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Abstract

Survival through periods of resource scarcity depends on the balance between

metabolic demands and energy storage. The opposing effects of predation and

starvation mortality are predicted to result in trade-offs between traits that

optimize fitness during periods of resource plenty (e.g., during the growing sea-

son) and those that optimize fitness during periods of resource scarcity (e.g.,

during the winter). We conducted a common environment experiment with

two genetically distinct strains of rainbow trout to investigate trade-offs due to

(1) the balance of growth and predation risk related to foraging rate during the

growing season and (2) the allocation of energy to body size prior to the win-

ter. Fry (age 0) from both strains were stocked into replicate natural lakes at

low and high elevation that differed in winter duration (i.e., ice cover) by 59

days. Overwinter survival was lowest in the high-elevation lakes for both strains.

Activity rate and growth rate were highest at high elevation, but growing season

survival did not differ between strains or between environments. Hence, we did

not observe a trade-off between growth and predation risk related to foraging

rate. Growth rate also differed significantly between the strains across both

environments, which suggests that growth rate is involved in local adaptation.

There was not, however, a difference between strains or between environments

in energy storage. Hence, we did not observe a trade-off between growth and

storage. Our findings suggest that intrinsic metabolic rate, which affects a

trade-off between growth rate and overwinter survival, may influence local

adaptation in organisms that experience particularly harsh winter conditions

(e.g., extended periods trapped beneath the ice in high-elevation lakes) in some

parts of their range.

Introduction

Mid- to high latitudes are typically characterized by a

high degree of environmental heterogeneity. Seasonal

environmental fluctuations (e.g., winter versus summer)

vary tremendously across a gradient in latitude or eleva-

tion (e.g., long and harsh versus short and mild winters).

Populations that occupy such environmental gradients

experience different annual cycles of resource availability

and predator abundance, which influence behavioral,

physiological, and ecological processes with important

fitness consequences (McNamara and Houston 2008;

Varpe et al. 2009).

During the growing season, a higher foraging rate

increases an organism’s consumption rate (Askey et al.

2007), but higher foraging rate also increases exposure to

predation risk (Houston et al. 1993; Mangel and Stamps

2001). Hence, in many species, high rates of consumption

are associated with a high risk of predation (Ali et al.

2003; Biro et al. 2004a). In some species (fishes in
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particular), predation risk is often highest for small indi-

viduals (Post and Evans 1989; Persson et al. 1996; Parkin-

son et al. 2004), and faster growth is, in such cases, a

means to escape predation at an earlier life stage and

increase survival to later life stages. But, foraging at a

higher rate to achieve faster growth comes with an

increased risk of predation during the growing season.

Alternatively, for a given foraging rate, an elevated meta-

bolic rate can allow faster growth due to an increased

capacity for rapid biosynthesis (Stoks et al. 2006; Scharf

et al. 2009) or food processing (Bochdansky et al. 2005;

Stevens and Devlin 2005; Millidine et al. 2009; Dupont-

Prinet et al. 2010). But, high metabolic rate and food

processing ability are known to reduce starvation endur-

ance during periods of energy deficit (Afik and Karasov

1995; Cant et al. 1996; Bochdansky et al. 2005; Stoks

et al. 2006; Millidine et al. 2009; Scharf et al. 2009;

Dupont-Prinet et al. 2010; Killen et al. 2011).

Winter is typically a period of energy deficit, and over-

winter survival depends on the balance between metabolic

demands and energy storage (Chippindale et al. 1996;

Schultz and Conover 1997, 1999; Gotthard 2001). Many

organisms, including both ectotherms (Derickson 1976;

Fitzpatrick 1976; Arts and Evans 1991; Dratnal et al.

1993; Post and Parkinson 2001; Hurst and Conover 2003;

Dupont-Prinet et al. 2010) and endotherms (White and

West 1977; Carey et al. 1978), allocate energy to storage

in order to fuel overwinter metabolic demands. Body size

is an important component of the energetic equation gov-

erning overwinter survival because, proportional to their

mass, small individuals have higher metabolic rates and

lower energy reserves relative to larger individuals (Post

and Parkinson 2001; Hurst and Conover 2003; Dupont-

Prinet et al. 2010).

The full suite of behavioral, physiological, and ecologi-

cal traits for organisms distributed in heterogeneous sea-

sonal environments, therefore, emerges from a balance

among a complex series of bioenergetic trade-offs within

and between seasons. These trade-offs are due to (1) the

balance of growth and predation risk during the growing

season (Houston et al. 1993; Ali et al. 2003; Biro et al.

2004a), (2) the allocation of energy to growth (i.e., size)

and storage prior to the winter (Chippindale et al. 1996;

Gotthard 2001; Post and Parkinson 2001; Dupont-Prinet

et al. 2010), and (3) the metabolic demands of rapid

growth and food processing ability during the growing

season and decreased tolerance of starvation in the winter.

A simplified bioenergetics model (modified from Hanson

et al. 1997; Nisbet et al. 2012) helps to demonstrate these

trade-offs (Fig. 1):

C ¼ GþM þW ;

where C is consumption rate (i.e., the realized rate at

which food is consumed), G is growth rate (i.e., the rate

of conversion of energy from food into either size or

storage), M is metabolic rate, and W is waste. Metabolic

Figure 1. Simplified depiction of the bioenergetics model that predicts several trade-offs, including (T.O. #1) the trade-off between consumption

rate and predation risk mediated by activity rate, (T.O. #2) the trade-off between size and storage, (T.O. #3) the trade-off between growth rate

and starvation resistance mediated by metabolic rate, and (T.O. #4) the trade-off between consumption rate and consumption efficiency. The

latter two trade-offs were not directly evaluated in the present study. The heights of the rectangles in this graphic represent an amount of energy

that can vary with respect to allocation, whereas the widths are arbitrary. The gray box represents metabolic demand for energy during winter

that can only be supplied by stored energy (dashed line) in the absence of consumption.
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rate includes both respiration rate and specific dynamic

action (a.k.a., the cost of digestion). Respiration rate

depends on a combination of body size and temperature

and includes a component related to activity (i.e., higher

activity rate results in high respiration rate) and a resting

component.

The trade-off between consumption rate and predation

risk (T.O. #1, Fig. 1) is not purely a bioenergetic trade-

off, but is a classic example of how bioenergetic and eco-

logical processes interact (Houston et al. 1993). The

trade-off between size and storage (T.O. # 2, Fig. 1) has

frequently been cited as the primary mechanism driving

adaptive differences between populations distributed

across altitudinal or latitudinal gradients (Schultz and

Conover 1997; Tracy 1999; Gentle and Gosler 2001; Bro-

din 2007; Macleod et al. 2008; Berg et al. 2009; Jonsson

et al. 2009; Finstad et al. 2010; Takahashi and Pauley

2010; Mogensen and Post 2012). The trade-off between

growth and starvation mediated by metabolic rate (T.O.

#3, Fig. 1) has been demonstrated for terrestrial vertebrate

populations distributed across altitudinal or latitudinal

gradients (Stockhoff 1991; Gotthard et al. 1994; Scharf

et al. 2009), but direct evidence for fishes is lacking (but

see Wieser et al. 1992; Arnott et al. 2006; Killen et al.

2007). Even with no activity and very low temperatures,

respiration imposes a metabolic demand for energy (gray

box in Fig. 1) that can only be supplied by stored energy

when consumption ceases during the winter (dashed line

in Fig. 1). The magnitude of this winter metabolic

demand (and the resulting starvation risk) will increase

with higher metabolic rates, but higher metabolic rates

during the growing season are associated with more gut

tissue, higher activity rates, more rapid conversion of

food into energy, and consequently, higher consumption

and faster growth (Cant et al. 1996; Bochdansky et al.

2005; Stoks et al. 2006; Scharf et al. 2009; Dupont-Prinet

et al. 2010; Killen et al. 2011). Hence, for T.O. #3 to

exist, metabolic rate during periods of starvation must be

correlated with metabolic rate during periods of growth

(e.g., from eq. 2: f(T), a and b must be independent of

season, but can vary among populations and/or individu-

als). A correlation of metabolic rate between seasons,

however, has never been directly evaluated, although the

prediction that individuals with the highest metabolic

rates during the growing season will also have the highest

metabolic rates in the winter (i.e., the rank among indi-

viduals should be consistent between seasons) is sup-

ported by the observation that metabolic rate is

repeatable for individuals (Nespolo and Franco 2007).

Juvenile rainbow trout (Oncorhynchus mykiss) are an

excellent candidate for the study of bioenergetic trade-offs

because they avoid the complication of allocation to

reproduction, their growing season survival is strongly

linked to body size and predation risk (Post and Evans

1989; Persson et al. 1996; Sogard 1997; Post et al. 1998;

Post and Parkinson 2001; Parkinson et al. 2004; Biro

et al. 2006), and their overwinter survival is dependent

on a minimum threshold quantity of energy storage (Biro

et al. 2004b, 2005; Mogensen and Post 2012). Further-

more, populations of rainbow trout are distributed

throughout the mid-latitudes in western North America,

across a large altitudinal gradient with a corresponding

gradient in the duration of winter. Rainbow trout dis-

tributed across heterogeneous environments vary in fit-

ness-related traits, which suggests that persistence of

rainbow trout populations in different environments

depends on differences in fitness-related traits (Taylor

1991; Carvalho 1993; McCusker et al. 2000; Keeley et al.

2005, 2007; Taylor et al. 2011). However, the extent to

which the persistence of rainbow trout populations across

a gradient in winter duration is related to variation in

energy allocation strategies and/or bioenergetic trade-offs

is unknown, as is the extent to which variation in life-his-

tory traits (e.g., growth, energy storage, foraging rate,

metabolic rate) across this gradient may be attributed to

differences between particular strains or genotypes.

In this study, we conducted a common environment

experiment in high- and low-elevation lakes with juvenile

(age 0) rainbow trout from two populations from two

regions with different phylogeographic histories (Tamkee

et al. 2010) to investigate phenotypic variation between

environments that differ in winter duration. Juveniles

from these populations were stocked into replicate natural

lakes at low and high elevation. We investigated the exis-

tence of a trade-off between foraging activity and preda-

tion risk (T.O. #1) by measuring variability in activity

rate and growing season survival across low- and high-

elevation environments, and we investigated the existence

of a trade-off between body size and storage (T.O. #2) by

measuring growth rate and lipid concentration across

environments. We hypothesized that foraging, predation,

and energy allocation trade-offs would result in popula-

tion- and environment-specific differences in growth rate,

energy storage, and foraging activity. We predicted that

high foraging rate should be associated with low growing

season survival and that high growth rate should be asso-

ciated with low energy storage (and vice versa). We tested

for consistent differences between populations (i.e., geno-

typic effects) across environments, for consistent differ-

ences between environments across genotypes (i.e.,

environmental effects), and for genotype-by-environment

interactions. We also indirectly evaluated the role of a

trade-off between growth and starvation (T.O. #3) by

comparing theoretical starvation thresholds, based on a

range of hypothetical metabolic rates, to observed

variation in energy storage across environments and
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genotypes. The use of replicate whole natural lakes, which

allow natural environmental variability to influence the

experimental response to our treatment of interest (i.e.,

winter duration), strengthens our ability make inferences

about the strategies employed by rainbow trout and other

species that live in seasonal environments to cope with

environmental heterogeneity.

Methods

Rainbow trout populations

The FFSBC (Freshwater Fisheries Society of British Colum-

bia) manages several strains of rainbow trout (one domes-

ticated and several wild strains) for stocking across the

province. The wild strains are maintained in a series of

broodstock lakes that receive progeny from wild sources.

Every spring, spawners are collected from these broodstock

lakes, and fertilized eggs are transported to FFSBC hatch-

eries for rearing. Two wild strains were chosen from the

FFSBC system for these experiments: Blackwater Dragon

2N (hereafter referred to as Blackwater) and Pennask Pre-

mier 2N (hereafter referred to as Pennask). The Blackwater

strain is originally from the Blackwater River (elevation:

700–900 m) in the upper Fraser River drainage, located

80 km northwest of Quesnel, BC, and is maintained in

nearby Dragon Lake (elevation: 598 m). The Pennask

strain is originally from Pennask Lake (elevation: 1426 m)

in the Thompson River drainage, east of Merritt, BC, and

is maintained in Premier Lake (elevation: 877 m), 70 km

north of Cranbrook, BC. For our study, we used fish raised

at the Vancouver Island Trout Hatchery (VITH, located

near Duncan, BC), the Clearwater Trout Hatchery

(CWTH, near Clearwater, BC), and the Fraser Valley Trout

Hatchery (FVTH, in Abbotsford, BC).

A sample of each strain (n = 30) was collected for

genetic analysis to confirm genetic differentiation between

strains. DNA was extracted from fin clips using a stan-

dard phenol: chloroform extraction technique. Fifteen

microsatellite loci were assayed for each sample (Table 1).

Assay conditions were the same as those described in

Tamkee et al. (2010), except fluorescently labeled primers

were used instead of 32P labeled primers, and PCRs were

not multiplexed. The PCR product from each reaction

was diluted to a concentration of 20 ng/lL, and alleles

were separated on an Applied Biosystems 3730 DNA Ana-

lyzer (Applied Biosystems, Foster City, CA 94404 USA).

Microsatellite allele fragment length polymorphism was

scored using GeneMapper v3.7 (Applied Biosystems, Fos-

ter City, CA 94404 USA). Basic genetic diversity metrics

(Table 1) were calculated with the HIERFSTAT package

for R (Goudet 2005). LD (Linkage disequilibrium) and

deviations from HWE (Hardy–Weinberg equilibrium)

were investigated using the pegas package for R (Paradis

2010). The degree of genetic differentiation between

Blackwater and Pennask strains was determined by calcu-

lating Weir and Cockerham’s FST in the HIERFSTAT

package. The significance of the FST value was determined

via the 95% confidence interval derived from bootstrapped

variance components, as suggested by Weir and Cocker-

ham (1984), calculated using the boot.vc command (with

1000 bootstraps) in the HIERFSTAT package.

Table 1. Genetic diversity of Blackwater and Pennask rainbow trout at the 15 microsatellite loci analyzed in this study. Asterisks indicate loci

used in the calculation of the overall FST. Allelic richness is the rarified allelic counts, with the number of alleles rarified down to the number of

individuals genotyped times 2.

Ho Hs Allelic richness FIS

Locus BW PN Total BW PN Total BW PN Total BW PN Total FST

Occ16* 0.27 0.36 0.31 0.46 0.46 0.46 2.00 2.00 2.00 0.41 0.22 0.31 �0.03

Occ34 0.05 0.10 0.07 0.05 0.09 0.07 1.52 1.78 1.94 0.00 �0.03 �0.02 �0.01

Occ42* 0.05 0.19 0.12 0.05 0.18 0.11 1.52 1.96 1.99 0.00 �0.08 �0.06 0.01

Okia3 0.73 0.63 0.68 0.81 0.57 0.69 6.00 4.35 9.84 0.11 �0.10 0.02 0.16

Omy77* 1.00 0.67 0.83 0.86 0.73 0.79 7.76 7.10 9.34 �0.17 0.08 �0.05 0.03

Oneu8 0.52 0.71 0.62 0.77 0.75 0.76 6.26 5.36 7.50 0.32 0.05 0.19 0.05

Oneu14* 0.68 0.15 0.42 0.50 0.19 0.35 2.00 2.90 3.28 �0.36 0.22 �0.20 0.16

Ots3 0.35 0.52 0.44 0.69 0.65 0.67 4.35 4.03 4.85 0.50 0.19 0.35 0.04

Ots4* 0.90 0.79 0.84 0.68 0.71 0.70 4.10 5.90 6.78 �0.33 �0.10 �0.21 0.03

Ots100* 0.78 0.81 0.79 0.75 0.85 0.80 5.51 6.77 7.91 �0.03 0.05 0.01 0.02

Ots103 0.22 0.26 0.24 0.52 0.52 0.52 2.00 2.00 2.00 0.58 0.49 0.53 �0.02

Ots107 0.89 0.63 0.76 0.79 0.53 0.66 7.90 4.57 11.44 �0.13 �0.19 �0.16 0.16

Ssa85* 0.75 0.75 0.75 0.73 0.54 0.64 4.00 2.69 4.89 �0.02 �0.39 �0.18 0.04

Ssa197* 0.75 0.19 0.47 0.51 0.28 0.39 2.00 2.00 2.00 �0.48 0.32 �0.20 0.15

Ssa456* 0.57 0.21 0.39 0.46 0.20 0.33 3.42 2.51 3.97 �0.25 �0.07 �0.20 0.04

Overall 0.52 0.53 5.32 0.02 0.09
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Experimental lakes and fish stocking

We used natural lakes to conduct a replicated common

environment experiment over two growing seasons (2008

and 2009) using the Blackwater and Pennask strains.

Three lakes located southeast of Merritt, BC, were selected

to comprise a “low-elevation” treatment: Noname Lake

(elevation: 981 m), Cigar Lake (1000 m), and Smoke

Lake (1001 m). Two lakes located near Bonaparte Provin-

cial Park northeast of Kamloops, BC, were selected to

comprise a “high-elevation” treatment: Pantano Lake

(1479 m) and Spook Lake (1498 m). In the summer of

2009 (prior to stocking in that year), Pantano Lake was

divided into two experimental units (Big Pantano and

Little Pantano) using a combination of rebar and mesh to

create a barrier impermeable to fish movement. Mark–re-
capture sampling of differently marked fish on either side

of this barrier in October of 2009 confirmed the imper-

meability of the barrier to fish. We recorded temperature

and duration of ice cover in all of these lakes from July

2008 through October 2009 using HOBO U22 Water

Temp Pro v2 temperature loggers installed at a depth of

2 m. Initially, two temperature loggers were installed per

lake (one at a northern location and one at a southern

location), but several data loggers were lost to vandalism,

and records are absent for some periods. Several other

biotic and abiotic characteristics (which are peripheral to

our hypothesized effects of winter duration on phenotypic

trade-offs) of all lakes were recorded, and these are

described in detail in supplementary material.

In an attempt to equalize the density of conspecific

predators and competitors among the study lakes, we gill-

netted all the lakes to remove existing rainbow trout in the

spring prior to initiating the experiments in 2008, and we

stocked yearling (age 1) Pennask rainbow trout from the

FFSBC Summerland Trout Hatchery (Summerland, BC).

The presence of conspecific predators imposes behavioral,

growth, and survival constraints on juvenile rainbow trout

that were necessary for ecological realism in our experi-

ments (Post et al. 1998, 1999; Landry et al. 1999; Biro et al.

2003a,b; Askey et al. 2007). Yearling Pennask fish (age 1,

nonexperimental fish) from the FFSBC Summerland Trout

Hatchery were stocked in June 2008 at a density of 150 fish

per hectare after being marked with a unique fin clip to dis-

tinguish them from any fish remaining in the lakes that

may have escaped gill netting. Smoke Lake was restocked

with Pennask yearlings in June 2009 because complete

anoxic winterkill eliminated all fish in this lake in the win-

ter of 2008–2009. We used Pennask yearlings (as opposed

to a mixture of Pennask and Blackwater) due to constraints

associated with rearing capacity at the FFSBC hatcheries.

Each experimental fish (age 0 fry) was given a pelvic fin

clip for strain identification: left pelvic fin for Blackwater

and right pelvic fin for Pennask. To reduce unwanted mor-

tality among our experimental fish due to fin clipping and

to increase the accuracy of fin clips, we waited to stock our

experimental lakes until fry had reached a minimum size

(≥0.6 g). During rearing at the hatchery, water temperature

and food rations were adjusted to match the size of the two

strains at the time of stocking. Replicate batch samples of

fry (>200 individuals per sample) were weighed and

counted. On 29 August h 2008, Pennask fry (mean weight:

0.85 g) and Blackwater fry (0.75 g) from two hatcheries

(CWTH and VITH) were stocked into Pantano Lake,

Spook Lake, Cigar Lake, Noname Lake, and Smoke Lake at

a density of 2255 fry per hectare. On 26 August 2009, Pen-

nask fry (0.65 g) and Blackwater fry (0.66 g) from FVTH

were stocked into Little Pantano, Big Pantano, Cigar Lake,

and Smoke Lake at a density of 2800 fry per hectare. We

used fewer experimental lakes in 2009 than in 2008 because

of the logistics and time constraints involved with conduct-

ing mark–recapture population estimates in 2009.

Survival

Our hypotheses and predictions are based on the assump-

tion that the risk of overwinter starvation is higher in

high-elevation lakes than in low-elevation lakes, and

therefore, that the balance of mortality risks during the

winter and during the growing season (i.e., risk of starva-

tion or predation, respectively) is different in low and

high-elevation lakes. In order to investigate this assump-

tion, we used Petersen mark–recapture methods (Seber

1982; Krebs 1989) to obtain population estimates in the

spring of 2009. Immediately following ice-off in the

spring of 2009 (early May in the low-elevation lakes, early

June in the high-elevation lakes), for five to eight consec-

utive netting nights, fry were captured with fyke nets,

marked with a dorsal or ventral clip on the caudal fin,

and then released. Five to ten days later, fish were lethally

sampled using gill nets (with mesh sizes ranging from 13

to 89 mm, set at depths ranging from 1 to 6 m, as per

Post et al. 1999; Askey et al. 2007) and fyke nets (hoop

diameter of 0.5 m, mesh diameter of 6 mm, set perpen-

dicular to shore in littoral and deep littoral areas). Lethal

sampling consisted of five consecutive nights across all

lakes. In each lake, nets were set at midday and had a

soaking time of 18–24 hours, after which captured fish

were removed and nets were reset in a new location. An

estimate of population size at the time of marking (N̂t)

was obtained using the equation:

N̂t ¼ ðM þ 1ÞðC þ 1Þ
Rþ 1

� 1;

where M is the number of individuals marked in the first

sample, C is the number of individuals captured in the
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second sample, and R is the number of marked individu-

als in the second sample (Seber 1982). In order to obtain

an estimate of survival ðŜtÞ for each strain in both envi-

ronments, we calculated this value ðN̂tÞ for both strains

in each lake and used the equation Ŝt ¼ N̂t=N0, where N0

is the number of fry (of a particular strain) initially

stocked into a particular lake in the summer of 2008

minus the number of fish removed during fall sampling

in 2008.

This is a coarse measure of “overwinter” survival (and,

hence, mortality) because we do not have a population

estimate for the fall of 2008, and consequently, we cannot

separate growing season mortality (prior to ice over in

the fall of 2008) from mortality that actually occurred

during the winter under the ice. We were, however, able

to determine whether 2009 growing season survival dif-

fered between environments and/or between strains by

conducting a population estimate in the fall of 2009 using

the same methodology as in the spring. This comparison

of growing season survival among strains and environ-

ments allowed us to interpret any differences between

strains or environments in “overwinter” survival as differ-

ences in actual overwinter survival (i.e., beneath the ice)

or as differences in growing season survival. For our esti-

mate of growing season survival, N̂t was calculated in the

same manner as for overwinter survival (except sampling

occurred during the first two weeks of October 2009),

and N0 was the number of fry (of a particular strain) ini-

tially stocked into a particular lake in the summer of

2009. This fall 2009 mark–recapture study also confirmed

that the barrier between Little Pantano and Big Pantano

was impermeable to fish movement because no Little

Pantano fish (ventral clip on the caudal fin) were caught

in Big Pantano Lake (dorsal clip on the caudal fin), or

vice versa.

Growth

We estimated growth rate over the period between sum-

mer stocking and fall capture in 2008 and 2009. Fish were

lethally sampled using fyke nets (hoop diameter of 0.5 m,

mesh diameter of 6 mm, set perpendicular to shore in lit-

toral and deep littoral areas) before the lakes iced-over in

the fall of 2008 and 2009. In both years, sampling

occurred starting on October 2 or 8 in the high-elevation

lakes and low-elevation lakes, respectively. Sampling con-

sisted of five consecutive nights in each lake. Nets were

set at midday and had a soaking time of 18–24 hours,

after which captured fish were removed and nets were

reset in a new location in that lake. For all individuals

captured, we recorded fork length (to the nearest 1 mm)

and wet mass (to the nearest 0.01 g). An estimate of

mass-specific growth rate (% per day) for each fish was

calculated using the following formula (after Myrick and

Cech 2000):

MSGR % body weight per dayð Þ
¼ W2 �W1

0:5 W1 þW2ð Þdays� 100%;

where W1 is the strain-specific mean weight at the time of

stocking, and W2 is the weight of each fish at the time of

capture. We estimated growth relative to calendar days and

relative to growing degree days (gdd). To determine what

constitutes one degree day for rainbow trout growth, we

used the growth rate and temperature data from Myrick

and Cech (2000) and Hokanson et al. (1977) to predict the

curvilinear relationship between temperature and growth

rate for age 0 rainbow trout. Then, using the average tem-

perature over the growing season in high and low-elevation

lakes, we adjusted the number of days of growth to reflect

the gdd, where growth over one gdd at any given tempera-

ture is equivalent to growth over 1 day at the optimum

temperature (17.6°C, calculated from Hokanson et al.

1977; Myrick and Cech 2000).

Energy storage

Fish primarily use stored lipids to fuel overwinter meta-

bolism (Shuter and Post 1990; Biro et al. 2004b). We

investigated prewinter energy storage based on an analysis

of fall lipid concentration. Throughout our fall sampling

(described above), a subset of individuals sampled for

growth measurements were placed on ice immediately

after capture then frozen at the earliest opportunity. In

the laboratory, lipid analysis was conducted on approxi-

mately 25 samples of each strain–lake–year combination.

Each sample consisted of a pair of length-matched fish

(�2 mm) to allow for sufficient dry weight (0.5 g) for

the lipid extraction methodology. Pairs were chosen using

stratified random sampling by length so that pairs would

represent the full size range for each strain–lake–year
combination. Fish were thawed, measured, and weighed,

and then they were dried at 50°C for 96 h in a drying

oven on an aluminum foil boat. The dried fish were

weighed and then finely ground using a mortar and pestle

until reduced to a homogeneous powder. Lipids were

extracted from these dried samples using the methanol

and chloroform procedure from Folch et al. (1957),

which is described in detail by Post and Parkinson (2001)

and Biro et al. (2004b, 2005). The extracted lipid was

weighed to the nearest 0.0001 g, and this mass repre-

sented the amount of lipid per 0.5 g of dry fish tissue.

We expect an average coefficient of variation for this esti-

mate of lipid concentration of less than 6% for repeated

measurements taken from the same sample (Post and

Parkinson 2001).

ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4783

E. V. Lea et al. Rainbow Trout in Seasonal Environments



There is a threshold lipid concentration below which

winter metabolic demands will outstrip energy storage

leading to starvation, and this threshold is dependent on

size (due to the allometry of specific metabolic rate), win-

ter duration, and intrinsic (i.e., size-independent) varia-

tion in metabolic rate (Biro et al. 2004b; Mogensen and

Post 2012). Larger fish tend not only to have greater lipid

reserves than smaller fish, but also that larger fish have a

lower metabolic rates than smaller fish (Shuter and Post

1990; Schultz and Conover 1999; Post and Parkinson

2001). In the absence of any data on metabolic rate in

these fishes, we used previously published models and

data relating to O. mykiss (both rainbow trout and Steel-

head Trout) metabolism and lipid storage (Rand et al.

1993; Hanson et al. 1997; Myrick and Cech 2000; Biro

et al. 2004b; Mogensen and Post 2012) to hypothesize a

range of threshold lipid concentrations given observed

winter duration, water temperature, and fish size. These

thresholds were based on the intrinsic metabolic rate

from Mogensen and Post (2012). In particular, we took

the estimated intercept of the linear relationship between

mass and respiration rate for rainbow trout at 0°C
(11.16623; from Mogensen and Post 2012), as well as

intercepts 25% and 50% higher and lower, to generate a

range of threshold curves against which to compare actual

lipid concentrations.

Activity

We estimated foraging activity using a measurement of

catchability for each strain in all lakes in the fall of 2009.

Using the data from our fall 2009 mark–recapture
(described above), our measurement of catchability (q)

was based on the number of marked individuals recap-

tured in fyke nets (R) relative to the sampling effort with

fyke nets at the time of recapture during fall lethal

sampling (F) and the total number of marked fish in the

population (M) according to Ricker’s (1975) model:

R/F = qM. We used fyke net recaptures only in this calcu-

lation because, unlike gill nets, fyke nets are not size

selective. In order to be caught in these nets, fish must be

active. We assumed that activity associated with being

caught in a fyke net was representative of foraging activity

(i.e., that all movement by age 0 rainbow trout was

motivated by foraging).

Statistical analyses

There is a direct correspondence between sources of phe-

notypic variation (i.e., effects of genotype, environment,

and genotype-by-environment interaction) and the inter-

pretation of main and interaction effects in an analysis of

variance (Pigliucci 2001). As such, ANOVA has been a

major method in the analysis of experiments investigating

environmental and genetic effects (Lewontin 1974; West-

cott 1986). For all of the phenotypes measured in this

study (i.e., survival, growth, lipid concentration, and

catchability), we used AN(C)OVA to test for an associa-

tion with strain, environment, and a strain-by-environ-

ment interaction. When data were available for multiple

years, we used mixed effects modeling to account for

random variation between years (i.e., we included year as

a random effect). Also, when we were able to use indi-

vidual fish as a unit of replication (i.e., for growth and

lipid data), lake was also included as a random effect

(nested within year where data were available for multi-

ple years). To account for the allometric relationship

between size and lipid concentration, we included log-

transformed wet mass as a covariate in an ANCOVA,

and we log-transformed lipid concentration to obtain a

linear relationship in our model (Biro et al. 2004b). All

statistical analyses and data plotting were conducted in R

(R Development Core Team 2010). Mixed effects model-

ing was conducted using the nlme package (Pinheiro

et al. 2014), which uses denominator degrees of freedom

(denDF) corresponding to the classical decomposition of

degrees of freedom in ANOVA designs (Pinheiro and

Bates 2000).

Results

Rainbow trout strains and experimental
lakes

Analysis of microsatellite variation at fifteen loci

(Table 1) revealed significant LD for one pair of loci

(Occ34 and Occ42). In our analysis of genetic differentia-

tion, we used only one of these two linked loci (results

are shown for the inclusion of Occ42, but FST estimates

were identical when Occ34 was included instead).

Significant deviations from HWE were found for five loci

(Okia3, Ots3, Ots103, Ots107, and Oneu8), and we

dropped all these loci from our analysis of genetic

differentiation. Based on nine loci showing no LD or

deviations from HWE, we found significant genetic dif-

ferentiation between fish sampled from the Blackwater

and Pennask strains (FST = 0.092; 95% confidence inter-

val = 0.051–0.204; Table 1).

Temperature differences between low-elevation and

high-elevation lakes were as expected (Fig. 2). Low-eleva-

tion lakes reached a maximum summer temperature of

20–22°C, while high-elevation lakes reached a maximum

summer temperature of 12–15°C. Low-elevation lakes

were iced-over for 145 days, while high-elevation

lakes were iced-over for 204 days. Additional details on

lakes are included in supplementary material.
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Survival

Two low-elevation lakes, Smoke Lake and Noname Lake,

experienced complete anoxic winterkill. No fish of any

kind were caught in these lakes during spring sampling in

2009. Anoxic winterkill can occur when relatively shallow,

high-productivity lakes are covered in ice, preventing

atmospheric oxygen from mixing with the water while

respiration continues to use up oxygen in the water,

resulting in asphyxiation (Dodds 2002). We excluded

these lakes from our analysis of overwinter survival

because winterkill is a different mechanism of mortality

(typically resulting in an all-or-nothing pattern of mortal-

ity) than overwinter starvation. We clipped a total of

1,099 fish in the spring of 2009, and 303 of 2,377 fish

caught during recapture sampling were clipped. Note that

we measured survival proportion ðŜtÞ for each lake, and

we analyzed these proportions (with lake as the unit of

replication) with the expectation of normally distributed

values between 0 and 1 (Rogers et al. 2014). There was a

significant effect of environment on survival of fish

stocked in 2008 through to spring of 2009 (“overwinter”

survival, Fig. 3, Table 2). “Overwinter” survival was

higher in low-elevation lakes than in high-elevation lakes

(denDF = 2, F = 177, P = 0.0056). There was no signifi-

cant effect of strain on “overwinter” survival (denDF = 2,

F = 3.63, P = 0.197), and the strain-by-environment

interaction was also nonsignificant (denDF = 2, F = 2.50,

P = 0.255). We clipped a total of 4770 fish in the fall of

2009, and 957 of 5000 fish caught during recapture sam-

pling were clipped. There were no significant differences

in 2009 growing season survival (Fig. 3, Table 3) between

environments (denDF = 4, F = 0.352, P = 0.585) or

strains (denDF = 4, F = 0.0213, P = 0.891), nor was

there a significant environment-by-strain interaction

(denDF = 4, F = 0.284, P = 0.622).

Growth

In 2008, experimental fish in low- and high-elevation

lakes were allowed to grow over a period of 42 and 35

calendar days, respectively. In 2009, experimental fish in

low- and high-elevation lakes were allowed to grow over

a period of 45 and 38 calendar days, respectively. In 2008,

fish in low- and high-elevation lakes experienced mean

temperatures of 12.9 and 9.8 degrees C, respectively. In

2009, fish in low- and high-elevation lakes experienced

mean temperatures of 15.1 and 11.5 degrees C, respec-

tively. Based on previously published data on the growth

of age 0 rainbow trout at different temperatures (Hokan-

son et al. 1977; Myrick and Cech 2000), we predicted the

following relationship between MSGR and temperature:

MSGRt = �2.85 + 0.79(t) – 0.022(t)2. The optimum tem-

perature (for maximum growth rate) estimated from

these data was 17.6°C. Using the formula, gdd = days 9

MSGRt/MSGRt.opt, where MSGRt.opt is the predicted

growth rate at optimum temperature, we calculated the

number of growing degree days experienced by fish

Figure 2. Temperature variation in low-elevation (dashed lines) and high-elevation (solid lines) experimental lakes from July 2008 through

October 2009. Temperature readings were taken every four hours. The lines have been smoothed with a LOWESS function (Cleveland 1979,

1981).
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stocked at low and high elevation in 2008 to be 36.9 and

23.4, respectively, and in 2009 to be 43.5 and 30.3, respec-

tively.

During fall sampling, we captured and measured 1124

fish across all lakes in all environments in 2008, and 1962

fish in 2009 (Fig. 4). The maximum mass-specific growth

rate across all fish was 3.83% per day or 5.54% per gdd,

and the minimum was �2.59% per day or �3.87% per

gdd (negative values are possible because stocking weight

was an average from a sample of 200 fish for each strain

in each year, while fall weight was measured for each

individual fish at the time of capture). The maximum fall

weight across all fish was 6.83 g, and the minimum was

0.32 g. There were significant effects of strain and envi-

ronment on growth rate of fish (Fig. 3, Tables 4 and 5).

MSGR was higher in the Blackwater (low elevation) strain

than in the Pennask (high elevation) strain when analyze

relative to days (denDF = 7, F = 47.6, P = 0.0002) or

gdd (denDF = 7, F = 36.6, P = 0.0005). MSGR was

higher in high-elevation lakes than in low-elevation lakes

when analyzed relative to gdd (denDF = 6, F = 11.99,

P = 0.0134) but not when analyzed relative to days

(denDF = 6, F = 0.0483, P = 0.833). There was no signif-

icant strain-by-environment interaction for MSGR per

day (denDF = 7, F = 0.209, P = 0.661) or per gdd

(denDF = 7, F = 1.29, P = 0.293).

Energy storage

We analyzed lipid concentration in 257 pairs of fish in

2008, and 209 in 2009, for a total of 466 measurements

(Fig. 5). The maximum lipid concentration across all fish

was 0.045 g per gram of fish (approximately 0.22 g in a

5.0 g fish), and the minimum was 0.0093 g per gram of

fish (approximately 0.16 g in a 1.7 g fish). Lipid concen-

tration was significantly higher in large fish relative to

small fish (denDF = 444, F = 139, P < 0.001), and there

was a significant interaction between fish size and envi-

ronment (denDF = 444, F = 14.7, P = 0.0001) such that

small fish at high elevation had more lipids than the same

sized fish at low elevation, and large fish at high elevation

had less lipids than the same sized fish at low elevation

(Fig. 4, Table 6). There was no significant interaction

between size and strain (denDF = 444, F = 0.010,

P = 0.920). We found no significant effect of strain

(denDF = 7, F = 0.001, P = 0.974) or environment

(denDF = 6, F = 0.078, P = 0.789) after accounting for

the variance in lipid concentration associated with fish

size. Similarly, there was no significant interaction

Table 2. ANOVA table for analysis of overwinter survival data

(response variable: overwinter survival proportion, Ŝt ).

Effects: denDF F P

Environment 2 177.04 0.0056

Strain 2 3.63 0.1969

Env.-by-strain 2 2.50 0.2549

Table 3. ANOVA table for analysis of growing season survival data

(response variable: growing season survival proportion, Ŝt ).

Effects: denDF F P

Environment 4 0.35 0.5851

Strain 4 0.02 0.8911

Env.-by-strain 4 0.28 0.6223

Figure 3. Survival through to the spring of

2009 for juvenile (age 0) rainbow trout

stocked in the summer of 2008 (left panel),

and survival through to the fall of 2009 for

juvenile rainbow trout stocked in the summer

of 2009 (right panel). Points indicate survival

rates for Blackwater (open points) and Pennask

(filled points) fish in each experimental lake

(circles: Cigar Lake; upside down triangles:

Smoke Lake; diamonds: Spook Lake; squares:

Pantano Lake or Big Pantano Lake; triangles:

Little Pantano Lake). Lines show estimated

reaction norms for Blackwater (dashed lines,

open symbols) and Pennask (solid lines, filled

symbols) strains calculated from the average

survival in each environment (across all lakes).
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between strain and environment (denDF = 7, F = 0.001,

P = 0.9776).

Activity

There was a significant effect of environment on catcha-

bility of fish in the fall of 2009 (Fig. 6, Table 7). Note

that our measure of catchability (q) is a proportion for

each lake, and we analyzed these proportions (with lake

as the unit of replication) with the expectation of normal-

ity for values distributed between 0 and 1 (Rogers et al.

2014). Catchability was higher in high-elevation lakes

than in low-elevation lakes (denDF = 4, F = 29.6,

P = 0.0055). There was no significant effect of strain on

catchability (denDF = 4, F = 0.670, P = 0.459) and the

strain-by-environment interaction was also nonsignificant

(denDF = 4, F = 0.289, P = 0.619).

Discussion

The opposing effects of predation mortality and starva-

tion mortality on the fitness of different traits result in

trade-offs between traits that optimize fitness during peri-

ods of resource plenty (e.g., during the growing season)

and periods of resource scarcity (e.g., during the winter).

We investigated the existence of trade-offs between forag-

ing activity and predation risk (T.O. #1, Fig. 1) and

between body size and storage (T.O. #2, Fig. 1) in juve-

nile rainbow trout in a common environment experiment

involving two genetically distinct strains in two environ-

ments that differed in winter duration by 59 days. We

observed much lower overwinter survival in higher eleva-

tion environments with longer winters relative to lower

elevation environments with shorter winters (Fig. 3). We

expected, therefore, that the balance of mortality risk dur-

ing the growing season and mortality risk during the win-

ter (i.e., risk of predation or starvation, respectively)

should be different in low and high-elevation lakes.

In general, we found little evidence for the existence of

trade-offs between foraging activity and predation risk or

between body size and storage. Foraging rates were high-

est in high-elevation environments, but, contrary to our

Table 4. ANOVA table for analysis of growth data (response variable:

MSGR per calendar day).

Random Effects:

Year

Lake(Year)

Fixed Effects: denDF F P

Intercept 3068 732.48 <0.0001

Environment 6 0.05 0.8333

Strain 7 47.64 0.0002

Env.-by-strain 7 0.21 0.6612

Table 5. ANOVA table for analysis of growth data (response variable:

MSGR per gdd).

Random Effects:

Year

Lake(Year)

Fixed Effects: denDF F P

Intercept 3068 157.73 <0.0001

Environment 6 11.99 0.0134

Strain 7 36.57 0.0005

Env.-by-strain 7 1.29 0.2934

Figure 4. Growth rate of Blackwater (open

points) and Pennask (filled points) fish in 2008

(circles) and 2009 (squares). Whiskers show

standard error relative to the mean values for

each strain, in each environment, in each year

(averaged across all experimental lakes). Lines

show estimated reaction norms for Blackwater

(dashed lines) and Pennask (solid lines) strains

calculated from the average growth in each

environment (across both years and across all

lakes).
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predictions, this difference in foraging activity between

environments was not associated with a difference in

growing season survival. Growth per calendar day did not

differ between environments, but fish in high-elevation

lakes did have higher growth per growing degree day,

suggesting that these individuals compensate for a shorter

growing season by growing faster at high elevation. Con-

trary to our predictions, however, there was no clear evi-

dence for a trade-off between growth rate and energy

storage in our experiment: There was a difference in

growth rate between environments, but no difference in

lipid concentration between environments. Furthermore,

whereas there was a difference between strains in growth

rate, both strains showed the same pattern of energy stor-

age. We did, however, find that the slope of the mass–
lipid relationship was shallower for fish in high-elevation

lakes, suggesting that small fish at high elevation had

more lipids than the same sized fish at low elevation, and

large fish at high elevation had less lipids than the same

sized fish at low elevation (i.e., there was a size-by-envi-

ronment interaction). It may be that rapid growth comes

at the expense of allocation to storage at high elevation,

although no effect of environment (besides the interaction

effect) was detected in our experiment (perhaps because

the range of fish sizes was limited at high elevation,

reducing our power to detect an environmental effect).

At the genotypic level, we did not observe any trade-off

between growth and storage: The Blackwater strain grew

Table 6. ANCOVA table for analysis of lipid concentration data

(response variable: log-transformed lipid concentration). Size, in this

table, is shorthand for log-transformed wet mass.

Random Effects:

Year

Lake(Year)

Fixed Effects: denDF F P

Intercept 444 17,163.37 <0.0001

Size 444 138.67 <0.0001

Environment 6 0.078 0.7888

Strain 7 0.001 0.9743

Size-by-strain 444 0.010 0.9204

Size-by-env. 444 14.73 0.0001

Env.-by-strain 7 0.001 0.9776

Size-by-strain-by-Env. 444 1.025 0.3120

Figure 5. Autumn lipid concentrations in juvenile (age 0) Blackwater and Pennask rainbow trout stocked in high- and low-elevation lakes. Circles

represent 2008 data, and squares represent 2009 data, and the regressions between lipid concentration and fish mass are represented by dashed

and solid lines of positive slope for Blackwater and Pennask fish, respectively. The gray lines of positive slope in the “high-elevation lakes” plot

are the same lines as in the “low-elevation lakes” plot – they are repeated for comparison only. The lines of negative slope represent the mass-

specific lipid concentration thresholds below which overwinter survival would be unlikely. These are hypothetical threshold curves are drawn from

Mogensen and Post (2012). Line 1 in the “low-elevation lakes” plot is equivalent to line 1 in the “high-elevation lakes” plot (and so on) in that

they represent the exact same intrinsic metabolic rate.
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faster than the Pennask strain, but there was no genotypic

difference in lipid concentration. Other mechanisms are

likely responsible for growth rate differences between

strains across environments. For example, differences in

metabolic rate may be associated with faster growth may

indicate faster metabolism (Arendt 1997; Hanson et al.

1997), although a positive correlation between metabolic

rate and growth is not consistently detected in field stud-

ies of fishes (Alvarez and Nicieza 2005; Burton et al.

2011). Individuals that grow fast during the summer can

lose mass faster during the winter and may, therefore,

experience higher winter mortality due to starvation

(Stockhoff 1991; Gotthard et al. 1994; Scharf et al. 2009).

These potential links between starvation risk and growth

rate, mediated by metabolic rate, have been clearly

demonstrated with terrestrial invertebrates (Stockhoff

1991; Gotthard et al. 1994; Scharf et al. 2009), but direct

evidence for fishes is lacking (but see Wieser et al. 1992;

Arnott et al. 2006; Killen et al. 2007). We attempted to

make the link between starvation risk and metabolic rate

using previously published models and data relating to

metabolism and lipid storage (Rand et al. 1993; Hanson

et al. 1997; Myrick and Cech 2000; Biro et al. 2004b;

Mogensen and Post 2012). If all strains had the same

intrinsic metabolic rate inferred by Mogensen and Post

(2012) in their study of rainbow trout energetics (corre-

sponding to threshold line 3 in Fig. 5), very few individu-

als (in fact, none of the individuals sampled in the

present study) would survive a winter at high elevation.

If, however, the reduced growth rates were due to a lower

metabolic rate (e.g., corresponding to threshold line 1 in

Fig. 5), the number of fish surviving a winter at high ele-

vation would be substantially higher.

The Pennask and Blackwater strains may be adapted to

different seasonal effects (e.g., long versus short winters),

given that their origins and broodstock lakes differ sub-

stantially in elevation. Hence, it is possible that the

observed differences in growth rate under a common

environment reflect local adaptation to high- and low-ele-

vation environments (perhaps based on differences

between strains in metabolic rate). Alternatively, these

growth rate differences may reflect the lake versus river

origin of these two strains, but there is comparative evi-

dence from fish species distributed across lotic and lentic

habitats that latitude (i.e., temperature) is an important

factor influencing growth rate, whereas habitat (i.e., river

or lake) is not (Blanck and Lamouroux 2007). If we are

to fully understand trade-offs for organisms in seasonal

environments, our results point strongly to the need to

measure the intrinsic metabolic rates across populations

adapted to different seasonal effects.

Our observation of higher growth rate per gdd at high

elevation relative to low elevation, and higher growth rate

for a putatively low-elevation-adapted strain relative to a

putatively high-elevation-adapted strain, is in contrast

with the literature on countergradient variation (Conover

and Present 1990; Conover and Schultz 1995; Conover

et al. 1997; Schultz and Conover 1997, 1999; Billerbeck

et al. 2001; Lankford et al. 2001; Yamahira and Conover

2002; Laugen et al. 2003). Typical models of growth com-

pensation suggest that the response of individuals of a

given strain (or population) to decreased temperature

should be to decrease growth rate, whereas we see the

opposite in our comparison of growth rate across envi-

ronments. Also, typical models of the evolution of growth

compensation suggest that, in order to grow at an accept-

able rate in their local environment, strains from cold

Table 7. ANOVA table for analysis of activity (response variable:

catchability, q).

Effects: denDF F P

Environment 4 29.68 0.0055

Strain 4 0.67 0.4591

Env.-by-strain 4 0.29 0.6192

Figure 6. Catchability of juvenile (age 0) rainbow trout estimated in

the fall of 2009. Points indicate catchability (q) estimates for

Blackwater (open points) and Pennask (filled points) fish in each

experimental lake (squares: Cigar Lake; triangles: Smoke Lake;

diamonds: Little Pantano Lake; circles: Big Pantano Lake). Lines show

estimated reaction norms for Blackwater (dashed lines, open symbols)

and Pennask (solid lines, filled symbols) strains calculated from the

average catchability in each environment.
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environments should have higher growth rate at cold

temperatures than strains from warm environments and

vice versa (i.e., there should be a genotype-by-environ-

ment interaction), or strains from cold environments

should grow faster across all temperatures (i.e., there

should be countergradient variation). Again, we observed

the opposite effect in our comparison of low- and high-

elevation strains. One possible reason for these differences

between the results of our study of rainbow trout and

previous observations of growth compensation (e.g., in

Atlantic silversides, Menidia menidia) could be related to

the importance of starvation resistance under the ice dur-

ing the winter in seasonal freshwater environments. It is

possible that winter starvation under these conditions is a

much stronger factor influencing rainbow trout bioener-

getic adaptations than for typical examples of adaptation

to thermal gradients in marine or estuarine habitats, as

rainbow trout are likely not feeding in the winter (Biro

et al. 2004b). This may especially be the case if starvation

resistance during the winter and growth rate in the sum-

mer is strongly influenced by intrinsic metabolic rate,

and if individuals are unable to decouple winter and

summer metabolic rates. Further studies of trait varia-

tion, and influences on growth rate, among freshwater

species across a gradient in winter duration are clearly

warranted.

We recognize an important caveat to our inferences

regarding environmental effects. We used a relatively

small number of lakes for our environmental treatment

(three low-elevation lakes in 2008, two in 2009; two high-

elevation lakes in 2008, one lake split into two in 2009).

As is often the case, the high effort and cost associated

with conducting whole-lake experiments in natural lakes

limited our ability to include more replicate lakes,

although this was balanced by the benefit (in terms of

realistic outcomes relevant to natural conditions) of

allowing natural environmental variability to influence the

behavioral and metabolic responses of individuals in our

experiment. Any environmental effects may be con-

founded by consistent differences between lakes that are

arbitrary relative to predictable environmental differences

along a gradient in elevation (e.g., in temperature and

winter duration). We can identify two potential con-

founding factors that may be of particular importance.

First, the high-elevation lakes happen to have more grad-

ually sloping shores and higher perimeter to surface area

ratios than low-elevation lakes (see supplemental mate-

rial), which means high-elevation lakes have more littoral

area (proportional to total area) relative to low-elevation

lakes. This may have been responsible for higher esti-

mated activity rates in high-elevation lakes because our

estimate of activity rate was based on catchability, which

is influenced by the amount of littoral surface area (Pierce

et al. 2010), but we contend that, given the general

appearance of the lakes relative to the variation in lake

morphology across the whole landscape (personal obser-

vation, JRP), the magnitude of this difference in littoral

surface area was not substantial enough to cause the

observed effect on activity rates. A second potentially

important confounding factor for our interpretation of

environmental effects was Daphnia concentration, which

was higher in high elevation than in low-elevation lakes

(see supplemental material). Daphnia are known to be an

important forage item for age 0 rainbow trout. Hence,

the observed environmental difference in growth (higher

in high-elevation lakes) may have been a result of higher

consumption rates in the high-elevation lakes. We do not,

however, know whether consumption rates actually varied

in proportion to differences in Daphnia abundance. In

order for these differences to be relevant, food availability

in the low-elevation lakes would have had to limit real-

ized consumption to an extent that the relative foraging

risks for the growth–mortality trade-off would have been

altered. Given that we observed higher activity in the

high-elevation lakes and that these were all relatively

high-productivity lakes, we contend that this is unlikely.

Nonetheless, future studies of environmentally mediated

trade-offs should attempt to compare a higher number of

low- versus high-elevation (or warm versus cold) envi-

ronments while controlling for confounding factors, such

as Daphnia concentration, that may affect consumption

rate.

Common environment experiments conducted in natu-

ral ecosystems provide valuable insight into the mecha-

nisms driving variation in life-history traits across

heterogeneous environments. These experiments allow us

to distinguish genetically based phenotypic variation from

plastic environmental effects on phenotypes and, there-

fore, give insight into the traits involved in coping with

and adapting to differences in winter duration (Ber-

natchez 2004; Kawecki and Ebert 2004; Rogers and Ber-

natchez 2005). Identifying trait variation in this context is

important in the context of understanding the process of

ecological divergence, and in the context of managing

natural resources with the goal of preserving biodiversity.

Populations of rainbow trout in British Columbia colo-

nized their current distribution following the retreat of

glaciers ten to fifteen thousand years ago (Tamkee et al.

2010; Taylor et al. 2011). Understanding how species

adapt and persist in postglacial landscapes depends on an

understanding of the specific traits involved in trade-offs

across a gradient in winter duration. Identifying the traits

involved in ecological divergence across this gradient is,

in turn, a prerequisite step in understanding the origins

and persistence of biological diversity in heterogeneous

landscapes at the most fundamental level.

4790 ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Rainbow Trout in Seasonal Environments E. V. Lea et al.



Acknowledgments

This study was supported by Natural Sciences and Engi-

neering Research Council of Canada (NSERC) Discovery

Grants to SMR and JRP, an Alberta Innovates New Fac-

ulty Award to SMR, a Small Lakes Management and Con-

servation Initiative Grant from the Freshwater Fisheries

Society of British Columbia and NSERC and Queen Eliza-

beth II scholarships to E.V.L. We thank Eric Parkinson

(BC Ministry of Environment) for his support in the

design and logistics of the project and Beth Wilson for

her assistance with genotyping. In addition, the Freshwa-

ter Fisheries Society of British Columbia is gratefully

acknowledged for providing the experimental fish and

logistical support for this study. A. Harbicht, B. Edwards,

G. Mitschke, J. Fearns, R. Gendron, and G. Schatz all

contributed to the success of this study with their assis-

tance in the field and laboratory. Authors are ordered

based on their relative contribution to the manuscript.

Conflict of Interest

None declared.

References

Afik, D., and W. H. Karasov. 1995. The trade-offs between

digestion rate and efficiency in warblers and their ecological

implications. Ecology 76:2247–2257.

Ali, M., A. Nicieza, and R. J. Wootton. 2003. Compensatory

growth in fishes: a response to growth depression. Fish Fish.

4:147–190.
Alvarez, D., and A. G. Nicieza. 2005. Is metabolic rate a reliable

predictor of growth and survival of brown trout (Salmo

trutta) in the wild? Can. J. Fish Aquat. Sci. 62:643–649.

Arendt, J. D. 1997. Adaptive intrinsic growth rates: an

integration across taxa. Q. Rev. Biol. 72:149–177.

Arnott, S. A., S. Chiba, and D. O. Conover. 2006. Evolution of

intrinsic growth rate: metabolic costs drive trade-offs

between growth and swimming performance in Menidia

menidia. Evolution 60:1269–1278.

Arts, M. T., and M. S. Evans. 1991. Optical-digital

measurements of energy reserves in calanoid copepods -

intersegmental distribution and seasonal patterns. Limnol.

Oceanogr. 36:289–298.

Askey, P. J., J. R. Post, E. A. Parkinson, E. Rivot, A. J. Paul,

and P. A. Biro. 2007. Estimation of gillnet efficiency and

selectivity across multiple sampling units: a hierarchical

Bayesian analysis using mark-recapture data. Fish. Res.

83:162–174.
Berg, O. K., A. G. Finstad, O. Solem, O. Ugedal, T. Forseth, E.

Niemela, et al. 2009. Pre-winter lipid stores in young-of-

year Atlantic salmon along a north-south gradient. J. Fish

Biol. 74:1383–1393.

Bernatchez, L. 2004. Ecological theory of adaptive radiation: an

empirical assessment from Coregonine fishes

(Salmoniformes). Pp. 175–207 in A. P. Hendry and S.

Stearns, eds. Evolution illuminated: salmon and their

relatives. Oxford Univ. Press, Oxford.

Billerbeck, J. M., T. E. Lankford, and D. O. Conover. 2001.

Evolution of intrinsic growth and energy acquisition rates. I.

Trade-offs with swimming performance in Menidia menidia.

Evolution 55:1863–1872.

Biro, P. A., J. R. Post, and E. A. Parkinson. 2003a. Density-

dependent mortality is mediated by foraging activity for

prey fish in whole-lake experiments. J. Anim. Ecol. 72:546–
555.

Biro, P. A., J. R. Post, and E. A. Parkinson. 2003b. Population

consequences of a predator-induced habitat shift by trout in

whole-lake experiments. Ecology 84:691–700.
Biro, P. A., M. V. Abrahams, J. R. Post, and E. A. Parkinson.

2004a. Predators select against high growth rates and risk-

taking behaviour in domestic trout populations. Proc. R.

Soc. B Biol. Sci. 271:2233–2237.
Biro, P. A., A. E. Morton, J. R. Post, and E. A. Parkinson.

2004b. Over-winter lipid depletion and mortality of age-0

rainbow trout (Oncorhynchus mykiss). Can. J. Fish Aquat.

Sci. 61:1513–1519.
Biro, P. A., J. R. Post, and M. V. Abrahams. 2005. Ontogeny

of energy allocation reveals selective pressure promoting

risk-taking behaviour in young fish cohorts. Proc. R. Soc.

B Biol. Sci. 272:1443–1448.
Biro, P. A., M. V. Abrahams, J. R. Post, and E. A. Parkinson.

2006. Behavioural trade-offs between growth and mortality

explain evolution of submaximal growth rates. J. Anim.

Ecol. 75:1165–1171.
Blanck, A., and N. Lamouroux. 2007. Large-scale intraspecific

variation in life-history traits of European freshwater fish.

J. Biogeogr. 34:862–875.

Bochdansky, A. B., P. Gronkjaer, T. P. Herra, and W. C.

Leggett. 2005. Experimental evidence for selection against

fish larvae with high metabolic rates in a food limited

environment. Mar. Biol. 147:1413–1417.
Brodin, A. 2007. Theoretical models of adaptive energy

management in small wintering birds. Philos. Trans. R. Soc.

B Biol. Sci. 362:1857–1871.

Burton, T., S. S. Killen, J. D. Armstrong, and N. B. Metcalfe.

2011. What causes intraspecific variation in resting

metabolic rate and what are its ecological consequences?

Proc. R. Soc. B Biol. Sci. 278:3465–3473.

Cant, J. P., B. W. McBride, and W. J. Croom. 1996. The

regulation of intestinal metabolism and its impact on whole

animal energetics. J. Anim. Sci. 74:2541–2553.
Carey, C., W. R. Dawson, L. C. Maxwell, and J. A. Faulkner.

1978. Seasonal acclimatization to temperature in cardueline

finches 2. Changes in body-composition and mass in

relation to season and acute cold stress. J. Comp. Physiol.

125:101–113.

ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4791

E. V. Lea et al. Rainbow Trout in Seasonal Environments



Carvalho, G. R. 1993. Evolutionary aspects of fish distribution

- genetic-variability and adaptation. J. Fish Biol. 43:53–73.

Chippindale, A. K., T. J. F. Chu, and M. R. Rose. 1996.

Complex trade-offs and the evolution of starvation

resistance in Drosophila melanogaster. Evolution 50:753–766.
Cleveland, W. S. 1979. Robust locally weighted regression and

smoothing scatterplots. J. Am. Stat. Assoc. 74:829–836.

Cleveland, W. S. 1981. LOWESS - a program for smoothing

scatterplots by robust locally weighted regression. Am. Stat.

35:54.

Conover, D. O., and T. M. C. Present. 1990. Countergradient

variation in growth-rate - compensation for length of the

growing-season among Atlantic silversides from different

latitudes. Oecologia 83:316–324.
Conover, D. O., and E. T. Schultz. 1995. Phenotypic similarity

and the evolutionary significance of countergradient

variation. Trends Ecol. Evol. 10:248–252.

Conover, D. O., J. J. Brown, and A. Ehtisham. 1997.

Countergradient variation in growth of young striped bass

(Morone saxatilis) from different latitudes. Can. J. Fish

Aquat. Sci. 54:2401–2409.

Derickson, W. K. 1976. Lipid storage and utilization in

reptiles. Am. Zool. 16:711–723.

Dodds, W. K. 2002. Freshwater ecology: concepts and

environmental applications. Academic Press, San Diego, CA.

Dratnal, E., D. C. Reddy, B. Biernacka, and R. W. Davies.

1993. Facultative physiological adaptation and compensation

to winter stresses in the predatory leech Nephelopsis obscura.

Funct. Ecol. 7:91–96.

Dupont-Prinet, A., B. Chatain, L. Grima, M. Vandeputte,

G. Claireaux, and D. J. McKenzie. 2010. Physiological

mechanisms underlying a trade-off between growth

rate and tolerance of feed deprivation in the European

sea bass (Dicentrarchus labrax). J. Exp. Biol. 213:1143–
1152.

Finstad, A. G., O. K. Berg, T. Forseth, O. Ugedal, and T. F.

Naesje. 2010. Adaptive winter survival strategies: defended

energy levels in juvenile Atlantic salmon along a latitudinal

gradient. Proc. R. Soc. B Biol. Sci. 277:1113–1120.
Fitzpatrick, L. C. 1976. Life-history patterns of storage and

utilization of lipids for energy in amphibians. Am. Zool.

16:725–732.

Folch, J., M. Lees, and G. H. S. Stanley. 1957. A simple

method for the isolation and purification of total lipids

from animal tissues. J. Biol. Chem. 226:497–509.
Gentle, L. K., and A. G. Gosler. 2001. Fat reserves and

perceived predation risk in the great tit, Parus major. Proc.

R. Soc. B Biol. Sci. 268:487–491.

Gotthard, K. 2001. Growth strategies of ectothermic animals in

temperate environments.

Gotthard, K., S. Nylin, and C. Wiklund. 1994. Adaptive

variation in growth-rate - life-history costs and

consequences in the speckled wood butterfly, Pararge

aegeria. Oecologia 99:281–289.

Goudet, J. 2005. HIERFSTAT, a package for R to compute and

test hierarchical F-statistics. Mol. Ecol. Notes 5:184–186.

Hanson, C., J. Johnson, J. Kitchell, and D. E. Schindler. 1997.

Fish bioenergetics 3.0. Univ. of Wisconsin Sea Grant

Institute, Madison, WI.

Hokanson, K. E. F., C. F. Kleiner, and T. W. Thorslund. 1977.

Effects of constant temperatures and diel temperature

fluctuations on specific growth and mortality rates and yield

of juvenile rainbow trout, Salmo gairdneri. J. Fish. Res.

Board Can. 34:639–648.
Houston, A. I., J. M. McNamara, and J. M. C. Hutchinson.

1993. General results concerning the trade-off between

gaining energy and avoiding predation. Philos. Trans. R.

Soc. Lond. B Biol. Sci. 341:375–397.
Hurst, T. P., and D. O. Conover. 2003. Seasonal and

interannual variation in the allometry of energy allocation in

juvenile striped bass. Ecology 84:3360–3369.

Jonsson, K. I., G. Herczeg, R. B. O’Hara, F. Soderman, A. F.

H. ter Schure, P. Larsson, et al. 2009. Sexual patterns of

prebreeding energy reserves in the common frog Rana

temporaria along a latitudinal gradient. Ecography 32:831–

839.

Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local

adaptation. Ecol. Lett. 7:1225–1241.
Keeley, E. R., E. A. Parkinson, and E. B. Taylor. 2005. Ecotypic

differentiation of native rainbow trout (Oncorhynchus

mykiss) populations from British Columbia. Can. J. Fish

Aquat. Sci. 62:1523–1539.
Keeley, E. R., E. A. Parkinson, and E. B. Taylor. 2007. The

origins of ecotypic variation of rainbow trout: a test of

environmental vs. genetically based differences in

morphology. J. Evol. Biol. 20:725–736.
Killen, S. S., I. Costa, J. A. Brown, and A. K. Gamperl. 2007.

Little left in the tank: metabolic scaling in marine teleosts

and its implications for aerobic scope. Proc. R. Soc. B Biol.

Sci. 274:431–438.
Killen, S. S., S. Marras, and D. J. McKenzie. 2011. Fuel,

fasting, fear: routine metabolic rate and food deprivation

exert synergistic effects on risk-taking in individual juvenile

European sea bass. J. Anim. Ecol. 80:1024–1033.

Krebs, C. J. 1989. Ecological methodology. Harper & Row,

New York, NY.

Landry, F., J. R. Post, and E. A. Parkinson. 1999. Spatial

ontogeny of lentic age-0 rainbow trout, Oncorhynchus

mykiss: whole-lake manipulations of population size

structure. Can. J. Fish Aquat. Sci. 56:1916–1928.

Lankford, T. E., J. M. Billerbeck, and D. O. Conover. 2001.

Evolution of intrinsic growth and energy acquisition rates.

II. Trade-offs with vulnerability to predation in Menidia

menidia. Evolution 55:1873–1881.

Laugen, A. T., A. Laurila, K. Rasanen, and J. Merila. 2003.

Latitudinal countergradient variation in the common frog

(Rana temporaria) development rates - evidence for local

adaptation. J. Evol. Biol. 16:996–1005.

4792 ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Rainbow Trout in Seasonal Environments E. V. Lea et al.



Lewontin, R. C. 1974. Analysis of variance and analysis of

causes. Am. J. Hum. Genet. 26:400–411.

Macleod, R., J. Clark, and W. Cresswell. 2008. The starvation-

predation risk trade-off, body mass and population status in

the Common Starling Sturnus vulgaris. The Ibis 150:199–
208.

Mangel, M., and J. Stamps. 2001. Trade-offs between growth

and mortality and the maintenance of individual variation

in growth. Evol. Ecol. Res. 3:583–593.

McCusker, M. R., E. Parkinson, and E. B. Taylor. 2000.

Mitochondrial DNA variation in rainbow trout

(Oncorhynchus mykiss) across its native range: testing

biogeographical hypotheses and their relevance to

conservation. Mol. Ecol. 9:2089–2108.
McNamara, J. M., and A. I. Houston. 2008. Optimal annual

routines: behaviour in the context of physiology and

ecology. Philos. Trans. R. Soc. B Biol. Sci. 363:301–319.

Millidine, K. J., J. D. Armstrong, and N. B. Metcalfe. 2009.

Juvenile salmon with high standard metabolic rates have

higher energy costs but can process meals faster. Proc. R.

Soc. B Biol. Sci. 276:2103–2108.

Mogensen, S., and J. R. Post. 2012. Energy allocation strategy

modifies growth-survival trade-offs in juvenile fish across

ecological and environmental gradients. Oecologia 168:923–
933.

Myrick, C. A., and J. J. Cech. 2000. Temperature influences on

California rainbow trout physiological performance. Fish

Physiol. Biochem. 22:245–254.
Nespolo, R. F., and M. Franco. 2007. Whole-animal metabolic

rate is a repeatable trait: a meta-analysis. J. Exp. Biol.

210:2000–2005.

Nisbet, R. M., M. Jusup, T. Klanjscek, and L. Pecquerie. 2012.

Integrating dynamic energy budget (DEB) theory with

traditional bioenergetic models. J. Exp. Biol. 215:892–902.
Paradis, E. 2010. pegas: an R package for population genetics

with an integrated-modular approach. Bioinformatics

26:419–420.

Parkinson, E. A., J. R. Post, and S. P. Cox. 2004. Linking the

dynamics of harvest effort to recruitment dynamics in a

multistock, spatially structured fishery. Can. J. Fish Aquat.

Sci. 61:1658–1670.
Persson, L., J. Andersson, E. Wahlstrom, and P. Eklov. 1996.

Size-specific interactions in lake systems: predator gape

limitation and prey growth rate and mortality. Ecology

77:900–911.
Pierce, R. B., C. M. Tomcko, D. L. Pereira, and D. F. Staples.

2010. Differing Catchability among Lakes: influences of Lake

Basin Morphology and Other Factors on Gill-Net

Catchability of Northern Pike. Trans. Am. Fish. Soc.

139:1109–1120.

Pigliucci, M. 2001. Phenotypic plasticity: beyond nature and

nurture. The Johns Hopkins Univ. Press, Baltimore.

Pinheiro, J., and D. Bates. 2000. Mixed effects models in S and

S-PLUS. Springer, New York.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R-Core-

Team. 2014. nlme: Linear and Nonlinear Mixed Effects

Models. R package version 3.1-117, Available at http://

CRAN.R-project.org/package=nlme. (accessed 29 June 2015).

Post, J. R., and D. O. Evans. 1989. Experimental evidence of

size-dependent predation mortality in juvenile yellow perch.

Can. J. Zool. 67:521–523.

Post, J. R., and E. A. Parkinson. 2001. Energy allocation

strategy in young fish: allometry and survival. Ecology

82:1040–1051.
Post, J. R., E. A. Parkinson, and N. T. Johnston. 1998. Spatial

and temporal variation in risk to piscivory of age-0 rainbow

trout: patterns and population level consequences. Trans.

Am. Fish. Soc. 127:932–942.
Post, J. R., E. A. Parkinson, and N. T. Johnston. 1999.

Density-dependent processes in structured fish populations:

interaction strengths in whole-lake experiments. Ecol.

Monogr. 69:155–175.
Rand, P. S., D. J. Stewart, P. W. Seelbach, M. L. Jones, and L.

R. Wedge. 1993. Modeling steelhead population energetics

in lakes Michigan and Ontario. Trans. Am. Fish. Soc.

122:977–1001.
R Development Core Team. 2010. R: A Language and

Environment for Statistical Computing. Available at http://

www.R-project.org. (accessed 31 October 2014).

Ricker, W. E. 1975. Computation and interpretation of

biological statistics of fish populations. Bull. Fish. Res.

Board Canada 191:382p.

Rogers, S. M., and L. Bernatchez. 2005. Integrating QTL

mapping and genome scans towards the characterization of

candidate loci under parallel selection in the lake whitefish

(Coregonus clupeaformis). Mol. Ecol. 14:351–361.
Rogers, M. W., A. B. Barbour, and K. L. Wilson. 2014. Trade-

offs in experimental designs for estimating post-release

mortality in containment studies. Fish. Res. 151:130–135.

Scharf, I., I. Filin, and O. Ovadia. 2009. A trade-off between

growth and starvation endurance in a pit-building antlion.

Oecologia 160:453–460.
Schultz, E. T., and D. O. Conover. 1997. Latitudinal

differences in somatic energy storage: adaptive responses to

seasonality in an estuarine fish (Atherinidae: Menidia

menidia). Oecologia 109:516–529.

Schultz, E. T., and D. O. Conover. 1999. The allometry of

energy reserve depletion: test of a mechanism for size-

dependent winter mortality. Oecologia 119:474–483.
Seber, G. 1982. The estimation of animal abundance and

related parameters. 2nd ed. Charles Griffin and Company

Ltd., London.

Shuter, B. J., and J. R. Post. 1990. Climate, population

viability, and the zoogeography of temperate fishes. Trans.

Am. Fish. Soc. 119:314–336.
Sogard, S. M. 1997. Size-selective mortality in the juvenile

stage of teleost fishes: a review. Bull. Mar. Sci. 60:1129–
1157.

ª 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 4793

E. V. Lea et al. Rainbow Trout in Seasonal Environments

http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme
http://www.R-project.org
http://www.R-project.org


Stevens, E. D., and R. H. Devlin. 2005. Gut size in GH-

transgenic coho salmon is enhanced by both the GH

transgene and increased food intake. J. Fish Biol. 66:1633–
1648.

Stockhoff, B. A. 1991. Starvation resistance of gypsy moth,

Lymantria dispar (L) (Lepidoptera, Lymantriidae) - tradeoffs

among growth, body size, and survival. Oecologia 88:422–

429.

Stoks, R., M. De Block, and M. A. McPeek. 2006. Physiological

costs of compensatory growth in a damselfly. Ecology

87:1566–1574.

Takahashi, M. K., and T. K. Pauley. 2010. Resource allocation

and life history traits of Plethodon cinereus at different

elevations. Am. Midl. Nat. 163:87–94.
Tamkee, P., E. Parkinson, and E. B. Taylor. 2010. The

influence of Wisconsinan glaciation and contemporary

stream hydrology on microsatellite DNA variation in

rainbow trout (Oncorhynchus mykiss). Can. J. Fish Aquat.

Sci. 67:919–935.

Taylor, E. B. 1991. A review of local adaptation in Salmonidae,

with particular reference to Pacific and Atlantic salmon.

Aquaculture 98:185–207.
Taylor, E. B., P. Tamkee, E. R. Keeley, and E. A. Parkinson.

2011. Conservation prioritization in widespread species:

the use of genetic and morphological data to assess

population distinctiveness in rainbow trout (Oncorhynchus

mykiss) from British Columbia, Canada. Evol. Appl.

4:100–115.
Tracy, C. R. 1999. Differences in body size among chuckwalla

(Sauromalus obesus) populations. Ecology 80:259–271.
Varpe, O., C. Jorgensen, G. A. Tarling, and O. Fiksen. 2009.

The adaptive value of energy storage and capital breeding in

seasonal environments. Oikos 118:363–370.

Weir, B. S., and C. C. Cockerham. 1984. Estimating F-statistics

for the analysis of population structure. Evolution 38:1358–

1370.

Westcott, B. 1986. Some methods of analyzing genotype-

environment interaction. Heredity 56:243–253.
White, C. M., and G. C. West. 1977. Annual lipid cycle and

feeding-behavior of Alaskan redpolls. Oecologia 27:227–238.

Wieser, W., G. Krumschnabel, and J. P. Ojwangokwor. 1992.

The energetics of starvation and growth after refeeding in

juveniles of 3 cyprinid species. Environ. Biol. Fishes 33:63–71.
Yamahira, K., and D. O. Conover. 2002. Intra- vs. interspecific

latitudinal variation in growth: adaptation to temperature or

seasonality? Ecology 83:1252–1262.

Supporting Information

Additional Supporting Information may be found in the
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Appendix S1. Biotic and Abiotic Characteristics of Exper-

imental Lakes.

Figure S1. Principal components ordination of eight lake

characteristics: average growing season temperature

(Avg_Temp_GS), July littoral Daphnia biomass (July_-

Daph), September littoral Daphnia biomass (Sept_Daph),

July littoral zooplankton biomass (July_Zoop), September

littoral zooplankton biomass (Sept_Zoop), July littoral

macroinvertebrate biomass (July_Macinv), September lit-

toral macroinvertebrate biomass (Sept_Macinv), and

effective density of conspecific predators and competitors

(PredComp_D).

Table S1. Morphometry and location of experimental

lakes in south-central British Columbia.
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