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Abstract
As the global climate warms, the fate of lacustrine fish is of huge concern,
especially given their sensitivity as ectotherms to changes in water temperature.
The Arctic charr (Salvelinus alpinus L.) is a salmonid with a Holarctic distribution,
with peripheral populations persisting at temperate latitudes, where it is found only
in sufficiently cold, deep lakes. Thus, warmer temperatures in these habitats
particularly during early life stages could have catastrophic consequences on
population dynamics. Here, we combined lake temperature observations, a 1-D
hydrodynamic model, and a multi-decadal climate reanalysis to show coherence in
warming winter water temperatures in four European charr lakes near the south-
ernmost limit of the species’ distribution. Current maximum and mean winter
temperatures are on average ~ 1 °C warmer compared to early the 1980s, and
temperatures of 8.5 °C, adverse for high charr egg survival, have frequently been
exceeded in recent winters. Simulations of winter lake temperatures toward
century-end showed that these warming trends will continue, with further increases
of 3–4 °C projected. An additional 324 total accumulated degree-days during
winter is projected on average across lakes, which could impair egg quality and
viability. We suggest that the perpetuating winter warming trends shown here will
imperil the future status of these lakes as charr refugia and generally do not augur
well for the fate of coldwater-adapted lake fish in a warming climate.
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1 Introduction

Owing to their intrinsic relationship with the overlying atmosphere and surrounding landscape,
lakes are one of the most sensitive habitats to changes in climate. Mounting evidence has
revealed that over the past century, freshwater lake temperatures have risen, owing to the
secular trend in global climate (Livingstone 2003; O’Reilly et al. 2015; Woolway et al. 2019).
Some biogeochemical and biological consequences of warming lake temperatures have
already been documented, including oxygen depletion at depth (e.g. Jankowski et al. 2006),
decreased carbon sequestration (e.g. Yvon-Durocher et al. 2017), and changing phyto- (e.g.
Reavie et al. 2017) and zooplankton (e.g. Carter et al. 2017) population dynamics. Alarmingly,
this widespread trend of warming lakes is anticipated to continue unabated (Shatwell et al.
2019; Woolway and Merchant 2019), and the associated ecological consequences of future
temperature regimes require urgent evaluation.

Of particular concern is the fate of lacustrine fish, ectothermic organisms that are highly
sensitive to ambient temperatures and have limited potential to shift their geographical
distributions. From a societal and ecological perspective, the coldwater salmonids (the trout,
salmon, coregonid, and charr species) are the emblematic freshwater fish of the Northern
Hemisphere. Within lake ecosystems, salmonids fulfil several important trophic roles, both as
predator and prey, and anadromous morphs can transport nutrients from marine areas to lakes,
rivers, and headwaters (e.g. Joy et al. 2020). Salmonids are often culturally symbolic and
economically important for tourism and recreation (e.g. Butler et al. 2009; Winfield et al.
2019). Thus, documenting the potential negative consequences of climate change on these fish
can serve as a powerful tool to motivate public concern and action toward mitigating climate
change impacts.

The Arctic charr (Salvelinus alpinus L.) is a cold stenothermic salmonid and the world’s
northernmost freshwater fish, with a Holarctic distribution (Whiteley et al. 2019). Lake-
resident peripheral charr populations exist at temperate latitudes, albeit with a much reduced
distribution compared to Arctic populations. Owing to their thermal requirements, they are
generally found only in suitably cold and deep lakes situated in Central Europe and the North
Atlantic Isles and are considered a ‘relict’ species of the last ice age (Whiteley et al. 2019).
However, southern lake-resident charr populations have undergone significant declines which
has been attributed to numerous co-existing stressors, including eutrophication and introduc-
tion of non-native fish species (e.g. Maitland et al. 2007; Winfield et al. 2008). Long-term
climate warming has been identified as a direct threat to the remaining charr populations of
British (Winfield et al. 2010) and peri-alpine lakes (Gerdeaux 2011). Although suggested not
to be a direct cause for charr declines in Irish lakes, climate warming may increase the
vulnerability of charr populations in shallow lakes with non-salmonid fish communities
(Connor et al. 2019).

In aquatic ectotherms, the spawning adult and embryonic egg stages have the narrowest
thermal tolerance range and are therefore most vulnerable to warming temperatures (Elliott and
Elliott 2010; Dahlke et al. 2020). Warm winters can subject fertilised embryos to adverse
conditions, leading to smaller egg sizes, lower hatch success, and smaller emergent larvae
(Farmer et al. 2015). In the southern peripheral Arctic charr lakes of Europe, spawning
typically occurs in late autumn and winter and requires stone and gravel substrate, which is
frequently restricted to specific depth zones in each lake (Gillet 1991; Low et al. 2011; Miller
et al. 2015; Gerdeaux 2011). The STOREFISH database (Teletchea et al. 2007), a repository of
reproductive traits of freshwater teleosts based on published literature, provides data for the
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upper thermal tolerance of Arctic charr eggs. Multiple studies concur that egg mortality
increases abruptly at water temperatures > 8–9 °C, and these studies encompass a range of
freshwater populations from different geographic regions across the southern distribution limit
of charr including Britain (Swift 1965), Central European alpine lakes (Jungwirth and Winkler
1984; Humpesch 1985; Crisp 1996; Mari et al. 2016), and Canada (Kerr and Grant 2000).
Furthermore, eggs that do survive warmer incubation temperatures (8.5 °C) showed poorer
development in terms of embryo size relative to those incubated at 5 °C (Mari et al. 2016).

Such sensitivity to temperature change makes peripheral Arctic charr populations an ideal
sentinel for assessing climate change impacts on lake ecosystems. Conserving remnant southern
charr populations would maintain a unique source of biodiversity in each individual lake. Such
biodiversity can help stabilise ecosystem processes (Schindler et al. 2010), and each individual
population, with diverse life-history traits and local adaptations, in turn contributes to the overall
biocomplexity of the species (Hilborn et al. 2003). However, several studies to date on the effect of
global warming on lake charr have used either air temperature (e.g. Connor et al. 2019), geograph-
ical location (e.g. Winfield et al. 2010), or mean annual water temperatures derived from fortnightly
profiles (e.g. Gerdeaux 2011) as a proxy for lake warming. Warming rates in lakes may differ from
warming air temperature rates for the same region (e.g. Schneider and Hook 2010); the profundal
zone temperature is dependent upon specific lake physics, especially in deeper lakes; and lake
warming rates are not uniform across seasons (e.g. Woolway et al. 2019). Thus, there is a need to
quantify specific rates of warming at biologically relevant depth zones and critical temporal periods
and to assess the magnitude of future warming in order to make conclusive claims that climate
change represents a direct threat to southern latitude Arctic charr populations.

The aim of this study was to characterise changes in the contemporary and future thermal
regimes during the winter spawning season of four peripheral European charr populations.
These were chosen to represent different Arctic charr lake types at the southernmost distribu-
tion of the species’ range—two peri-alpine lakes (Lakes Bourget and Geneva) from Central
Europe and two lakes from Ireland and Britain (Lough Bunaveela and Windermere) (Fig. 1).
Accurate assessment of temperature dynamics of the depth zones where spawning occurs and
not just near the lake surface was crucial. Firstly, we used a hydrodynamic model and gridded
climate reanalysis datasets to evaluate whether lake thermal dynamics have already been
modified by contemporary climate change over the past four decades and whether temperature
increases have encroached upon the thermal tolerance of Arctic charr. Multi-year observations
of full water column temperatures from each lake were used to validate fidelity of model
simulations to actual in-lake thermal conditions. Secondly, we assessed future changes in the
thermal regime of each lake, by forcing each lake model with future atmospheric simulations
from four different general circulation models (GCMs) under different emission scenarios. We
suggest that results could have importance for evaluating long-term prospects for peripheral
Arctic charr populations at southern latitudes in particular and for coldwater lake fish in
general in the face of global climate change.

2 Methods

2.1 Study sites

The location and general characteristics of the Arctic charr lakes examined, none of which
experiences seasonal ice cover, are shown in Table 1 and Fig. 1. Each lake was selected on the
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basis of availability of full water column temperature observations for purposes of model
performance validation. Lough Bunaveela had full water column temperature observations
available at an hourly resolution from 2009 to 2019 and Windermere for 2008 and 2009.
The peri-alpine Lake Bourget and Lake Geneva have full water column profiles of
temperature available at a bi-monthly or monthly frequency for multiple years (Rimet
et al. 2020).

The resident charr populations are considered indigenous to each lake. Following drastic
declines in the Arctic charr of Lakes Bourget and Geneva during the twentieth century,
presumably due to eutrophication, large-scale restocking of the native populations with
allochthonous eggs occurred in the early 1980s (Cachera et al. 2010; Caudron et al. 2014;
Savary et al. 2017). A single documented introduction into Bunaveela with an Icelandic strain
of charr eggs occurred in 1971 (Piggins and Went 1971), although the population is most
likely native—the population has been self-sustaining since at least the 1970s and Bunaveela
shares many specific physical characteristics with other native Irish charr lakes (Igoe and
Hammar 2004). No restocking of Windermere has been implemented, and the biology and

Fig. 1 Location of each study lake
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ecology of the native Windermere charr and its subpopulations of spring and autumn spawners
have been extensively studied for over half a century (Maitland et al. 2007). We focused on the
south basin of Windermere, where the charr have undergone more significant declines relative
to the north basin (Winfield et al. 2008). Of Windermere’s spring and autumn spawning
subpopulations, autumn spawning individuals are by far the most abundant and dominate the
overall lake population (Miller et al. 2015).

2.2 Hydrodynamic model

The lake branch of the open-source General Ocean Turbulence Model (GOTM) was used to
simulate water column thermal structure (Burchard et al. 1999). GOTM is a one-dimensional,
second-order turbulence closure model. GOTMwas set up using the k-εmodel scheme, which
solves the transport equations for the turbulent kinetic energy (k) and the turbulence dissipation
rate (ε), the turbulence length scale determining variable (Burchard and Bolding 2001).
Meteorological data used to force GOTM in this study included air temperature (°C), solar
radiation (W m−2), wind speed (m s−1) and direction, relative humidity (%), and surface
pressure (hPa). Surface heat fluxes were computed using the method of Fairall et al. (1996).
GOTMwas configured to simulate an enclosed water body with depth–area relations using the
hypsograph of each lake as input data.

To assess contemporary lake thermal dynamics, hourly timeseries of meteorological vari-
ables were extracted from the 0.25° by 0.25° grid containing each lake from the global ERA5
climate reanalysis dataset (Hersbach et al. 2020) and used as model boundary conditions. In
order to maximise model simulation fidelity to observed in-lake conditions, an auto-calibration
routine was carried out which allows adjustment of model input parameters in order to
minimise error between modelled and observed temperatures. This allows fine-tuning of
specific model drivers that may not be fully realistic representations of local meteorological
variables at the lake site (e.g. discrepancies between the gridded ERA5 data and actual above-
lake meteorological conditions). Model performance was assessed by pairwise comparison
between simulated temperatures and measured temperatures at each depth for which observa-
tions were available. Calibration for each lake was performed using a subset of annual lake
temperature observations, and the calibrated model was validated using a separate set of annual
lake temperature observations as test data. Further details of the model calibration and
validation procedure are outlined in the Supplementary Material.

2.3 Model simulations: hindcast and forecast

To assess recent historical lake winter temperature trends, each lake model was configured to
provide a timeseries of water temperature at 1-m depth intervals from the lake surface down to
the maximum depth, at an hourly resolution over the period January 1979 (earliest extent of the
ERA5 reanalysis as of August 2020) to December 2019. To assess future temperature
dynamics, each lake model was driven using separate sets of meteorological input variables
from four different GCM projections: GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and
MIROC5. Using data from four individual GCMs allows a more robust estimate of future
climate compared to using a single GCM, which would increase uncertainty of projections.
Each GCM was bias-corrected to the EWEMBI reference dataset (Lange 2019), for the 0.5°
grid containing each lake and obtained from the Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP2b, Frieler et al. 2017). This bias-correction step overcomes many of the
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limitations of using global-scale circulation models to simulate meteorological conditions on a
local scale (Hempel et al. 2013). Lake model simulations were performed using the following
datasets from each of the four GCMs: a historic (1976–2005) reference period and three future
climate periods (2020–2099) under different emission scenarios (representative concentration
pathway (RCP) 2.6 and RCP 6.0 and RCP 8.5). RCPs relate future concentrations of
atmospheric greenhouse gases to radiative forcing in physical models of the future climate
system. RCP 2.6 represents a low-end forcing scenario (where mitigation causes a peak and
decline in future radiative forcing by century-end), RCP 6.0 a more severe forcing scenario
(where diminished mitigation of emissions leads to rising radiative forcing and stabilisation
only after century-end), and RCP 8.5 the most aggressive emission scenario in terms of fossil
fuel use (leading to continued rising radiative forcing beyond century-end) (Van Vuuren et al.
2011).

2.4 Metrics of lake thermal dynamics relevant to Arctic charr

To assess whether warming trends during the critical egg development stage were apparent
over the past four decades, we analysed water temperatures at the known spawning site depths
from November to February to cover the period of egg incubation. In Bourget (Cachera et al.
2010) and Geneva (Rubin and Buttiker 1992; Mari et al. 2016), the peak spawning season
occurs during December, at depth ranges between 40 and 100 m. In Windermere, both autumn
(historical peak in November) and spring (historical peak in February) spawning subpopula-
tions in the south basin appear to spawn at depths shallower than 5 m (Miller et al. 2015). The
precise spawning time of Bunaveela charr is unknown; however, charr have been shown to
spawn during December in three other Irish lakes at depths < 2 m (Low et al. 2011). Bunaveela
charr are likely to spawn at depths shallower than 3 m based on littoral substrate. For each
winter period, the mean daily temperature and maximum daily temperature were first calcu-
lated from the hourly temperature timeseries from November to February. An overall mean
winter temperature and the absolute maximum temperature reached were then calculated from
the daily timeseries to give a single mean and max value for each winter in the 40-year
timeseries. To assess whether temporal trends could be adequately captured by using a linear
regression model, each timeseries was initially fit using a generalised additive model contain-
ing a smoothing function of year as a predictor variable, using penalised cubic regression
splines, with optimal degree of smoothing estimated using cross-validation (Wood 2017).
Model residuals were assessed for normality, heteroscedasticity, and serial auto-correlation.
Whether significant trends could be adequately described by using a linear model was
ultimately determined by comparing the output of an ordinary least-squares regression and
the generalised additive model using analysis of variance and an F test between models. Given
the number of studies supporting the increased egg mortality at temperatures exceeding 8–
9 °C, the longest consecutive time period in days with water temperatures exceeding 8.5 °C per
historical spawning season (November and December) was computed. We used this as a
simple indicator of the thermal environment experienced during the early life stage over the
past 40 years in each lake. For Lakes Bourget and Geneva, we performed this set of analyses
for water temperatures at typical spawning depths of 40 m, 60 m, and 80 m, for Bunaveela at
2 m, and for Windermere at 5 m.

For the future climate simulations, the mean annual winter (November–February) water
temperature at the typical spawning depths was calculated for each GCM individually for the
historic reference period (1976–2005) and a future climatic period (2020–2099) under each
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RCP scenario. Future winter temperature anomalies for each lake were determined as the
departure in future temperature values from the historic reference period. Anomalies were then
averaged across each of the four GCMs to give a mean ensemble representative value under
the RCP 2.6, 6.0, and 8.5 emission scenarios. In addition, the accumulated degree-day (ADD)
anomaly during each November–February winter period was calculated for each lake using the
same method. ADD was first calculated as ADD =mean daily temperature × number of days
from November 1st and future anomalies computed based on the departure from average ADD
winter values during the 1976–2005 period. ADD was considered to be a more biologically
relevant thermal metric (compared to overall mean winter temperature for example), as it
provides a simple indicator of howmuch more heat, over an equal winter time duration, will be
accumulated by developing charr embryos under future climatic scenarios.

3 Results

3.1 Winter thermal dynamics 1979–2019

Comparison of lake model temperature simulations driven by ERA5 reanalysis data with
observed in situ temperature profiles available for the same time period showed close
agreement for all study lakes, with an average r2 = 0.96, RMSE = 0.65 °C, and MAE =
0.45 °C (see supplementary material Table S1 and Fig. S1). A timeseries of water temperature
at surface, intermediate, and deep depth zones for each lake shows the performance of model
simulations at different depth zones (Fig. 2). Of particular relevance to the current study was
the performance of the model at depths associated with charr spawning (Fig. 2—blue for
Bourget (a) and Geneva (c) and black for Bunaveela (b) and Windermere (d)), which appeared
satisfactory. The high fidelity of lake models when forced with gridded ERA5 climate data
was considered sufficient for providing realistic hindcasts of lake thermal dynamics back to
1979 in each lake.

Analysis of annual winter lake temperature timeseries across the 40-year hindcast period
revealed coherent warming across lakes at depths where charr spawning is known to occur
(Fig. 3; Fig. S2; Table 1). Trends in each timeseries were often non-linear (e.g. Lakes Bourget
and Geneva), and for ease of comparison across lakes, we fit generalised additive models to
quantify each trend. Estimated trend change over the 40-year period was then determined by
computing the difference between the beginning and end of the fitted trend line. Maximum
simulated winter temperatures showed significant increases for all lakes and were on average
1.1 °C warmer in 2019 compared to the start of each hindcast period (ranging from 0.6 in Lake
Geneva to 1.65 °C in Windermere (Fig. 3, Table 1)). Mean simulated winter temperatures also
showed similar warming trends, with mean winter temperatures warming by ~ 1 °C over the
course of the 40-year period, when averaged across all lakes with significant trends (Fig. S2,
Table 1). Mean winter warming trend over 1980–2019 was non-significant in Bunaveela,
which is in large part due to the anomalously cold winters of 2009/10 and 2010/11 (e.g.
December 2010 was the coldest December on record in Ireland (Met Éireann, unpublished
data). For example, a trend estimated for 1980 to 2009 showed a significant mean winter
temperature increase of ~ 1 °C).

In Bunaveela and Windermere, no single winter prior to 1995 had more than 30 consec-
utive days during the winter spawning period with maximum daily simulated water temper-
atures in exceedance of 8.5 °C (Fig. 4b and d). In contrast, since 1995, Bunaveela has had three
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winters and Windermere has had five winters with more than 30 or more consecutive days
with water temperature exceeding 8.5 °C. At 40-m depth, Lake Geneva had no winter water
temperatures exceeding 8.5 °C during the 1980s but has since shown indication that water
temperatures in exceedance of 8.5 °C are becoming frequent, particularly in the most recent 6
winters (Fig. 4c). Of note, no water temperatures in exceedance of 8.5 °C were found to occur
at 60 m or 80 m. In contrast to the other 3 lakes, no winter temperatures exceeded 8.5 °C at any
depth in the range 40–80 m in Lake Bourget (Fig. 4a).

3.2 Future winter temperature and accumulated degree-day anomalies

Projected mean lake winter temperature changes at spawning site depths (averaged over the
range 40–80 m for Lakes Bourget and Geneva) showed increased warming relative to the
1976–2005 reference period (Fig. 5). The RCP 2.6 warming scenario showed similar warming
anomaly patterns for Lakes Bourget and Geneva, with warming projected to remain within 1–
2 °C (Fig. 5a and c). For Lough Bunaveela and Windermere under RCP 2.6, warming
appeared to peak around 2060–2070, increasing above a 1 °C warming anomaly, before
declining and stabilising toward century-end (Fig. 5b and d). However, under the more severe
RCP 8.5 warming scenario, positive temperature anomalies continued to rise beyond 2060 for
all four lakes toward century-end with mean winter temperature projected to increase by ~ 3 °C
in Bunaveela and Windermere and by up to 4 °C in Lakes Bourget and Geneva by 2100.

The projected end-of-century lake winter temperature increases manifested in larger posi-
tive ADD anomalies with increasing radiative forcing under each RCP scenario (Fig. 6;

Fig. 2 Timeseries comparison between observed (line) and modelled (symbol) lake temperatures. ‘x’ indicates
model calibration period, and ‘o’ indicates model validation period, and colour indicates depth range over which
modelled and observed temperatures were averaged. a Bourget (black = 1–5 m, red = 6–25 m, blue = 30–80 m).
b Bunaveela (black = 1–3 m, red = 15–18 m). c Geneva (black = 1–5 m, red = 6–25 m, blue = 30–80 m). d
Windermere (black = 1–5 m, red = 6–20 m, blue = 20–35 m)
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Table 1). For all future emission scenarios, an increased number of ADD per winter were
unanimously projected across all lakes. Under RCP 2.6, an average of + 113 ADD is expected
across lakes, and under RCP 6.0, this would rise to + 212 ADD. Under the most severe
warming scenario RCP 8.5, an average future winter in the period 2070–2099 across each lake
is anticipated to have an extra 324 ADD, ranging from + 236.5 in Bunaveela to + 379.4 ADD
for Geneva. Using the daily mean water temperature timeseries from the 1980–2019 hindcast
simulation to obtain accurate estimates of total ADD per winter for each lake, the mean ADD
across lakes for a November–February contemporary winter period was 718 ADD (Table 1).
An additional 236.5–379.4 ADD during winter would therefore represent a significant per-
centage increase in the heat accumulated by developing charr eggs in each population. Severity
of future warming is projected to be more severe in the deeper spawning depths of the peri-
alpine lake regions (40–80 m) compared to the projected warming at the shallower spawning
depths of the Irish and English lake (both < 5 m) (Figs. 5, 6; Table 1).

Fig. 3 Maximum winter water temperatures from the model hindcast (1980–2019) at specific spawning depths
for a Lake Bourget, b Lough Bunaveela, c Lake Geneva, and dWindermere. Red lines indicate significant trends
as determined by using generalised additive models
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4 Discussion

Within freshwater environments, water temperature has a fundamental influence on key
aspects of salmonid physiology and behaviour, affecting growth rates (e.g. O’Gorman et al.
2016), life-history phenology (e.g. Sparks et al. 2018), fecundity and reproduction (Elliott and
Elliott 2010), predator–prey interactions (e.g. Bell et al. 2017), and determination of the spatial
extent of useable habitat (e.g. Ebersole et al. 2001). Arctic charr populations at the southern
periphery of their native range in Europe have declined significantly and in many lakes have
undergone local extirpations, which has previously been attributed to multiple stressors
including water quality, spawning habitat degradation, and non-native fish species (e.g.
Maitland et al. 2007). Whilst climate change has been implicated as a possible contributor
to declining Arctic charr populations (e.g. Winfield et al. 2010; Gerdeaux 2011), here we show
definitive coherent warming trends during the critical winter season at spawning site depths in

Fig. 4 Longest consecutive number of days during each November and December spawning season, where the
maximum daily temperature exceeded 8.5 °C 1980–2020 for a Lake Bourget at 40-m depth, b Lough Bunaveela
at 3-m depth, c Lake Geneva at 40 m, and d Windemere at 5 m
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lakes currently inhabited by Arctic charr populations at the southernmost limit of their natural
range. These freshwater resident Arctic charr populations may be especially vulnerable to
climatic change, particularly in fragmented freshwater landscapes without the option to
migrate to alternative nearby habitats that could provide a more suitable thermal refuge.
Furthermore, the spawning and embryonic life stage are restricted to remaining in a very
specific habitat type (rocky, gravelly substrate), meaning that temperature changes in these
areas during winter will be largely unavoidable.

At the current rate of warming detected in the hindcast trend analysis, the max annual
winter water temperature being reached is on average 1.1 °C warmer and the mean winter
water temperature is on average 1.0 °C warmer compared to 40 years prior across our
modelled lakes. Similar trends of lake winter temperatures warming at an accelerated rate
relative to summer have been previously identified for European lakes (e.g. Woolway et al.

Fig. 5 Projected timeseries of mean winter temperature anomalies at spawning depths (2 m for Bunaveela, 5 m
for Windermere, and averaged over the depth interval 40–80 m for Lakes Bourget and Geneva) for 2020–2099
for RCP 2.6 (blue) and RCP 8.5 (red). Anomalies were computed for each GCM based on departure from the
historical reference period (1976–2005), and an ensemble GCM mean (thick line) with spread amongst the
individual models (shaded area) is shown here for each lake. Winter defined here as November–February
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2019). Whilst high-productivity summer months may seem like the most obvious period for
biologically relevant warming impacts to occur in lakes, here we draw attention to the possible
consequences of winter warming on coldwater lake fish, particularly the salmonids, which
spawn during the winter months. For example, a proportion of the adult Atlantic salmon
(Salmo salar) that have returned from their marine migration also utilise streams fed by water
from Bunaveela as spawning ground and could also ultimately be affected by warmer winters
(McGinnity et al. 2009).

The reported thermal requirements of charr embryos are an excellent focus for highlighting
the ontogenetically related physiological stresses that warmer winters might pose. The
narrower temperature tolerance of the egg stage is related to a reduced aerobic capacity (and
ability to supply oxygen to tissues), which improves from egg to adult with the development of
the cardiorespiratory system (e.g. Dahlke et al. 2020). Charr eggs also have immature
homeostatic capacities to tolerate adverse thermal conditions. For example, Lake Geneva charr
eggs from a captive broodstock incubated at 8.5 °C showed low survival rates compared to
those incubated at 5 °C, and the surviving eggs were generally of much smaller size and poorer
quality (Mari et al. 2016). Thus, the finding that the past six winters have consistently had a
number of winter days (average of 26 days) with temperatures in exceedance of 8.5 °C in Lake
Geneva at 40-m depth where charr spawning sites are located is startling, as prior to 1990 in
our study period, there was no evidence of winter water temperatures exceeding this threshold.
Despite the significant water quality recovery that has occurred in Geneva over the same time
period, a self-sustaining Arctic charr population does not appear to have been achieved
(Caudron et al. 2014). The recent warming trend illustrated here is likely to be a contributing

Fig. 6 Boxplots showing accumulated degree-day (ADD) winter anomalies at specific spawning depths (2 m for
Bunaveela, 5 m for Windermere, and averaged over the depth interval 40–80 m for Lakes Bourget and Geneva)
between the historical reference period (1975–2005) and the future simulation period (2070–2099) using an
ensemble mean GCM value under a RCP 2.6, b 6.0, and c 8.5 for each lake. Winter defined here as November–
February
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factor, particularly with respect to its plausible impact on spawning success. It should be noted
that the hydrodynamic model utilised here provided a 1-D representation of the lake, and in
Lake Geneva, some spatial variability in temperature at specific depth zones may occur, for
example, if spawning sites are located in the vicinity of groundwater inflows. In Windermere’s
south basin, Arctic charr numbers have declined steadily over the past four decades, and
although eutrophication of the water may be implicit in this decline (Winfield et al. 2008;
Winfield et al. 2015), our finding that every winter since 1995 has consistently had prolonged,
uninterrupted periods (often in excess of 20 or 30 days) with water temperatures in exceedance
of 8.5 °C is likely to be an additional contributing factor in reducing the survival of some charr
eggs. In Bunaveela, little is known about changes in the size of the charr population over the
past four decades, and given that eutrophication, non-native species, and fishing pressure are
not major concerns in this lake, it represents an excellent testbed to discern how continued
winter warming may affect the remaining charr population. Finally, in Lake Bourget, it was
apparent that temperatures as high as 8.5 °C had not been reached at any of the specific
spawning depths examined here. However, the significant warming trends that have already
occurred in mean and max winter temperatures in combination with future warming projec-
tions would imply that such adverse temperatures being reached are a likely eventuality; for
example, winter temperatures exceeded 8 °C at 40 m and 7 °C at 60 m for the first time in the
40-year period during 2018 (Fig. 3a).

Previous studies of Arctic charr in temperate regions have identified ‘deep’ lakes as suitable
habitat (Klemetsen et al. 2003). Results here have shown that in Lake Geneva during
November and December, temperatures at 40 m have already exceeded 8.5 °C in recent years,
whilst at 60 and 80 m, this high threshold has not been reached. Depths of 40–80 m in
Bourget also still appear to provide charr with reasonable temperatures for spawning and
embryonic development. Thus, deeper spawning sites may continue to offer cool refugia for
spawning charr, particularly as warming trends continue to rise. However, in spite of cooler
temperatures, deeper spawning sites are appropriate only if oxygen concentrations and sedi-
ment substrate are suitable for embryonic development and emergent larvae. Climate change is
anticipated to modify mixing regimes in lakes, with deep lakes particularly susceptible to a
reduction in the frequency and extent of complete deep water mixing during winter (e.g.
Woolway and Merchant 2019). Such a phenomenon has already been observed in other peri-
alpine lakes during mild winters (Rempfer et al. 2010). This could lead to increased oxygen
depletion in the deepest spawning depth zones as well as periods of accelerated warming rates
compared to shallow lakes that continue to undergo complete mixing each winter. For
example, the future warming projections at depths of 40–80 m in Lakes Bourget and Geneva
indicated more severe warming compared to the shallow depths examined in Windermere and
Lough Bunaveela (Figs. 5 and 6).

In Windermere, separate spawning events peak in November and February; results here
have shown that in November, temperatures in exceedance of 8.5 °C have consistently been
reached in the past 40 years, whilst in February, this temperature has not been approached,
implying that the scarcer spring spawners may be less vulnerable to contemporary climate
change. However, the warmer winter temperatures preceding the spring spawning event may
interfere with ovulation in females, by delaying the timing of spawning and reducing egg
viability or in some instances (e.g. temperatures > 11 °C) inhibiting ovulation entirely (Gillet
1991). Of concern therefore is that winter temperatures exceeding 12 °C have been reached in
Windermere in the past two decades (Fig. 3d). In shallow Lough Bunaveela, water tempera-
tures are isothermal with depth during winter, and with maximum winter temperatures
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frequently surpassing 11 °C in recent years and projected to continue rising, it highlights that
climate change does represent a serious threat to Irish charr populations.

It is clear from this study that there is an imminent threat due to rising winter water
temperatures to the viability of many relict Arctic charr populations found presently at
southern latitudes. Individual charr populations are locally adapted, with behavioural and
physiological adaptations to deal with variations in historical and contemporary winter
temperature regimes such as spawning at different times, having different physiological
temperature tolerances and population-specific ADD requirements for ova development.
However, results from all four GCMs and three future emission scenarios show that spawning
charr and developing embryos across all study lakes will invariably experience increased
winter temperatures and ADDs per winter season by the end of the current century. The future
temperature anomalies under RCP 8.5 are perhaps most pertinent, as despite its inclusion as a
‘worst-case’ scenario, RCP 8.5 emissions are within 1% accuracy of historical global emis-
sions in the period 2006–2020. Thus, this presents a highly plausible scenario by 2100
(Schwalm et al. 2020). Under this scenario, temperatures will continue to rise over the course
of the twenty-first century and beyond, with warming of 3–4 °C being reached by 2100 (Fig.
5). This could see mean winter temperatures in the range 9.5–10 °C in Lakes Bourget and
Geneva (over the 40–80-m spawning depth range) and in the range 13–13.5 °C in Lough
Bunaveela and Windermere. Spawning in female charr has been shown to be inhibited entirely
at temperatures above 11 °C (Gillet 1991). An average November–February period during
2070–2099 will have an additional ~ 324 ADD, compared to contemporary thermal conditions
of ~ 718 total ADD for the entire winter period (Table 1). Increases as large as 324 ADD will
inevitably lead to modifications in the length of the incubation period and the viability and size
of surviving eggs and subsequent emergent larvae (e.g. Gillet 1991; Mari et al. 2016). For
example, typical charr egg incubation times before hatching is 400–500 ADD, although this
depends on the specific population as well as the overall mean incubation temperature (e.g.
Swift 1965; Mari et al. 2016). Overall, our results predict that a large increase in temperature
accumulated by charr embryos will occur under future climatic conditions. However, further
population-specific analyses are warranted in order to evaluate how changing temperatures
over the course of the winter period, particularly at key developmental stages such as spawning
and hatching, could represent a significant thermal stress and possibly lead to increased
mortality rates and phenological changes. Changes in timing of spawning and early life-
history phenology could lead to trophic mismatches and could disturb whole-lake food webs
(e.g. Jonsson and Setzer 2015).

5 Conclusion

The findings of this study quantify for the first time the winter warming that has already
occurred over a contemporary 40-year climatic period in Western and Central European lakes
that currently provide refugia for Arctic charr at the southern periphery of their natural
distribution. The total number of days during the spawning period with water temperatures
exceeding temperatures that expose charr eggs to adverse thermal conditions has risen in three
out of four of our study lakes. Winter warming is anticipated to continue unabated, which
could ultimately inhibit spawning success in these regions entirely. The consequences of
warming water temperatures could be compounded by local additional stressors that impact
Arctic charr populations, including non-native fish species, suitable sediment substrate, and
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disease risk (e.g. Marcos-López et al. 2010; Winfield et al. 2015; Mari et al. 2016). The scope
and severity of threats facing the temperate latitude Arctic charr epitomise the current crisis of
biodiversity loss in freshwater ecosystems (Reid et al. 2019). With several extirpations
previously documented in other lakes of these regions (Maitland et al. 2007), the additional
threat of a rapidly warming climate may be sufficient to seal the fate of many peripheral Arctic
charr populations.
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