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Abstract

Redd (nest) surveys for resident brook trout (Salvelinus fontinalis) were conducted annually in a mountain lake in

northern New York for 11 years with multiple surveys conducted during the spawning season in eight of those years.

Repeated surveys throughout the spawning season allowed us to fit an individually based parametric model and esti-

mate the day of year on which spawning was initiated, reached its midpoint, and ended during each year. Spawning

phenology was then assessed relative to (1) mean of maximum daily air temperature and (2) mean of maximum daily

water temperature at the lake bottom during summer in each year using a linear model. Elevated temperatures in

summer were correlated with a delay in spawning and a reduction in the total number of redds constructed. Increas-

ing the summer mean of maximum daily air temperatures by 1 °C delayed spawning by approximately 1 week and

decreased the total number of redds constructed by nearly 65. Lake spawning brook trout select redd sites based on

the presence of discharging groundwater that is relatively constant in temperature within and across years, leading

to relatively consistent egg incubation times. Therefore, delayed spawning is likely to delay fry emergence, which

could influence emergence synchrony with prey items. This work highlights non-lethal and sub-lethal effects of ele-

vated summer temperatures on native resident salmonids in aquatic environments with limited thermal refugia.
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Introduction

Global and regional climate models predict increases in

temperature across the north temperate eco-region over

the next century (Bell et al., 2004; Hayhoe et al., 2007;

Plattner et al., 2008), and these changing climate condi-

tions are expect to lead to associated increases in stream

and lake temperatures (Magnuson et al., 1997; Jansen &

Hesslein, 2004; Keller, 2007; Isaak et al., 2010). The

influence of changing climate on the timing of life-his-

tory events (phenology) has been well-established for a

wide variety of species, with clear links between tem-

perature and phenologic events such as bud-break, first

flower, insect emergence, or migration timing for birds

and butterflies (Parmesan & Yohe, 2003; Parmesan,

2006). Most research evaluating climate impacts on fish

phenology has focused on marine or migratory

freshwater species with relatively little attention paid to

resident freshwater populations (Quinn & Adams,

1996; Dahl et al., 2004; Bryant, 2009; Jonsson & Jonsson,

2009; Scheuerell et al., 2009; Pankhurst & Munday,

2011; Rogers & Schindler, 2011). However, the effects of

changing temperature conditions are likely to be partic-

ularly important for resident fish, which often have

limited capacity to move away or migrate long dis-

tances in response to thermally stressful conditions.

Indeed, resident freshwater fish – particularly ther-

mally sensitive salmonid species – are expected to be

increasingly exposed to sub-optimal temperature con-

ditions through the summer. A number of studies pre-

dict a reduction in the distribution of resident

salmonids across North America in response to climate

change (Meisner, 1990a; Flebbe et al., 2006; Wenger

et al., 2011), but the potential impact of changing cli-

mate conditions on the phenology of these resident fish

has received little attention. In this work we use an

11-year data set to quantify relationships between
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summer climate and fall spawning activity (both timing

and the abundance of redds – spawning nests) for resi-

dent brook trout (Salvelinus fontinalis) in a mountain

lake ecosystem with limited thermal refugia.

Spawning phenology is a key life history trait in fish

that has substantial implications for the survival of eggs

and early life stages (Fausch et al., 2001; Skoglund et al.,

2011). While the general timing of spawning for most

salmonid species is seasonally consistent and broadly

established by photoperiod [e.g. brook trout spawn in

the fall and rainbow trout (Oncorhynchus mykiss) spawn

in the spring], local factors can control the specific tim-

ing of spawning within a broader seasonal window

(Holcombe et al., 2000). For anadromous and pota-

modromous salmonids, the timing of migration is often

used as a proxy for spawning phenology itself and has

been tied to a number of environmental cues including

river discharge and both river and ocean temperature

(Trepanier et al., 1996; Dahl et al., 2004; Strange, 2010;

Wedekind & Kung, 2010), as well as life-history trade-

off decisions influenced by size and associated fecun-

dity (Elliott & Hurley, 1998). However, migration and

spawning phenology important for resident salmonids

are more difficult to evaluate. Few studies have quanti-

fied spawning timing for resident salmonids and no

studies have evaluated more than 2 years of field data

examining the influence of climate on spawning phe-

nology for resident salmonids (Blanchfield & Ridgway,

1997).

We expect a close association between spawning phe-

nology and temperature across the North American

continent because fish are ectothermic with physiologi-

cal processes associated with reproduction strongly

influenced by the temperatures to which they are

exposed (Brett, 1970; Jobling, 1995; Luksiene & Sved-

ang, 1997; Falke et al., 2010). All fish have a thermal

range over which they can survive and a smaller win-

dow within which growth is optimized. Fish metabolic

rates are elevated in warmer water and therefore

require more food consumption to grow than under

cold water conditions (see review by Jonsson & Jons-

son, 2009). Consequently, in addition to stress associ-

ated with survival at the edge of one’s physiological

capability, food limitation may be exacerbated at the

upper end of a fish’s thermal range. Under these condi-

tions, gonad development, which occurs over many

months, can be slowed, temporarily arrested, or in

extreme cases, aborted entirely – all of which have sub-

stantial implications for the timing and amount of sub-

sequent spawning (Hokanson et al., 1977; Luksiene &

Svedang, 1997; Mccarthy & Houlihan, 1997; Pankhurst

& King, 2010).

This study addresses sub-lethal effects of climate

change and specifically asks whether changing summer

temperatures are likely to influence spawning phenol-

ogy and overall spawning activity of resident salmo-

nids in a lake ecosystem with limited thermal refugia.

We were particularly interested in determining

whether or not there was a significant relationship

between spawning activity and air temperature in this

study. The vast majority of climate models include air

temperature as a key response variable, so a significant

relationship between summer air temperatures and

spawning activity of resident fish may allow for

broader interpretation of these model results with

regard to anticipated non-lethal effects of climate

change on aquatic communities.

Methods

Study site

This study was conducted in Rock Lake, an unstratified lake

in the central Adirondack Mountains of New York State. Rock

Lake is located within the Adirondack Park of New York (43°
57′N, 74°52′W) near the southern boundary of the range of len-

tic brook trout populations. Rock Lake has a surface area of

78.9 ha and a maximum depth of 5.5 m. Brook trout are the

only fish species inhabiting the lake. Since the cessation of

stocking in 2002, the brook trout population has been sus-

tained solely by natural reproduction of fish spawning on in-

lake shoals and one small tributary. Rock Lake is relatively

well buffered (pH > 5.7 in spring and >5.9 in summer) and

has high water clarity (>3 m). Additional details regarding the

characteristics of Rock Lake are presented in Robinson et al.

(2010) and Robinson (2008).

Due to the absence of a thermocline during summer

months, water temperatures in an unstratified lake are likely

to correlate with summer air temperature. In Rock Lake, the

temperatures that adult fish experience during the summer

are not significantly different from water temperatures mea-

sured on the lake bottom, indicating limited summer thermal

refuge for adult brook trout (Robinson, 2008). With no deep-

water thermal refuge, the conditions that fish in Rock Lake

experience during summer – an important period for gonad

development in brook trout – are closely associated with both

air and water temperatures. The Rock Lake brook trout popu-

lation is closed (i.e. self-contained) due to the absence of sub-

stantial tributaries and the presence of a barrier that prevents

the return of emigrating fish via an outlet stream. Given its rel-

atively uniform benthic temperatures in summer and a closed

brook trout population, Rock Lake is well-suited to evaluate

the influence of climate on the spawning phenology of a wild

resident salmonid fish population.

Redd counts and temperature data

Reproductive effort (spawning) was quantified by conducting

whole-lake redd (nest) surveys from 1998 to 2010. The number

of redd surveys in a year varied from a single survey in early

November (years 1998, 1999, 2001, 2002, 2003) to as many as
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6 weekly surveys from mid-October to mid-November (2007).

A minimum of three surveys were conducted annually from

2004 to 2010. During years in which only one survey was con-

ducted, redds were counted during the second week of

November (after Day 310). All visible redds were counted by

two individuals from a small boat navigating the entire lake

shoreline along the 2-m depth contour. Brook trout redds on

the spawning shoals accumulate over the course of the fall as

spawning activity increases. Although no specific repeated

measure of redd counts was conducted to assess error in the

counts themselves, redd count surveys were conducted by the

same individuals over multiple years, thereby reducing

observer bias and providing a high degree of internal consis-

tency (D. Josephson participated in all redd counts for all

11 years and J. Robinson participated in all redd counts in 8 of

the 11 years). In addition, redd counts increased regularly in

years with multiple surveys, and estimates were more compa-

rable toward the end of spawning when new redds are

uncommon, which also suggests internal consistency in the

counts.

The use of redd surveys as a proxy for spawning has been

criticized in some cases because female trout can construct

multiple test pits before depositing their eggs (false redds)

and other females dig redds on top of existing redds (redd

superimposition) (Maxell, 1999; Dunham et al., 2001; Muhlfeld

et al., 2006). For the purposes of this study, the construction of

false redds does not compromise the analysis. We are not esti-

mating the spawning population from these redd counts;

rather, we are using redd counts as a measure of spawning

activity and both false and real redds represent active spawn-

ing. The total number of redds is a relative measure to which

a parametric model was fit (see next). Although redd superim-

position could potentially lead to an underestimate of total

redds (Essington et al., 1998), superimposition is likely to be

limited early in the spawning season in our study lake when

redd densities are low. This process is therefore unlikely to

influence our estimate for the onset and mid-point of spawn-

ing, though it may affect the final redd count estimate in years

with a large amount of spawning activity.

Shoreline air temperature and lake water temperature at

5.5 m depth were measured with temperature data loggers

from June through September at 1-hour intervals. We used

two temperature metrics to evaluate the relationship between

summer temperature and brook trout spawning: (1) the mean

of the maximum daily water temperature at the lake bottom

(5.5 m) in summer (from June 10 to September 10), and (2) the

mean of maximum daily air temperature along the lake shore-

line in summer (from June 10 to September 10); hereafter

‘water temperature’ and ‘air temperature’, respectively.

Analysis

In the years with multiple redd count surveys (2000, 2004–

2010) we estimated the onset, mid-point, and end of spawning

activity by fitting an individually based parametric model for

the timing of redd construction (henceforth: redd timing model)

to the survey data (see Appendix S1 for the Matlab code and

Appendix S2 for example input data with associated example

output from the model). The model assumes that an unknown

number of redds (N) are constructed in a given year, with each

date chosen independently from a normal distribution with

mean date l and variance r2. The counts of the number of

redds constructed in the time intervals between successive

surveys were analogous to what are referred to as ‘grouped

lifetime data’ in survival analysis (Lawless, 2003; Section 4.3).

For each year, we fit the parameters N, l, and r2 by maximum

likelihood, using general-purpose numerical optimization for

the maximization with respect to l, and r2, and closed form

estimates for N (Sanathan, 1972). In 2005, no redds were

observed in any of the three surveys so no model could be fit

for that year. Based on the fitted model parameters we esti-

mated the day of year on which a given proportion of the total

redds were constructed for each year. We used the day of year

on which 5% of redds were constructed as an estimate for

onset of spawning. The day of year on which 50% of redds

were constructed (fitted l) represents the mid-point of the

spawning season (and likely reflects the general period of

peak spawning). Finally, the day of year on which 95% of redd

construction was completed was used as an estimate of the

date on which spawning ended in a given year. We obtained

95% confidence intervals around the estimated mean date l
(mid-point of spawning) using the observed Fisher informa-

tion matrix (Lawless, 2003, p. 548), which was computed by

the same numerical optimization routine used to find the

maximum likelihood estimates. We also assessed the fit

graphically for all 7 years.

A linear model was used to evaluate the relationships

between summer temperatures (air or water) and point-

estimates for the day of year on which spawning was initiated,

on which spawning peaked (mid-point of spawning assuming

a normal distributions), and the end of spawning over the

course of the study. The total number of redds counted in each

year (including single survey years) was also evaluated as a

function of summer air temperatures and summer water

temperatures.

Results

For years with three or more redd surveys per spawn-

ing season (2004–2010), the redd timing model fit our

data well. Given the data available and the nature of

the model, we have the greatest confidence in the tim-

ing for the mid-point of spawning each year (relative to

the onset or end of spawning). In years when three or

more surveys were conducted, the 95% confidence

intervals for the mid-point (peak) of spawning ranged

from plus or minus 2.6 days to plus or minus 6.9 days

(Table 1). However, in 2000, when only two survey

data points were available, model fit was poor with a

95% confidence interval of plus or minus 178.6 days

around the estimated day of year for the mid-point of

spawning. A primary source of uncertainty in this year

resulted from the unknown total number of redds. We

repeated the analysis for the year 2000 while constrain-

ing the total number of redds to two specific values
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within a wide range of potential total redds, 260 (the

count on day 313) and 400 (twice the largest count from

any other year). With these constraints the confidence

intervals were always smaller than plus or minus

4 days, and the mid-point estimate shifted by fewer

than 7 days. Overall, graphical assessment of the data

also indicated a good model fit for all years (Fig. 1).

Brook trout spawning phenology was positively

related to summer air and water temperatures in Rock

Lake. The mid-point of the spawning period (50% of

redd construction) occurred 8.6 days later for every

additional degree of mean maximum daily shoreline

air temperature in summer (r2 = 0.68, F = 10.94,

P = 0.02; Fig. 2a) and 7.0 days later for each additional

degree of mean maximum daily lake-bottom water

temperature in summer (r2 = 0.76, F = 16.27, P = 0.01;

Fig. 2b). The date for the onset of spawning (5% of redd

construction) was similarly related to summer air tem-

peratures with the onset of spawning occurring later in

warmer years, but the relationships were not significant

(slope = 9.0, r2 = 0.42, F = 3.66, P = 0.11, and slope =
7.0, r2 = 0.44, F = 3.97 P = 0.10 for shoreline air and

lake-bottom water temperature relationships, respec-

tively; Fig. 2). The day of year on which 95% of redds

were constructed was also positively related to both

summer air temperatures and summer water temperatures,

Fig. 1 Model estimates and observed redd counts for years

with multiple surveys: 2000, 2003, 2004, 2006, 2007, 2008, 2009,

2010. Lines represent the fitted models for each year.

Table 1 Estimated day of year for the onset, midpoint, and end of spawning as well as total estimated number of redds as calcu-

lated by the redd timing model for each of the years with multiple annual surveys and redds present (no redds were observed in

2005). The 95% confidence interval around the 50th percentile value (fitted l) is equivalent to the 95% confidence around the mean

in this analysis. Sigma represents an estimate of variability around the mean for the fitted model

Year

5th%

(onset)

50th%

(midpoint)

95th%

(end)

Total number

of redds

± 95% CI the

50th% (mid-point) Sigma

± 95% CI

around sigma

2000 285.5 301.7 317.8 297 178.6 9.8 286.0

2004 291.5 303.0 314.6 147 2.6 7.0 3.5

2006 301.7 306.4 311.2 150 6.8 2.9 8.4

2007 306.7 315.8 324.9 96 3.1 5.5 4.2

2008 304.2 310.0 315.7 137 5.6 3.5 6.1

2009 294.3 303.0 311.6 200 4.4 5.3 5.2

2010 301.1 315.1 329.2 177 2.8 8.6 3.0

Fig. 2 Influence of (a) summer maximum daily air temperature

and (b) maximum daily lake-bottom (5.5 m) temperature on

brook trout spawning phenology in years with multiple sur-

veys. Summer temperature metrics are evaluated relative to the

day of year on which (1) spawning was initiated (5% of redds

constructed; triangles), (2) the mid-point of spawning (50% of

redds constructed; circles) and (3) the end of spawning (95% of

redds constructed; X’s) as estimated from the redd timing

model fit to repeated redd survey observations. Solid lines

represent a significant relationship.

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2012.02670.x
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but these relationships also were not significant at

a = 0.05 (slope = 8.3, r2 = 0.46, F = 4.33, P = 0.09, and

slope = 7.0, r2 = 0.55, F = 6.14, P = 0.06 for summer air

temperatures and summer water temperatures, respec-

tively; Fig. 2).

Both summer air temperatures and summer water

temperatures were significantly negatively related to

the annual total number of redds constructed over the

11 years of this study. Summer air temperatures

accounted for 79% of the variability in total redd con-

struction annually (r2 = 0.79, F = 33.61, P < 0.001;

Fig. 3a), and summer water temperatures accounted

for 83% of the variability in total redd construction

annually (r2 = 0.83, F = 43.22, P < 0.001; Fig. 3b). The

projected total number of redds based on the redd tim-

ing model for the 7 years that the model could be fit

was also significantly related to the summer air temper-

atures (r2 = 0.56, F = 7.13, P = 0.04). Overall, our analy-

ses indicated that each one-degree (C) increase in the

mean of maximum daily air temperatures from June to

September yielded approximately a 1-week delay in the

onset of spawning and approximately 65 fewer total

redds constructed in a given year (22–65% of the total

redd count in a given year).

Discussion

This study demonstrates a clear relationship between

summer temperatures and brook trout spawning activ-

ity. Increased summer water temperatures in the study

lake and increased air temperatures along the lake

shoreline were correlated with a delay in spawning and

a decrease in the total number of redds in Rock Lake.

Fish populations and thermal regimes in Rock Lake are

tightly constrained, thereby facilitating our ability to

evaluate in situ the impacts of elevated summer tem-

perature on resident brook trout spawning activity;

however, thermal conditions in Rock Lake are not

unique. Many wild brook trout populations inhabit

mountain lakes throughout North America where

changing climate conditions are expected to substan-

tially reduce the availability of summer thermal refugia

for salmonids (Jansen & Hesslein, 2004; Keller, 2007).

While deep lakes provide salmonid fishes with a

thermal refuge from warm summer temperatures

within the hypolimnion, a warming summer climate

may reduce or eliminate stratification within shallow

lakes (Magnuson et al., 1997; Elliott & Elliott, 2010). The

thermal conditions observed in Rock Lake over the past

11 years – with lake bottom temperatures that correlate

well with air temperatures and which often reach

stressful levels for a period of time during mid-summer

– are likely to reflect an increasingly common scenario

for future populations of brook trout and other cold-

water species across the southern end of their lentic

range (Jansen & Hesslein, 2004; Keller, 2007). Therefore,

in addition to anticipated range contractions and the

loss of thermal refuge for salmonids in response to

future climate conditions (Meisner, 1990a,b; Schindler

et al., 1996; Magnuson et al., 1997; Flebbe et al., 2006),

our work suggests that we can also expect changes in

the timing and amount of spawning.

Delayed spawning is likely to translate directly to

delayed fry emergence for lentic brook trout. Egg incu-

bation and subsequent fry emergence is dependent on

degree-day accumulation at specific redd locations

(Baird et al., 2002). Elevated incubation temperatures

increase the rate of egg development and thereby pro-

mote earlier fry emergence, while decreased incubation

temperatures decrease the rate of development and

delay emergence. A constant incubation temperature

from year to year will therefore yield consistent incuba-

tion rates with fry emergence times dependent upon

spawning dates (Curry et al., 1995). Lake-spawning

brook trout build their redds almost exclusively on dis-

charging groundwater that is constant in temperature

within and across years (Webster & Eiriksdottir, 1976;

Curry & Noakes, 1995; Blanchfield & Ridgway, 1997).

In Rock Lake and other lakes with shoal-spawning

brook trout, spawning occurs year after year at the

same areas of groundwater discharge. Therefore, egg

incubation times are likely to remain consistent, leading

to a close association between the date of spring fry

Fig. 3 Relationships between maximum number of redds

counted each year and (a) mean of the maximum daily air tem-

perature or (b) mean of the maximum daily lake bottom temper-

ature during summer.
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emergence and the timing of brook trout spawning dur-

ing the previous fall.

For many species emergence is timed to coincide

with periods of elevated food availability and large

deviations in the time of emergence can impact the suc-

cess of juveniles (Einum & Fleming, 2000). As demon-

strated in stocking experiments by Letcher et al. (2004),

the date at which fry arrive in a system can have sub-

stantial implications for individual growth and cohort

survival. The synchrony of prey population dynamics

with brook trout fry emergence has not been assessed

for the Rock Lake population or any other lentic brook

trout population. Broadly, warmer temperatures in

spring will likely lead to earlier phytoplankton blooms

and associated successional dynamics in zooplankton

populations (Sommer et al., 2007; Berger et al., 2010;

Shimoda et al., 2011), and warmer temperatures in

summer will likely delay fry emergence in lake-

spawning brook trout populations (this study). With

anticipated increases in both spring and summer tem-

peratures (Hayhoe et al., 2007), we can expect a trend

toward earlier peaks in prey availability and later

fry emergence thereby increasing the potential for

asynchrony between brook trout fry and their prey.

The correlation between warmer summer tempera-

tures and both the timing and magnitude of spawning

by brook trout is likely due to delayed or diminished

gonad development in adult trout. Fish metabolism

increases with increasing temperature, which in turn

increases demand for food. Elevated summer tempera-

tures that increase metabolism divert energy from

growing season gonad development and reduce the

storage of fat that is needed in the fall to complete

gonad development (Luksiene & Svedang, 1997; Pank-

hurst & Munday, 2011). Beyond these direct effects on

fish metabolism, additional stress responses associated

with elevated thermal regimes (e.g. generation of heat-

shock proteins) further reduce energy available for stor-

age in fat or gonads (Luksiene & Svedang, 1997; Pank-

hurst & Munday, 2011). Prolonged periods of elevated

summer temperature at a time when fat reserves are

static or reduced are therefore likely to substantially

reduce or delay subsequent reproductive capacity. In

the long term, given anticipated changes in air and lake

temperatures in northeastern North America, delayed

and reduced spawning are likely to become increas-

ingly common in this study lake and other lakes

throughout the southern range of lentic brook trout.

The negative relationship between summer tempera-

tures and total redd density is an additional key finding

from this study. This result builds upon a previous

study in Rock Lake in which we documented a nega-

tive relationship between summer water temperatures

and the maximum number of redds constructed in a

given year (Robinson et al., 2010). In addition to further

developing the relationship between water temperature

and total redd counts, our current analysis also demon-

strates a clear negative relationship between air temper-

atures and redd density. This reduction in redd density

following warmer summers can then affect population

abundance in future years. In unusually warm years

such as 2005, when temperatures were elevated

throughout the summer, no redds were observed in the

fall and the 2006 year class was lost entirely (Robinson

et al., 2010). In 2002, another particularly warm year in

which the number of redds was diminished, Robinson

et al. (2010) reported a substantial decline in the

2003 year class that also carried through subsequent

years. A loss or reduction in year class strength is an

important sub-lethal or partially lethal effect of elevated

temperatures in lake systems. Here and in comparable

systems, there is increasing potential for diminished

abundance or even extirpation of brook trout popula-

tions following years with elevated summer tempera-

tures. Although the brook trout population in this

ecosystem is clearly resilient to occasional year class

losses, it remains vulnerable to repeated years with

elevated summer temperatures.

Blanchfield & Ridgway (1997) found a link between

fall lake temperatures and the period of peak spawning

in 2 years for lentic brook trout in a Canadian lake. In

their study, the period of peak spawning was associ-

ated with declining water temperatures (below 11° C)

and the presence of large rainfall events, which the

authors suggested were factors promoting spawning

synchrony within the breeding population. Although

we found no significant relationship in our study lake

between the day of year when lake temperatures fell

below 11° C and the day of year at which 50% of redds

were constructed (which should correspond approxi-

mately to the period of peak spawning), proximate cues

near the time of spawning initiation such as changing

lake temperature or an influx of water to a lake are also

likely to be important local factors for synchronizing

spawning in our system. While we suggest that gonad

development and resource allocation throughout a

stressful summer are key contributors to spawning phe-

nology, cues that occur close to the initiation and peak

of spawning are likely to account for some of the

unexplained variation in our analyses.

Although fish are directly affected by water temper-

atures rather than air temperatures, we included

air temperature in this analysis to improve the appli-

cability of our results to a larger body of available

modeled and empirical data. Air temperature changes

� particularly changes in air temperature extremes �
are common climate model outputs (Allen et al., 2000;

Plattner et al., 2008; Tague et al., 2009), and a greater

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2012.02670.x
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number of long-term data sets are available for air

temperature than for lake-bottom temperatures. Eval-

uating brook trout phenology in response to air tem-

perature therefore allows the greatest potential for the

generalization and application of these results to the

existing climate literature.

Our results demonstrate that temperature conditions

in summer are closely associated with the phenology of

a fall-spawning trout in ecosystems where thermal

refugia are limited. The delay and reduction in spawn-

ing documented here are an important sublethal effect

to consider in lakes or streams that lack thermal refugia

in the face of changing climate conditions (Mccullough

et al., 2009). More broadly, our study lake is similar to

lake ecosystems within the broad north-temperate eco-

region (including Europe, Asia and North America)

that is expected to experience an increase in mean tem-

peratures and periods of elevated temperatures in sum-

mer throughout the coming century. Although we

focus on a specific lake ecosystem and one focal species,

our study results are relevant to the many temperate

streams and lakes globally that support resident cold-

water fish, and salmonids in particular.
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