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Abstract We tested the hypothesis that brook trout

growth rates are controlled by a complex interaction of

food availability, water temperature, and competitor

density. We quantified trout diet, growth, and consump-

tion in small headwater tributaries characterized as cold

with low food and high trout density, larger tributaries

characterized as cold with moderate food and moderate

trout density, and large main stems characterized as

warm with high food and low trout density. Brook trout

consumption was highest in the main stem where diets

shifted from insects in headwaters to fishes and crayfish

in larger streams. Despite high water temperatures, trout

growth rates also were consistently highest in the main

stem, likely due to competitively dominant trout

monopolizing thermal refugia. Temporal changes in

trout density had a direct negative effect on brook trout

growth rates. Our results suggest that competition for

food constrains brook trout growth in small streams, but

access to thermal refugia in productive main stem

habitats enables dominant trout to supplement growth at

a watershed scale. Brook trout conservation in this

region should seek to relieve the ‘‘temperature–produc-

tivity squeeze,’’ whereby brook trout productivity is

constrained by access to habitats that provide both

suitable water temperature and sufficient prey.

Keywords Brook trout � Growth and

consumption � Diet �Watershed scale � Density

dependence � Competition � Thermal refugia

Introduction

Evidence of climate change and its effects on cold-

water fishes continues to mount (Daufresne & Boet,

2007; Rieman et al., 2007; Bates et al., 2008; Isaak

et al., 2010; Wenger et al., 2011; Warren et al., 2012).

Brook trout life history attributes that are affected by

stream temperature (growth, consumption rates, and

mobility) have been well documented (Hilderbrand &

Kershner, 2004; Sotiropoulos et al., 2006; Hartman &

Cox, 2008; Xu et al., 2010; Petty et al., 2012). For

example, optimal growth temperatures for brook trout

(Salvelinus fontinalis) range from 10 to 19 �C

(Hartman & Sweka, 2001). Consequently, distribu-

tions of several salmonid species, including brook

trout, are expected to become highly restricted within
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small, isolated cold-water streams as a result of long-

term changes in water temperature and flow (Flebbe

et al., 2006; Haak et al., 2010; Isaak et al., 2010;

Rieman & Isaak, 2010; Wenger et al., 2011).

Models predicting fish response to ambient warm-

ing have generally assumed that warming will have

consistent bioenergetics consequences across all

streams. In other words, incremental increases in

water temperature are expected to produce consistent

incremental declines in trout growth potential, espe-

cially during warmer summer months under the

assumption of constant consumption rates (Hill &

Magnuson, 1990; Ries & Perry, 1995). However,

species such as brook trout often inhabit complex

riverscapes (sensu Fausch et al., 2002) comprised

of stream networks that differ with regard to thermal

regime, underlying productivity, and competitor den-

sities, all of which have been shown to influence fish

growth and consumption. For example, recent studies

have shown significant density-dependent controls on

brook trout population dynamics (Grossman et al.,

2010; Grossman et al., 2012; Petty et al., 2012) and

growth (Utz & Hartman, 2009; Xu et al., 2010).

Furthermore, spatial variation in food availability may

be as important as temperature in determining fish

growth potential (Hughes, 1998). These mechanisms

may be further complicated with the addition of exotic

competitors, such as brown trout (Salmo trutta) and

rainbow trout (Oncorhynchus mykiss). Consequently,

fish bioenergetic response to climate change may be

more complicated than what is assumed in current

modeling approaches.

For the past several years, we have studied brook

trout dynamics in an Appalachian river network, and

this system provides a good opportunity for quantify-

ing the potential for complex trout response to climate

change. Brook trout distributions within the upper

Shavers Fork watershed in West Virginia are con-

trolled simultaneously by mechanisms that affect

recruitment and survival within headwater streams

(e.g., water quality and competition for food) and

mechanisms that affect dispersal among tributaries

and larger main stem habitats (e.g., isolation due to

barriers) (Petty & Thorne, 2005; Petty et al., 2005;

Poplar-Jeffers et al., 2009). Petty et al. (2012) also

demonstrated that high rates of brook trout mobility in

larger streams could be attributed to individuals

searching for thermal refugia within their optimal

energetic range during prolonged periods of warm

temperatures and low flows. The need to access cold-

water refugia in larger streams, however, creates a

dilemma for brook trout seeking to maximize growth

potential. Prey productivity in the upper Shavers Fork

watershed increases with stream size (Petty et al.,

2012), which suggests that the growth potential for

brook trout in this watershed may be higher at larger

main stem sites. However, when temperatures exceed

thermal tolerance ranges for brook trout, brook trout

tends to aggregate near cold-water sources (Petty

et al., 2012). Increased densities at these cold-water

sources could then increase the potential for density-

dependent mechanisms in influencing the energetics

of the brook trout population. Specifically, growth

rates may decrease due to fish density, even though

prey productivity is high, and temperature is at an

optimal range (Utz & Hartman, 2006). Alternatively,

Table 1 A priori expectation for brook trout energetics within

the upper Shavers Fork watershed in Pocahontas and Randolph

counties WV

Small adults Large adults

Diet Shift from aquatic and

terrestrial insects in

headwaters to fish

and crayfish in

mainstem

Same as small adults

but with a more

distinct shift toward

fish

Growth Highest growth in

large tributaries

where temperatures

remain cool and

trout densities are

low. Seasonally

variable growth in

mainstem due to

highly variable

water temperature

Equal growth across

all habitats, because

large adults are

better able to adjust

distributions to

maximize individual

growth potential

Consumption Increasing

consumption from

small tributaries to

mainstem associated

with reduced trout

density and

increased food

availability

Same as small adults

Growth

efficiency

Declining growth

efficiencies in larger

tributaries and

mainstem habitats

due to increased

metabolic costs of

mobility and high

water temperatures

Same as small adults
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reduced temperatures could increase the amount of

exploitable habitat on the landscape, reducing aggre-

gation of brook trout near thermal refugia and increase

growth potential through alleviated density effects.

Our understanding of present-day growth dynamics

and bioenergetics is essential to our understanding of

how brook trout populations may respond to climate

change in Appalachian watersheds over time. Conse-

quently, we conducted a watershed scale study of

brook trout diet, growth, and consumption within the

upper Shavers Fork watershed over a period from

April 2002 to November 2003. Our objectives were to

(1) quantify spatial and temporal variation in brook

trout diet, growth, and consumption across a gradient

of habitat types ranging from small, cold, headwater

tributaries to larger, warmer main stems; and (2)

quantify the extent to which trout density affects

brook trout growth and consumption. In order to

address these objectives, we generated a series of a

prior expectation (Table 1) based on known biology

of brook trout within the upper Shavers Fork

watershed (Petty et al., 2005, 2012) and other

watersheds within the region (Utz & Hartman,

2009), as well as guiding principles of density-

dependent habitat selection theory (Hughes, 1998;

Petty & Grossman, 2010).

Study area

This study was conducted in the upper Shavers Fork

watershed, a large (i.e., [150 km2 basin area), high

elevation (originates at 1500 m) watershed located in

the Central Appalachian Plateau physiographic prov-

ince of east central West Virginia (Fig. 1). The study

area was located entirely within the Monongahela

National Forest in eastern West Virginia, and land

cover is dominated by a mixed deciduous–coniferous

forest. Natural variation in bedrock geology and

stream size produces a high degree of variability in

physical, chemical, and biological characteristics of

streams (Petty et al., 2001; Petty & Thorne, 2005;

Petty et al., 2005; Utz & Hartman, 2006; Petty &

Grossman, 2010; Petty et al., 2012) (Table 2). Six

study reaches in the upper Shavers Fork drainage were

selected to represent the wide variability in drainage

area, elevation, temperature, and potential food avail-

ability and diversity (Fig. 1; Table 2). Sites consisted

of two small headwater tributaries characterized by

narrow widths, cold-water, relatively open canopies,

low invertebrate biomass, and low fish species rich-

ness (Table 2). Larger tributaries were wider but still

cold due to dense canopy cover. Large tributaries also

had relatively low aquatic invertebrate biomass but

possessed much higher fish species richness (Table 2).

Lower Second Fork in particular showed lower

macroinvertebrate productivity, which has been linked

to episodically reduced pH (Bopp, 2002). Main stem

sites were much wider and warmer and possessed high

aquatic invertebrate biomass and fish species richness

(Table 2). Fish assemblages in the upper Shavers Fork

are typical for Appalachian streams and include: brook

trout, invasive brown trout (S. trutta) and rainbow

trout (Onchorynchus mykiss), rosyface shiner (Notro-

pis rubellus), rosyside dace (Clinostomus fundulo-

ides), blacknose dace (Rhinicthys obtusus), longnose

dace (Rhinichthys cataractae), central stoneroller

(Campostoma anomalum), fantail darter (Etheostoma

flabellare), mottled sculpin (Cottus bairdi), Northern

hog sucker (Hypentelium nigricans), and creek chub

(Semotilus atromaculatus) (Petty et al., 2005).

Fig. 1 Map of upper Shavers Fork study area in eastern West

Virginia, USA. Also illustrated are six study sites, the numbers

of which correspond to sites listed in Table 1. Sites are

numbered in order of drainage area from smallest to largest
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Methods

Temperature monitoring

Temperature recording monitors (Optic StowAway�

and Hobo WaterTemp Pro� data loggers, Onset

Computer Corporation, Bourne, MA) were anchored

to the bottom of the thalweg, where they were least

likely to be susceptible to desiccation, to collect hourly

water temperature data (±0.1�C) from April 1 until

November 1 in 2002 and 2003. Mean daily temper-

ature (MDT) and maximum weekly average temper-

ature (MWAT) were calculated from continuous data

to quantify variability among seasons and sites.

Weekly average temperature was calculated as the

moving average of the daily mean for each seven-day

cycle for each site. The maximum value was then

identified as the MWAT, signifying the peak water

temperature week of the annual thermal regime within

each site.

Brook trout abundance and size structure

Each study reach was sampled to quantify brook trout

abundance and size/age structure in each of seven

sampling periods (June, August, and October 2002;

April, June, August, and October 2003). Early spring,

spring, summer, and fall sampling refer to data

collected in April, June, August, and October, respec-

tively. Reach length equaled 30 times the mean stream

width with a minimum length of 100 m and a

maximum length of 300 m (Freund & Petty, 2007).

Three-pass depletion methods were used to collect all

brook trout and estimate population size (Petty et al.,

2005). Electrofishing units (Model 15A, 200–800 V

pulsed DC, *60 Hz, Smith-Root, Inc., Vancouver,

WA) were used in conjunction with a combination of

dipnets and a collection seine. One unit was used in

tributary sites, whereas two were employed in main

stem sites to maintain efficiency in the wider channel

and deeper pools (Hense et al., 2010). Electrofishing

was begun at the downstream end of each stream reach

employing a seine and dipnets to capture stunned fish.

Upstream reach boundaries were established to coin-

cide with natural stream features (e.g., base of a high

gradient riffle or a bedrock ledge) to reduce fish

dispersal opportunities. All captured fish were mea-

sured for standard length (SL) (±1 mm) and wet

weight (±0.1 g). Fish were sorted by SL each season,

and a relative age structure was derived from length–

frequency histograms of the distribution (Petty et al.,

2005). Juveniles were clearly distinguishable from

adults based on size. Stock size of brook trout

(115 mm SL, Anderson & Neumann, 1996) was used

to define the boundary between small and large adults.

Juvenile size class breaks in this study correspond with

those identified by Petty et al. (2005, 2012).

Brook trout diet

Gut contents were collected on a subset of adult brook

trout in each reach for each sampling period. A

uniform sample of smaller and larger fish was sought

for the diet study to take 50% of diets from small

adults and the other 50% from large adults. Because of

difficulty with gastric lavage in smaller individuals,

we did not quantify diets of juvenile trout. Ten fish per

reach were sampled each season, resulting in a total of

360 diet samples over the entire study period from

brook trout ranging in size from 96 to 221 mm. Stream

Table 2 Characteristics of study sites

Site name/map # Site type Drainage

area (km2)

Wetted

width (m)

Canopy

cover (%)

Max average

temperature

Fish species

richness

Aq invert

biomass (mg/m2)

2002 (�C) 2003 (�C)

Little Odey Run/1 Small Trib 1.3 2.6 35 18.73 17.76 1 150

Upper Rocky Run/2 Small Trib 1.8 2.2 25 22.61 22.11 2 165

Lower Rocky Run/3 Large Trib 6.8 3.5 95 18.68 18.13 13 185

Lower Second Fork/4 Large Trib 15.5 5.7 90 19.53 18.87 13 110

Upper Shavers Fork/5 Mainstem 30 13.1 50 26.03 23.61 17 705

Lower Shavers Fork/6 Mainstem 41.7 15.1 25 25.12 23.88 17 610

‘‘Map #’’ refers to site numbers on map in Fig. 1. ‘‘Max Avg Temp’’ is the maximum average daily water temperature recorded at

each site over the course of the year
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water forced into the gut through a tube inserted

through the mouth flushed stomach contents out

through the esophagus and mouth into a collection

container (Wipfli, 1997). Contents flushed out were

sieved with a 250 lm screen, labeled, stored in 95%

ethanol, and returned to the lab for analysis.

Prey items in stomach samples were identified to

family level whenever possible. Some groups were

uncommon, and keying beyond class or order was not

feasible with standard laboratory microscopes (e.g.,

Nematoda). If a head capsule was present, then the

prey item was identified and counted. Identification of

aquatic and terrestrial invertebrates was completed

using Borror et al. (1989), Merritt and Cummins

(1996), McCafferty and Provonsha (1998), and Thorp

and Covich (2001). Head capsule widths and body

length were measured with an ocular micrometer to

the nearest 0.1 mm, and dry mass of insects was

estimated from published equations (Smock, 1980;

Sample et al., 1993; Benke et al., 1999; Sabo et al.,

2002). Dry mass of fish, amphibians, crayfish, and

insects with unpublished relational data was estimated

by drying individual prey items or a subsample of prey

items at 80�C for 24 h and weighing to the nearest

0.1 mg on an analytical balance (Model SWA-200-

DR, Sargent-Welch, Inc., Buffalo Grove, IL) after

cooling to room temperature. Subsample weight was

then divided by the number in the subsample to get a

mean individual mass for all like individuals. All

individual weights are best estimates with no correc-

tion for loss of mass due to digestion or preservation in

ethanol. Sample volume was determined to the nearest

0.1 ml both for the total volume of stomach contents

and for the identified prey items.

All prey items were categorized into one of six

categories for analysis: fish (FIS), amphibians (AMP),

crayfish (CRA), obligate aquatic invertebrates (OAI),

non-obligate invertebrates (NOI), and obligate terres-

trial invertebrates (OTI). Fish species in the trout diets

included minnows, sculpin, and darters. Amphibians

included both salamanders (only Plethodontidae were

identified in diets) and frogs (a single Ranidae was

identified). Crayfish were separated from other inver-

tebrates because of the size and mass difference

relative to other aquatic invertebrate prey. Only one

family of crayfish (Cambaridae) was observed in trout

diets. Categorization of prey types OAI, NOI, and OTI

was based on life history information in Borror et al.

(1989), Merritt and Cummins (1996), McCafferty and

Provonsha (1998) and Thorp and Covich (2001).

Obligate aquatic invertebrates (non-crayfish) were

defined as those organisms or life stages that must use

the aquatic environment for the completion of its

current life stage (e.g., caddisfly larvae, stonefly

nymphs, riffle beetles) (Merritt & Cummins, 1996;

McCafferty & Provonsha, 1998; Thorp & Covich,

2001). Obligate terrestrial invertebrates were organ-

isms that do not require the aquatic environment for

completion of the life cycle, but may at times find

themselves in the aquatic environment as prey by

chance (e.g., ants, grasshoppers). Terrestrial/aquatic

invertebrates were those organisms that do not fall

neatly as aquatic or terrestrial. Any combination of

three reasons for being in the aquatic environment

allowed an organism to be placed in this category: (a) a

terrestrial or airborne adult stage (e.g., mayfly adult) of

an organism that is obligate aquatic at other life

stage(s), (b) a predominantly terrestrial organism that

spends much of its life on or around the water’s edge or

on aquatic vegetation (e.g., Coleoptera: Chrysomeli-

dae, Hemiptera: Saldidae), or (c) a predominantly

terrestrial organism that utilizes aquatic organisms as

prey or as a host to a parasitic larval stage of the

organism (e.g., Hymenoptera: Braconidae and Ich-

neumonidae) (Merritt & Cummins, 1996).

Brook trout growth and consumption

Individual growth was measured at repeated intervals

by mark-recapture of brook trout within the study

reaches. All brook trout greater than 60 mm SL

(n = 933) were given unique marks upon initial

capture using Visible Implanted Fluorescent Elasto-

mer (Northwest Marine Technology, Shaw Island,

WA) tags for identification upon subsequent recap-

ture. Marks of up to six fluorescent and non-fluores-

cent colors were injected via hypodermic syringe into

multiple fin and body locations. Fish under 60 mm

were not marked to reduce stress-related mortality. All

fish were returned to their initial capture location.

Mean daily growth (henceforth ‘‘daily growth’’) for

individuals captured at *2 month intervals (range

51–88 days, mean 61.7 days) was calculated from the

equation:

G ¼ ln Xt� ln X0ð Þ=Dt; ð1Þ

where G is the mean daily growth, Xt is the final weight

at time t, X0 is the initial weight, and Dt is the growth
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period in days between recaptures (Jensen, 1990).

Size-adjusted instantaneous growth rate (henceforth

‘‘specific growth’’) was calculated by the equation:

Gi ¼ G= ln X0: ð2Þ
This adjustment standardizes growth to a unit of

growth per unit body size per day (g/g/day).

Seasonal interval consumption was estimated from

bioenergetics simulations run with Fish Bioenergetics

3.0 software using the brook trout model developed by

Hartman and Cox (2008). Continuous (hourly) data

from temperature loggers (�C) were averaged into four-

hour-time periods to estimate consumption for six equal

intervals each day. Other input parameters were

seasonal mean predator energy density (j/g wet weight,

Sweka, 2003), mean prey energy density (j/g wet

weight, Cummins & Wuycheck, 1971), diet composi-

tion (% of each prey item type in seasonal diet) from diet

samples, initial wet weight (g), final wet weight (g), and

number of days between weight measurements. Within

the bioenergetics model, the value for RA (the intercept

of the allometric mass function) was divided by six (K.

Hartman, personal communication) to correct for the

change from daily estimates of consumption to the

4-hour estimates. Also, all measurements of days in each

input parameter had to be multiplied by six, since each

day had six intervals in the 4-hour simulations.

Simulations were run on 216 observations of fish

recaptured in the sampling season following the

previous observation to estimate gross consumption

(C) during the time interval and the proportion of

maximum consumption (PrCmax) necessary over the

interval to produce the growth results. Mean instan-

taneous consumption (henceforth ‘‘consumption

rate’’) in g/g/day was calculated by the equation:

Ci ¼ C=W0=Dt; ð3Þ

where Ci is the mean instantaneous consumption rate,

C is consumption in grams of prey consumed over the

time interval, W0 is the initial weight of the individual

fish in grams, and Dt is the measured time interval in

days. As with the growth rate, the instantaneous

consumption rate is adjusted to the initial weight of the

fish to standardize consumption to a unit of body mass

per day. Growth efficiency was calculated by dividing

specific growth by consumption rate. Growth effi-

ciency can be interpreted as the proportion of the total

mass of food consumed over a time interval that was

converted to trout biomass.

Statistical analyses

Chi square analysis was used to test for differences in

diet composition of prey types (FIS, AMP, CRA, OAI,

NOI, OTI) among seasons, size classes (small vs. large

adults), and site types (small tributaries, large tribu-

taries, and main stem). Bonferroni corrections were

made to avoid inflation of experiment-wide error

resulting from multiple comparisons of the same data.

We used repeated measures ANOVA to test for effects

of season and site type on brook trout growth and

consumption. Tests were run on small and large adult

trout separately. Each sampling season was treated as

a repeated measure with tests for effects of season, site

type, and the season 9 site type interaction. We used

correlation analysis to assess effects of brook trout

density on specific growth and consumption. These

analyses were conducted separately within each

season. Due to high variability in diet and growth

estimates and relatively low sample sizes, an alpha =

0.10 significance criterion was used for all statistical

tests.

Results

Stream flow and water temperature

Over the course of the study from April 2002 to

November 2003, flow and temperature conditions

followed a typical seasonal pattern for this system

(Fig. 2). Water temperatures tended to peak in July

and August during periods of prolonged low flow

conditions. Nevertheless, summer 2002 was a much

warmer and drier season than summer 2003 (Table 2;

Fig. 2). In 2002, mean weekly temperatures exceeded

15�C in the Shavers Fork main stem as early as June 1,

whereas this threshold was not reached in 2003 until

mid July (Fig. 2). Water temperatures in small and

large tributaries also were notably cooler in 2003

(Table 2).

Brook trout populations

Brook trout densities were highest in the small

tributaries, intermediate in large tributaries, and

lowest in the Shavers Fork main stem (Fig. 3). All

brook trout size classes tended to follow this trend.

However, large adults were proportionately more
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abundant in the main stem, whereas tributary popula-

tions tended to be dominated by small adults and

juveniles. Small adult densities underwent a sharp

reduction in fall 2002 within small and large tributary

sites, and reduced small adult densities persisted

throughout the 2003 sampling seasons. Large adult

densities also declined in fall 2002 but had recovered

in late summer 2003 (Fig. 3).

Diet composition

We observed significant variation in brook trout diet

composition among seasons (spring vs. summer vs.

fall; Chi-sq. = 1,750, d.f. = 25, P \ 0.01), among

site types (small tributary vs. large tributary vs. main

stem; Chi-sq. = 523, d.f. = 10, P \ 0.01), and

between size classes (small vs. large adults; Chi-

sq. = 90, d.f. = 5, P \ 0.01) (Table 3). Seasonally,

there was an overall increase from spring to fall in the

contribution of terrestrial insects to brook trout diets,

especially for small adults in all site types and for large

adults in small tributaries (Table 3). For example, the

contribution of terrestrial insects to large adults

inhabiting small tributaries increased from 0% in

spring to 63% in fall.

As expected, there was an overall increase in the

contribution of fish and crayfish, and a decline in the

contribution of aquatic and terrestrial insects to brook

trout diets from small headwater tributaries downstream

to larger main stem habitats (Table 3). For example, fish

were rarely consumed by tributary brook trout across

seasons. However, fishes comprised 40–50% of the

summer diets of brook trout residing in the main stem

(Table 3). In contrast, the diets of small adult brook trout

residing in small tributaries were always dominated by

aquatic and terrestrial insects (Table 3). Overall, sea-

sonal and spatial variation in diet composition was

similar between small and large adult brook trout. The

most notable difference was that crayfish were generally

more important to large adult diets and increased in

contribution from spring to fall (Table 3), whereas

terrestrial insects were more important to small adult

diets, especially in large tributary and main stem sites

(Table 3). Small adult brook trout residing in large

tributaries did deviate away from the spatial patterns

observed in consumption for both % crayfish and

terrestrial insect, where crayfish contributions were

lower than expected, while terrestrial insects were

higher (Table 3).

Growth and consumption

We observed a significant direct effect of season

(F = 8.0; d.f. = 4,135; P \ 0.01) and a significant

interactive effect of season and site type (F = 1.7;

d.f. = 8, 135; P = 0.10) on specific growth rates of

small adult brook trout (Fig. 4A). Growth rates of

small adults were highly variable and were maximized

Fig. 2 Temporal variation

in stream flow and water

temperature within the

upper Shavers Fork

mainstem over the course of

the study (early May 2002–

late October 2003)
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in spring at the small tributary and mainstem sites

(Fig. 4A). Growth rates for small adults in large

tributaries showed less variability and a modest peak

during the summer (Fig. 4A). Cumulative annual

growth rates of small adults were 1.5 times higher in

the main stem (0.057 g/g/day) than in small tributaries

(0.039 g/g/day) (Fig. 5). We also observed significant

seasonal effects (F = 4.1; d.f. = 2, 135; P = 0.01)

and season x site type interactive effects (F = 2.21;

d.f. = 8, 135; P = 0.04) on specific growth rates of

large adult brook trout (Fig. 4D). Adult growth rates in

the tributary tended to be lowest in fall and highest in

spring (Fig. 4D). Growth of large adult brook trout in

small tributaries was more variable than in the main

stem over time (Fig. 4D), and ultimately resulted in

significantly higher large tributary and main stem

growth rates over time (Fig. 5). Cumulative annual

large adult growth rates were 2.6 times higher in main

stem habitats (0.008 g/g/day) and 2.5 times higher in

large tributaries (0.007 g/g/day) than in small tribu-

taries (0.003 g/g/day).

Small adult consumption rates varied significantly

among seasons (F = 9.1; d.f. = 4, 135; P \ 0.01) and

among site types (F = 4.3; d.f. = 2, 135; P = 0.02).

Consumption rates of small adults were highest in

summer 2002 and tended to be higher in the mainstem

than in small or large tributaries regardless of season

(Fig. 4B). Cumulative annual consumption rates of

small adults were also 1.5 times higher in the

mainstem (0.015 g/g/day) than in small tributaries

(0.010 g/g/day) (Fig. 5). Large adult consumption

rates varied significantly among seasons (F = 4.8;

d.f. = 4, 135; P \ 0.01) and among site types

(F = 14.6; d.f. = 2, 135; P \ 0.01). Consumption

rates were most variable within small tributaries,

whereas consumption was relatively constant in large

tributaries and main stem habitats (Fig. 4E). Most

notably, consumption rates of large adults increased

markedly as a function of stream size (Figs. 4E, 5).

Cumulative annual estimates of large adult consump-

tion rates were 2.2 times higher in main stems

(0.011 g/g/day) and 1.3 times higher in large tribu-

taries (0.007 g/g/day) than in small tributaries

(0.005 g/g/day).

Growth efficiency of small adults (i.e., growth rate

relative to consumption rate) was highly variable over

time, especially in main stem habitats (Fig. 4C). Our

expectation that growth efficiency would be lowest in

main stem habitats was not supported by the data

(Figs. 4C, 5). In fact, the highest growth efficiencies

for small adults were observed in main stem habitats in

spring (Fig. 4C). Cumulative annual estimates suggest

that small adult growth efficiencies were similar

across all habitat types (Fig. 5). Growth efficiencies

of large adults were highly variable over time and

Fig. 3 Seasonal variation in brook trout density within small

tributaries, large tributaries, and main stem habitats over the

course of the study from spring 2002–fall 2003. Data are

presented separately for juvenile, small adult, and large adult

brook trout
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interestingly were not synchronized with small adults

(Fig. 4F). Large adult growth efficiencies were

extremely low in fall in small tributaries and relatively

constant over time in large tributaries and the main

stem (Fig. 4F). Contrary to expectations, overall

growth efficiencies of large adults were constant

across habitat types (Fig. 5).

Effects of trout density

The spatial pattern of adult brook trout densities was

positively correlated over time (Fig. 6A). Sites with

low trout density in 2002 remained relatively low in

2003, and sites with high density remained relatively

high. Nevertheless, there was a dramatic reduction in

brook trout density from 2002 to 2003, especially

within sites of high trout density in 2002 (Fig. 6A).

Significant (i.e., P \ 0.10) negative correlations

between brook trout density and consumption rates

were observed in summer 2002 (r = -0.76), fall 2002

(r = -0.84) and spring 2003 (r = -0.57). A signif-

icant negative correlation between density and growth

rates was observed in summer 2002 (r = -0.50) only

(Fig. 6A). Contrary to expectations, we observed a

strong positive correlation (r = 0.96) between brook

trout density and growth rates in summer 2003, which

is the year that brook trout densities declined so

precipitously (Fig. 6A). Interestingly, we observed a

significant relationship between the relative change in

brook trout growth from 2002 to 2003 and the relative

change in brook trout density (Fig. 6B). Sites where

we observed the greatest declines in brook trout

density were characterized by the highest relative

increases in brook trout growth (Fig. 6B).

Discussion

Our results indicate that brook trout diet, growth, and

consumption within the Upper Shavers Fork riverscape

are influenced by a complex interaction of intraspecific

competition, water temperature, and food availability.

Despite ideal summer water temperatures, brook trout

growth in small headwater tributaries was constrained

by food availability and competitor density. In con-

trast, adult brook trout growth and consumption were

maximized in main stem habitats, despite elevated

summer water temperatures. These results support the

hypothesis that linkages between small headwater

tributaries where reproduction occurs and productive

main stem habitats are needed to maximize brook trout

growth potential at the watershed scale.

Higher levels of brook trout growth and consump-

tion in large tributaries and main stem habitats can

largely be attributed to a more productive and diverse

prey base (Petty et al., 2012) and a shift in diet from

Table 3 Percent contributions by number of fish (FIS),

amphibians (AMP), crayfish (CRA), obligate aquatic insects

(OAI), non-obligate aquatic insects (NAI), and obligate

terrestrial insects (OTI) to small and large adult brook trout

diets across seasons and site types

Small adults Large adults

FIS AMP CRA OAI NOI OTI FIS AMP CRA OAI NOI OTI

Spring

ST 0 19 0 60 21 0 0 27 0 53 20 0

LT 37 0 4 47 11 1 0 3 0 50 32 15

MS 0 0 34 62 1 2 0 0 14 36 49 1

Summer

ST 0 0 2 32 24 41 5 13 9 26 23 24

LT 0 0 0 28 23 48 10 1 2 26 31 31

MS 46 0 16 9 6 23 38 0 0 5 6 52

Fall

ST 0 0 2 41 7 50 0 0 13 9 15 63

LT 8 0 0 9 14 69 1 2 52 19 9 16

MS 27 0 0 12 12 49 31 0 59 7 1 2

ST small tributaries, LT large tributaries and MS mainstem
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invertebrates to fish. As expected, brook trout diets

varied consistently along the continuum from small

tributaries, where prey is limited to aquatic and

terrestrial invertebrates, to the larger main stem, where

the prey base is characterized by a greater availability

of small fish. Interestingly, terrestrial insects were an

important prey item for small adult brook trout across

all habitat types. Given that fishes are a higher quality

food source than invertebrates (fish = 5086 calories

per gram, aquatic invertebrates = 4229 calories per

gram, Cummins & Wuycheck, 1971), it makes sense

that brook trout diets shift to a greater dependence on

fish when they are available. Our results on brook trout

diets in small headwater streams are consistent with

Fig. 4 Seasonal variation in small and large adult brook trout specific growth rates (A, D), consumption rates (B, E), and growth

efficiency (C, F) within small tributaries, large tributaries, and main stem habitats. Error bars are ±1 SE
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previous research in this region, which has docu-

mented a strong dependence of headwater brook trout

populations on terrestrial inputs (Webster & Hartman,

2005; Utz & Hartman, 2007; Sweka & Hartman,

2008).

Studies of brook trout diets in larger waterbodies

are surprisingly rare, and to our knowledge, ours is the

first study to quantify brook trout diet and growth in a

Fig. 5 Annualized mean growth, consumption, and growth

efficiency of small adult and large adult brook trout in small

tributaries (ST), large tributaries (LT), and main stem habitats

(MS)

Fig. 6 Spatial and annual variation in brook trout growth and

its relation to trout density. A Relationship between adult brook

trout density in summer 2002 and summer 2003 across six study

sites. Dashed line is a 1:1 line. Statistics represent the correlation

between summer 2002 and summer 2003 densities. B Relation-

ship between adult brook trout growth rates and trout density in

summer 2002 and summer 2003. C Relationship between the

proportional change in brook trout density from summer 2002 to

summer 2003 (all sites declined in density over this time period)

and proportional change in brook trout growth rate over the

same time period

Hydrobiologia (2014) 727:151–166 161

123



large Appalachian river main stem. Studies in the

northwestern US have demonstrated that salmonids

adopt a highly migratory life history strategy so as to

maximize growth potential from marine-derived

nutrients (Gross et al., 1988; Chaloner et al., 2002;

Wipfli et al., 2003). In addition, Robillard et al. (2011)

found that brook trout growth supported by Lake

Superior prey were significantly larger than individ-

uals supported by productivity from the smaller natal

tributaries. Additional studies are needed in the central

Appalachian region to determine the extent to which

brook trout diets vary along river continua and the

consequences that diet shifts may have for brook trout

growth and consumption.

Differences in brook trout growth and consumption

between tributary and main stem habitats in the upper

Shavers Fork also may be explained by density-

dependence and intraspecific competition. Previous

research has shown that fish density can have a

negative impact on fish size through intraspecific (Utz

& Hartman, 2009; Grossman et al., 2010; Petty et al.,

2012), and interspecific competition (Dunham &

Vinyard, 1997; Carlson et al., 2007; Amundsen &

Gabler, 2008), and negatively affect consumption

rates (Amundsen & Gabler, 2008; Utz & Hartman,

2009). Our data suggest significant density-dependent

effects on growth and consumption, especially in the

summer. During summer months, aquatic invertebrate

biomass in headwater streams may decline dramati-

cally as most species transition into terrestrial adults

during late summer (Poff & Huryn, 1998; Gowan &

Fausch, 2002; Sotiropoulos et al., 2006). The reduc-

tion of available prey biomass is not only observed in

lower prey consumption during the summer but also in

lower growth rates and body condition of many

aquatic predators (Ensign et al., 1990; Sotiropoulos

et al., 2006). The decline in prey density, therefore,

can result in strong intraspecific competitive interac-

tions, especially in small streams where brook trout

densities are high.

Unfortunately, brook trout density and overall food

availability are highly correlated along the stream size

continuum in many Appalachian watersheds, includ-

ing the upper Shavers Fork. Consequently, it can be

difficult to separate competitor effects from the effects

of prey availability. However, the dramatic change in

brook trout densities from 2002 to 2003 provided an

opportunity to test for direct competition effects on

brook trout growth and consumption (Fig. 6). Sites

that experienced the greatest decline in brook trout

density also experienced the greatest increase in

growth. This finding provides evidence of a direct

effect of competitor density on brook trout growth.

Perhaps the most interesting result of this study was

the complex inter-relationships between summer

water temperatures, brook trout distributions, and

habitat dependent brook trout growth and consump-

tion. We observed higher brook trout densities in

tributaries during 2002, an especially warm year, than

in 2003, an especially cool year. In contrast, brook

trout densities in the main stem were higher in the

cooler year than in the warmer year, although main

stem densities remained low relative to tributaries

(Fig. 3). Numerous studies have shown that water

temperature is one of the most important factors

influencing habitat selection by cold-water fishes

(Hughes, 1998; Keefer et al., 2009; Young et al.,

2010; Petty et al., 2012), and consequently it is not

surprising that brook trout avoided extremely warm

conditions in the main stem. Interestingly however,

when brook trout concentrated within the cold tribu-

taries to avoid extreme main stem conditions, a

strongly negative density-dependent response of

brook trout growth was observed (Fig. 6). By staying

in the high density, low prey productivity tributaries

during the warm year, both growth and consumption

rates were substantially lowered. In contrast, cooler

conditions during 2003 appeared to allow brook trout

to expand their use of the main stem and simulta-

neously relieve strong negative density-dependent

effects on tributary brook trout growth rates.

Contrary to expectations, our results indicate that

using main stem habitats consistently maximized

brook trout growth rates. We expected energy con-

sumption and perhaps spring growth rates to be higher

in the larger waterbodies. However, we also expected

main stem growth efficiencies to be low due to higher

metabolic costs of movement and high water temper-

atures resulting in relatively constant growth across

habitat types (Morinville & Rasmussen, 2003). Nev-

ertheless, we found that energy consumption in the

main stem was high enough to counteract higher

energetic costs of using the main stem. The heteroge-

neous nature of main stem temperatures may partially

explain these patterns. Hughes (1998) demonstrated

the importance of considering heterogeneous temper-

ature profiles within larger waterbodies when model-

ing salmonid habitat selection. For this study,
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temperature loggers were anchored to stakes driven

into the stream benthos to measure ambient temper-

atures. During warm summer months, brook trout are

more likely to use thermal refugia (i.e., deep pools,

tributary confluences, seeps, groundwater upwellings)

to alleviate thermal stress (Petty et al., 2012). If the

ambient temperatures used in bioenergetics modeling

were higher than actually experienced by individual

brook trout, then actual consumption estimates would

be lower than predicted based on our growth estimates.

This would be especially true in the summer, when

temperatures often exceeded optimal ranges for brook

trout. Higher growth rates in main stem habitats were

likely the result of a combination of higher prey

consumption coupled with use of thermal refugia.

If growth rates in the main stem are consistently

high, and growth rates in the tributaries are con-

strained by density, then why are brook trout densities

in the main stem so low? Optimal foraging and

density-dependent habitat selection theory (Fretwell

& Lucas, 1970; Pullium & Danielson, 1991; Petty &

Grossman, 2010) suggest that mobile foragers should

adjust densities through movement in a manner that

would lead to relatively equal growth across habitat

types. Stream fishes, in particular, have consistently

been shown to adhere to predictions of habitat

selection theory at both the individual (Hughes &

Dill, 1990; Hill & Grossman, 1993; Gowan & Fausch,

2002; Petty & Grossman, 2010) and population level

(Hughes, 1998; Thompson et al., 2001; Gowan &

Fausch, 2002). Consequently, given that brook trout

are highly mobile in this system (Petty et al., 2012), we

would expect individuals to move from high density

tributaries to larger main stem habitats to such a level

where growth rates would be relatively equal through-

out the watershed.

The simplest explanation for this finding is that

brook trout may compete for and are limited by the

availability of thermal refugia in the main stem. Petty

et al. (2012) found that brook trout commonly

aggregate near cold-water sources in the Shavers Fork

main stem, especially when ambient stream temper-

ature exceeds 20�C. This pattern has been observed in

many other salmonid species (Torgersen et al., 1999;

Goniea et al., 2006; Breau et al., 2007; Keefer et al.,

2009; Young et al., 2010). Limited access to thermal

refugia explains why fewer individuals leave a large

cold-water source (tributaries) during hot years,

because less thermal refuge may be available in the

main stem. Competition for thermal refugia also may

explain why brook trout size distributions in the main

stem are highly skewed toward larger individuals

(Hughes, 1998). Our hypothesis is that main stem

habitats represent the highest quality foraging habitats

for individuals able to compete for and maintain

access to thermal refugia. Smaller, subdominant

individuals, in contrast, may be forced to remain in

the cooler tributaries where high densities and low

food availability constrain growth. Similar justifica-

tion was given by Hughes (1998) to explain why large

Arctic grayling (Thymallus arcticus) orients them-

selves upstream where the most profitable feeding

microhabitats are located. Within the upper Shavers

Fork watershed, those individuals able to access and

defend thermal refuge in the main stem are then

capable of experiencing elevated growth potential

compared to brook trout inhabiting other positions

within the watershed.

Other explanations for low brook trout density in

the main stem despite higher growth rates include:

higher predation or harvest risk, competition with

brown and rainbow trout, and unmeasured costs, such

as missed opportunity costs, associated with moving

from spawning areas to the main stem. An important

direction for future research must seek to explain how

food, temperature, density, interspecific competition,

predation, harvest, and missed opportunity costs

interact to affect brook trout use of larger Appalachian

rivers.

Management implications

Over the past 100 years, brook trout have experienced

extensive declines throughout their native range

(Hudy et al., 2008), and consequently, population

and habitat restoration are important components of

range-wide brook trout conservation strategies (Petty

& Merriam, 2012). Previous research has emphasized

the combined importance of restoring brook trout

reproductive processes in headwater tributaries

through treatment of acid precipitation (Petty &

Thorne, 2005; Petty et al., 2005; McClurg et al.,

2007) as well as restoring dispersal processes through

culvert removal (Poplar-Jeffers et al., 2009). The

results of our current study emphasize the importance

of main stem habitats and thermal refugia to brook

trout growth potential in this system (Petty et al.,

2012). Given the potential negative consequences of
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climate change on brook trout (Flebbe et al., 2006),

population restoration in this system will require

provision of thermal refugia within the main stem

(Petty et al., 2012), and perhaps removal of exotic

brown trout that may be competing with brook trout

for access to these refugia (Wenger et al., 2011).

Because of the negative effects of brook trout density

on growth, the colder tributaries themselves cannot

provide both thermal refugia and access to food

resources. We refer to this problem as the ‘‘temper-

ature–productivity squeeze.’’ This concept recognizes

that overall brook trout growth potential is constrained

by the availability of habitats that combine both

suitable water temperatures and access to sufficient

prey. We believe that loss of and competition with

brown trout for thermal refugia in productive main

stems may contribute to the isolation of brook trout

populations in small headwater tributaries (Letcher

et al., 2007) and may explain the loss of large-bodied

brook trout throughout much of the central and

southern Appalachian region.
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