
scenarios concurrent with simulated changes in food production in two river types (headwaters vs. main river). Methods and format are the same as for Table 2.

Headwaters Main river

RCP4.5 RCP8.5 RCP4.5FC RCP8.5 FC RCP4.5 RCP8.5 RCP4.5FC RCP8. 5FC

Food availability
Drift food 1.16 3.41 −3.63 −4.84 1.16 3.41 −3.66 −4.86
Benthic food 1.16 3.41 0.08 * 1.23 1.16 3.41 −0.40 0.43
Total food 1.16 3.41 −2.73 −3.19 1.16 3.41 −3.12 −4.03

Body size traits
Gen Emergence L 0.26 0.40 −0.10 * 0.06 * −0.07 * 0.02 ns −0.55 −0.51
Growth rate age-0 −0.58 −1.22 0.05 ns 0.51 ** −0.15 ns 0.16 ns 0.49 ns 1.50
Growth rate age-1 −0.26 ns 0.29 ns 0.48 ** 1.77 0.14 ns 0.16 ns −0.24 ns −0.63 **
Growth rate age-2 0.46 * 1.20 * 0.73 ** 0.11 ns −0.77 * −1.61 −1.65 −5.04
Weight age-0 2.68 7.18 2.90 8.02 2.69 7.80 2.40 11.00
Weight age-1 2.29 8.90 3.56 14.33 3.07 9.17 1.50 7.21
Weight age-2 3.09 10.81 4.36 13.26 1.86 6.08 −0.19 ns 1.20
Weight age N 2 2.99 10.50 0.34 ns 4.09 1.46 5.78 −2.84 −3.09

Demography
Production −0.04 ns −0.89 ns −5.91 −11.16 −2.74 −5.29 −9.67 −11.98
Total biomass 0.39 ns 0.81 ns −3.12 −6.21 −0.52 ns −0.71 ns −6.52 −11.19
Ratio adults/juveniles −0.58 * −1.31 −3.88 −7.04 −3.05 −5.68 −7.30 −10.45
Total fecundity 2.60 4.89 −5.32 −12.01 0.65 ns 1.55 ns −9.05 −11.75
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3.4. Population-level responses

Age-specific density and biomass decreased significantly over time
under the various climate change scenarios (Table E.1 in Appendix E).
Both decreased more severely with age and the addition of hydrologic
change to temperature change. Decreases in the main river exceeded
those in the headwaters except for age-0 trout, because stronger mor-
tality rates in older age classes relaxed inter-cohort competition for re-
sources. Therefore, the production rate, biomass, ratio of adult to
juvenile biomass, and fecundity of the population decreased signifi-
cantly over time in both reach types under all simulated scenarios and
declining rates were stronger in the main river (Table 2). Populations
in both reaches went extinct under the most extreme scenario
(RCP8.5 + Flow change), but earlier in the main river (in simulated
year 2087 vs. 2096; Fig. 4). However, reproduction fell almost to zero
much earlier, beginning in the 2060s in the main river and the 2070s
in the headwaters (Fig. B.3 in Appendix B). Besides, declining rates in fe-
cundity, biomass and production indicated proximate extinction in the
Fig. 3. Change over time in total respiration costs under the RCP4.5 (blue thin line), RCP8.5 (blu
line) scenarios. Changes in respiration costs are expressed as the percentage change: [(value en
smoothed using the three-yearmoving average for representation purposes. (For interpretation
this article.)
main river population under the other combined scenario (RCP4.5
+ Flow change) while the population in the headwaters appeared
more stable (Table 2; Fig. 4).

3.5. Individual and population responses to changes in food production

Temperature-driven increases in food availability led to higher aver-
age growth rates of trout during their first and second growing seasons
in both river types under all scenarios. Daily growth rates during the
third growing season also increased under all scenarios in the headwa-
ters. In consequence, the size at age of all age classes increased over time
in almost all simulation scenarios and the simulated fish attained bigger
sizes than under the scenarios with no changes in food production.
However, the increase in food availability was not enough to offset the
increased metabolic demands of such large fish in the main river with
its higher temperatures, and thus the daily growth rates during the
third growing season decreased at a faster rate than under the scenarios
with no changes in food production (Tables 2 and 3).
e thick line), RCP4.5 + Flow change (red thin line) and RCP8.5 + Flow change (red thick
vironmental change scenario− value baseline) / value baseline] × 100. Time series were
of the references to colour in this figure legend, the reader is referred to theweb version of



Fig. 4.Changeover time inpopulation biomass under scenarios of environmental changewithout (A) andwith simulated increase in foodproduction (B) relative to thebaseline scenario in
two river types (headwaters vs. main river). Biomass change was simulated under the RCP4.5 (blue thin line), RCP8.5 (blue thick line), RCP4.5 + Flow change (red thin line) and RCP8.5
+ Flow change (red thick line) scenarios. Changes in biomass are expressed as the percentage change: [(value environmental change scenario− value baseline) / value baseline] × 100.
Time series were smoothed using the three-year moving average for representation purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Increasing food production had strong positive effects on simulated
cohort production, population biomass and fecundity in both river types
under the two temperature-change-only scenarios (Tables 2 and 3).
However, the buffering effect of increasing food production was limited
under combined scenarios of warming and flow change, especially in
the main river (Tables 2 and 3). The assumption of increased food pro-
duction with temperature delayed but did not prevent extinction under
the worst case scenario (RCP8.5 + FC) (Fig. 4).

4. Discussion

Comprehensive assessment of trout vulnerability to future condi-
tions requires quantification of future climatic exposure, and a clear un-
derstanding of both the aspects of climate change that influence fish
vulnerability across life-stages and the capacity of the fish to adjust to
the changing climate (Wade et al., 2017). Assessments of vulnerability
alsomust include the ability to address the effects of interacting drivers
of population dynamics. Here, our simulations suggest that: (1) Hydro-
logical change is a critical dimension of climate change for the persis-
tence of trout populations, in that the combination of strong thermal
and hydrologic changes prevented population persistence, even in sim-
ulated headwaters and even under scenarios in whichwe assumed that
higher temperatures elevate food production. (2) Largest, oldest trout
experience the strongest impacts of increased metabolic costs and de-
creased energy inputs; extreme warming led in both river types to
smaller populations dominated by young individuals but not to extinc-
tion. This suggests that flow-induced energy limitation would be the
proximate factor leading to extinction under warming conditions.
(3) Density-dependent, plastic and evolutionary changes in phenology
and life-history traits provide trout populations with important
resilience to warming –as indicated by the persistence of our simulated
populations subjected to warming alone– but strong shifts in
streamflow regimes exceed the buffering conferred by such intrinsic
dynamics.

Our primary simulation result is that neither population could com-
pensate for the combined effects of extremewarming and flow change;
even the moderate scenario led the main river population to extinction.
This resultwithstood the facts that simulated fish could exhibit adaptive
behaviour and compensate for environmental change via density de-
pendence, phenotypic plasticity and evolution, although other adaptive
capacities (e.g., through shifts in thermal tolerance; Eliason et al., 2011)
were not explored in this study. Simulatedfish behaviourally adapted to
more energetically challenging conditions by selecting more profitable
foraging habitat but at the cost of higher predation risk, so overall mor-
tality was not reduced. Both populations exhibited responses that
slowed down the rate of decline in abundance and production (see Ap-
pendix D), including: (1) high mortality rates elicited strong density-
dependent compensatory responses that helped reduce negative effects
of environmental changes on growth rates in age-0 and age-1 trout;
(2) the interplay of the needs to survive both starvation and terrestrial
predation caused selection for smaller size at emergence, because in
our model, as in real populations, larger trout have higher metabolic re-
quirements (e.g., Elliott, 1976) and are more susceptible to predation
(e.g., Harvey and Stewart, 1991; Hodgens et al., 2004), and because
smaller size at emergence comes with higher fecundity (Jonsson and
Jonsson, 2011); (3) egg development rates andhence emergence timing
responded to temperature, which resulted in stable or increased body
size of surviving age-0 trout during their first growing season. (This pat-
tern in body size persisted over the first three years of life, despite in-
creasing metabolic demands.) While adaptive behaviour and intrinsic
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dynamics did not prevent extinction under the combination of altered
thermal and hydrologic regimes, they did prevent extinction under all
scenarios of warming alone.

The inability of response mechanisms to overcome changes in both
temperature and streamflow was exacerbated by the fact that not all
plastic responses were adaptive. As a consequence of warming and
flow decreases in late autumn, fish delayed spawning, which delayed
emergence, which reduced the length of the first growing season for
new recruits, thus affecting their size at the end of the season. Avoiding
one problemworsened another: spawning later to reduce temperature-
related mortality of eggs resulted in later emergence and smaller size.
While density-dependent effects compensated somewhat for such
shifts in phenology, delayed spawning remains a maladaptive response
to the changing environment. Others researchers have observed nega-
tive consequences of climate-related changes in salmonids phenology.
For example, earlier seaward migration (Kennedy and Crozier, 2010)
or emergence (Fullerton et al., 2017) can reducemarine and freshwater
survival.

Our simulations indicated that responses of growth and survival to
temperature and flow changes were age-dependent, consistent with
previous predictions (Letcher et al., 2015). Across all our climate change
scenarios, the largest, oldest trout experienced the strongest impacts on
growth and survival from increased metabolic costs and decreased en-
ergy inputs. Both warming alone and concurrent warming and hydro-
logical change produced a shift in age structure, leading to smaller
populations dominated by young individuals and thus with a lower
mean body size. This is consistent with predictions from temperature-
size relationships in aquatic systems (Daufresne et al., 2009). In contrast
to theoretical predictions, we observed anoverall increase in size-at-age
in most age classes due to density-dependent feedbacks (see Appendix
D). Our study, together with results from Bassar et al. (2016), demon-
strates that individuals do not necessarily get smaller under continuous
warming, highlighting the importance of accounting for intrinsic dy-
namics in climate vulnerability assessments. Density-dependent
growth appears to be a keymechanism for copingwith climate changes
or recovering from extreme climatic events (e.g., Bassar et al., 2016;
Vincenzi et al., 2016). But in any case, the age-truncation effect can
lead to unstable non-linear population dynamics that increase popula-
tion fluctuations and thus the risk of collapse due to environmental
stochasticity (Anderson et al., 2008). Human activities leading to
disproportionally higher mortality of the largest individuals, like size-
selective angling (Ayllón et al., 2018a), will amplify this problem.

The simulations also revealed that under the same climate projec-
tions, populations in more thermally challenging environments experi-
enced lower survival, especially of age-2 and older trout, but exhibited
stronger density-dependent, plastic and evolutionary responses. This
explainswhy differences in rates of decline in abundance between pop-
ulations under the warming-alone scenarios are not as large as one
would expect, given that the main river has higher temperatures. Our
simulations showed that reaches in the main river are not only more
thermally challenging than the headwaters as temperature increases,
but also more energy limited as flow decreases, due to their geomor-
phology: because our site in the main river is wider and shallower and
has a U-type morphology, food availability decreases there at a higher
rate than in the headwaters at very low flows. Letcher et al. (2015)
also predicted that population responses to temperature variations are
more flow-dependent in mainstems than in tributaries.

The critical role of hydrological change on trout persistencewas fur-
ther illustrated by the fact that the assumption that warming increases
food production could not prevent extinction in either river type under
the most extreme combined climatic scenario. This might initially be
surprising, given the clear benefits of increasing food availability in
both natural settings and in simulation models where fish can trade
off food acquisition and predation risk (Railsback and Harvey, 2011).
However, the increase in food production could not compensate for
the effect of reductions in wetted area, water velocity and depth at
extreme low flows, all of which reduce either the total amount of food
produced or the ability of trout to capture food efficiently. Finally, our
simplified food-change scenario linked food production only to temper-
ature and not flow. Streamflow changes can alter food availability for
drift-feeding fish in the short-term (Harvey et al., 2006; Naman et al.,
2017), but long-term effects of altered streamflow regimes on food
availability remain unclear.

Our simulations revealed many complex mechanisms affecting the
trajectories of populations under shifting climates. Population trajecto-
ries were driven by the non-trivial responses of individual fish to
changes both in their physical (space, thermal landscape, hydraulics)
and biotic environment (patterns in food resources, levels of intraspe-
cific competition). Forecasting the states of ecological systems is chal-
lenging and requires models as complex as necessary to realistically
represent the study system (Evans et al., 2013; Ayllón et al., 2018b). Pre-
dictions from simple models that incorporate only a few relevant pro-
cesses must be taken with caution. InSTREAM-Gen is structurally
realistic and relatively complex, but of course its predictions are uncer-
tain. One key issue is that prediction accuracy of our approach depends
highly on the underlying feeding and bioenergetics models, which, as
simplifications of complex behavioural and physiological processes,
have substantial uncertainties of their own. These uncertainties include
the structure and parameterization of the drift-foraging model, espe-
cially of the swimming cost and capture success functions (Rosenfeld
et al., 2014); parameter uncertainty (Bartell et al., 1986); and the chal-
lenges of evaluating parameters at stressfully high temperatures
(e.g., Myrick and Cech, 2000). Second, it is unclear how variability in
temperature, flow or physical habitat influence invertebrate drift pro-
duction and dynamics (Naman et al., 2016), or whether the energy con-
tent of prey will vary due to climate-driven shifts in community
composition: future projections of food availability for trout are very un-
certain. Third, we did not account for important indirect effects of cli-
mate change, particularly increased interactions (e.g., competition,
predation, hybridization) with warm-water species, which might de-
crease population resilience. Warm-water species are rapidly
expanding their altitudinal distribution and abundance in trout systems
(e.g., Almodóvar et al., 2012) and temperature-dependent competition
between salmonids and warm-water species has been documented
(e.g., Reese and Harvey, 2002), but few studies link altered interactions
between trout and warm-water fishes specifically to climate change
(but see Muhlfeld et al., 2017). Those are critical research priorities to
improve predictions of climate effects on trout populations.

5. Conclusions

Our simulations suggest that trout populations possess a variety of
mechanisms that make them more resistant to global warming than
previously thought. However, our simulations predict that warming
leads to smaller populations consisting mainly of young individuals,
whichmight bemore unstable and prone to extinction if environmental
variability increases, as it is expected to in Mediterranean freshwaters.
Our study also predicts that concurrence of strongwarming andflow re-
duction inevitably leads Mediterranean trout populations to extinction
even if food production increases with temperature and even when
we assume the possibility of rapid evolution in life history traits. An-
thropogenic activities causing reduced flows, especially in summer,
likely present a severe challenge to many trout populations in the com-
ing decades.
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