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Abstract. Purposeful species introductions offer opportunities to inform our understand-
ing of both invasion success and conservation hurdles. We evaluated factors determining the
energetic limitations of brown trout (Salmo trutta) in both their native and introduced ranges.
Our focus was on brown trout because they are nearly globally distributed, considered one of
the world’s worst invaders, yet imperiled in much of their native habitat. We synthesized and
compared data describing temperature regime, diet, growth, and maximum body size across
multiple spatial and temporal scales, from country (both exotic and native habitats) and major
geographic area (MGA) to rivers and years within MGA. Using these data as inputs, we next
used bioenergetic efficiency (BioEff ), a relative scalar representing a realized percentage of
maximum possible consumption (0–100%) as our primary response variable and a multi-scale,
nested, mixed statistical model (GLIMMIX) to evaluate variation among and within spatial
scales and as a function of density and elevation. MGA and year (the residual) explained the
greatest proportion of variance in BioEff. Temperature varied widely among MGA and was a
strong driver of variation in BioEff. We observed surprisingly little variation in the diet of
brown trout, except the overwhelming influence of the switch to piscivory observed only in
exotic MGA. We observed only a weak signal of density-dependent effects on BioEff;
however, BioEff remained ,50% at densities .2.5 fish/m2. The trajectory of BioEff across the
life span of the fish elucidated the substantial variation in performance among MGAs; the
maximum body size attained by brown trout was consistently below 400 mm in native habitat
but reached ;600 mm outside their native range, where brown trout grew rapidly, feeding in
part on naive prey fishes. The integrative, physiological approach, in combination with the
intercontinental and comparative nature of our study, allowed us to overcome challenges
associated with context-dependent variation in determining invasion success. Overall our
results indicate ‘‘growth plasticity across the life span’’ was important for facilitating invasion,
and should be added to lists of factors characterizing successful invaders.
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INTRODUCTION

The hierarchy of factors determining the natural

distribution of animals continues to fascinate ecologists;

however, globalization and a diversity of contemporary

anthropogenic activities have altered these filters at

multiple scales and in ways difficult to predict (e.g.,

Dukes and Mooney 1999, Brook et al. 2008). Nonethe-

less these global changes make the fundamental

questions about factors that determine the distribution

of an animal important, both in trying to conserve and

restore native biota, as well as to understand, minimize,

and prevent the spread or distribution of invasive exotic

species (Kolar and Lodge 2001).

While most invasions fail, successful invasions often

have devastating effects on plant and animal communi-

ties and result in significant economic costs in some cases

(e.g., Pimentel et al. 2000). As such, successful invasions

have generally been the focus of research on invasive

species (Perrings 2002, Panov et al. 2011). Consequently,

we have made considerable advances in identifying the

suite of characteristics that facilitate the invasion process

for fishes, focusing both on characteristics of the
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successful invader (e.g., Marchetti et al. 2004, Valiente et

al. 2010), and characteristics of the successfully invaded

habitat (Shea and Chesson 2002, Westley and Fleming

2011).

Despite these advances in understanding invasion

success, there are still some important information gaps

in our understanding of the invasion process (reviewed

in Mack et al. 2000). Much invasion ecology has been

limited to large-scale occupancy (e.g., presence–absence

evaluations), and ecological niche modeling studies,

theoretical modeling, or small-scale species interaction

studies (Richardson 2011). While occupancy and niche

modeling are often feasible from a data perspective and

broadly applicable, they are rarely mechanistic and can

fail to detect important local patterns and interspecific

interactions (e.g., Bruno et al. 2005, Stohlgren et al.

2006). Theoretical models of the invasion process are

stimulating and critical, but serve only to provide

theories that must be tested and revised based on

empirical data and natural field studies (e.g., Shea and

Chesson 2002). Last, while small-scale species interac-

tion studies may provide mechanistic insights about the

invasion process (e.g., McHugh and Budy 2005), the

results may be difficult to apply at larger regional and

global scales relevant to invasion ecology (Dukes and

Mooney 1999, Korsu et al. 2010; but see Carey and

Wahl 2010).

There remains a need for global comparisons of

invader performance in their native habitat vs. their

exotic habitat using mechanistic approaches such as

functional relationships (e.g., Bollache et al. 2008) or

metrics of performance that are clear indicators of

organism fitness (e.g., growth, survival; Frank et al.

2011). Developing a better mechanistic understanding of

invader performance may be most feasible for ecto-

therms such as fishes because temperature and food are

the two primary drivers of fish growth and are

reasonable reflections of their ultimate fitness. The net

metabolic efficiency that results from the interaction of

food availability and temperature presents a potential

fitness-based metric, similar to ‘‘local determinism’’

(Ricklefs 2004). High growth and consumption rates,

for example, are often associated with high fitness in fish

and are thus expected in the case of a successful invader.

Thus metabolic efficiency, as estimated using bioener-

getics, diet, and temperature, can aid in understanding

differences in performance between an organism in their

native vs. exotic habitat.

Our overall goal was to understand the factors that

determine the energetic limitations of brown trout both

within and across their natural, or native, and exotic

distributions. Bioenergetic efficiency (BioEff ) is a scalar

that adjusts theoretical estimates of maximum consump-

tion (gram per gram per day) to fish growth observed in

the field. Bioenergetic efficiency has been used as a

integrative measure of overall fish performance to

answer a variety of different ecological questions across

a variety of different systems (e.g., Johnson et al. 2008,

Armstrong and Schindler 2011, Budy et al. 2011). We

focused on brown trout because they are: (1) nearly

globally distributed and considered in the top 30

(McIntosh et al. 2011) worst invaders worldwide

(Appendix A); (2) economically valuable sport fish and

relatively well documented; (3) growing in distribution

in their exotic habitat, yet in many areas of their native

habitat, they are imperiled or declining (e.g., Spain,

Almodóvar and Nicola [2004]; France, Keith and

Allardi [1996]); and (4) representative of many of their

invasive and imperiled trout relatives. As such, our

results can be broadly applied (e.g., IUCN 2000, Clout

and Williams 2009).

First, we synthesized and compared data describing

temperature regime, diet, growth, and maximum body

size among multiple spatial and temporal scales, from

country or continent (both exotic and native habitats),

to major geographic area (MGA) within a country.

Next, as an integrated response metric capturing the

interaction between diet, temperature, and allometry, we

estimated bioenergetic efficiency (see Methods: Statisti-

cal analysis) among MGAs, as river within a MGA, and

then among years and age classes within a river. Last, we

used bioenergetic efficiency to explore the effect of

density dependence and variation in local environmental

conditions on the bioenergetic efficiency of brown trout.

We use the integrated metric of bioenergetic efficiency to

better understand the factors facilitating the global

invasion and limiting the conservation and recovery of

brown trout within their native range.

METHODS

Our study was focused on fluvial (riverine) brown

trout, a trout indigenous to Europe, North Africa, and

western Asia but now introduced and present globally

(McIntosh et al. 2011). More detailed information

describing (1) the general biology and life history of

brown trout is available in Klemetsen et al. (2003) and

Jonsson and Jonsson (2011), and (2) their contemporary

distribution and role as widespread invader worldwide

in McIntosh et al. (2011) and Appendix B.

Among and within several countries, we acquired

best-available field measurements of stream tempera-

ture, diet composition, and fish growth, and used these

to predict what we term ‘‘bioenergetic efficiency’’

(BioEff ) of brown trout in their native and exotic range.

The approach we used to quantify BioEff was based on

the balanced energy budget of a poikilothermic organ-

ism (Hartman and Kitchell 2008). In combination with

observations of temperature, diet, and growth, we use

BioEff as our primary response variable. The BioEff is a

scalar (elsewhere termed ‘‘p value,’’ or proportion of

maximum consumption) that adjusts theoretical esti-

mates of maximum consumption (gram per gram per

day) to fish growth observed in the field. The maximum

estimates of consumption are based on laboratory

relationships between consumption and temperature

and allometry, which are then scaled to observed growth
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and field observations of stream temperature, diet

composition, and prey energy content (i.e., realized

maximum possible consumption rate). We refer to the p

value herein as BioEff to avoid confusion with statistical

P values and because the term BioEff better captures the

physiological relationship of this variable to fish

performance overall.

Here we express BioEff as a percentage with a

theoretical range of 0% to 100%. A BioEff near 100%
indicates fish are feeding near their maximum possible

consumption rate, given the environmental temperature,

diet, and their body size, while BioEff near 0% indicates

fish are feeding at a rate far below their theoretical

maximum consumption rate and performing poorly.

Bioenergetic efficiencies are relative and integrate across

the entire energy budget of fishes (i.e., assess how

consumed energy is allocated to metabolism, wastes, and

growth), thereby enabling comparison among popula-

tions or streams. High BioEff values often indicate rapid

growth rates were observed, but not always. If food

availability is high relative to the temperature regime,

BioEff will also be high in the absence of other limiting

factors. Conversely, a fish can perform well (i.e.,

relatively high BioEff ) in a low food environment if

temperatures are less than optimal. The relative

strengths and weaknesses of bioenergetics as a tool are

well documented and discussed elsewhere (e.g., reviewed

in Hartman and Kitchell 2008), and the accuracy of the

brown trout model specifically has been fully evaluated

elsewhere (Whitledge et al. 2010).

Data set and bioenergetics analyses

The data we could use were restricted by the

availability of the three primary inputs for our analysis:

daily stream temperature, fish diet composition, and fish

growth (Appendix B). We a priori restricted our

bioenergetics analysis of brown trout to entirely fluvial

populations to avoid changes in BioEff associated with

movement into a different habitat type (i.e., lake, ocean)

and changes in prey availability and type. In addition, we

chose to model only streams characterized as being in

‘‘good’’ to nearly pristine physical habitat condition and

as having no other, or very low densities of, exotic fishes.

Thus selected streams should experience little thermal or

hydrologic alteration and have a prey base generally

native to, and representative of, that area.We did include

one tailwater fishery (Arkansas; U.S. South), as in the

United States brown trout appear to prosper in these

altered, but not necessarily degraded systems (Hudy

1990). We made these restrictions based on data

availability, and given the availability of data, to try to

isolate the relative performance based exclusively on

native vs. exotic habitat. Nonetheless, the streams and

populations of brown trout we modeled included an

extremely wide range of biological and physical charac-

teristics including elevation, water temperature, hydro-

logic regime, productivity, prey diversity, and predator

density (see Appendix A for a complete summary of

model runs and details of bioenergetic inputs and

simulations). All populations represented in this analysis

experience substantial angling pressure. In sum, we

modeled 305 different brown trout ‘‘histories,’’ where

history typically represented the average growth rate and

diet composition for each age class within each stream.

Statistical analysis

Using BioEff as our primary response variable, we

used a multi-scale, nested, mixed modeling approach

with both random and fixed effects to assess the relative

contribution of different sources of variation in BioEff

and to test the effects and interactions among additional

abiotic and biotic factors. Although comprehensive, our

international data set is asymmetric. We did not have

records for all combinations of age classes and diet,

consequently, we separately analyzed two subsets of the

full data set, to allow for full factorial analyses.

In the first analysis (Model I), we used a general linear

mixed model to partition the variance and to assess

differences in BioEff values associated with density of

brown trout, elevation, and all age classes and for which

sample size was greater than n¼ 3 (‘‘all age classes’’; n¼
258). Brown trout density (on the logarithmic scale) and

elevation were incorporated as continuous-scale fixed-

effects factors with linear relationships to BioEff. Age

class (with seven levels) was a categorical fixed-effects

factor. Total variance was partitioned into variance

among countries, variance among rivers within coun-

tries, and variance among years within rivers (residual

error).

In the second analysis (Model II), we used the same

statistical model, but also including whether fish were

identified in stomach contents and its interaction with

age class as fixed-effects factors. Data analyzed by

Model II were limited to brown trout age classes that are

able to consume fish (no age-0 fish) and for which sample

size was greater than n ¼ 3 (‘‘age classes with the

potential to have fish in the diet’’; n ¼ 222). We used

Model I as the basis for most comparisons as it was the

most inclusive and relied on Model II only for evaluating

the effect of piscivory and the associated interaction

between age class and piscivory. Where appropriate,

pairwise comparisons among age class means were

adjusted for family-wise Type I error rate using a step-

down simulation-based approach (Westfall et al. 1999).

Computations were made using the GLIMMIX proce-

dure in SAS/STAT Software for Windows version 9.2

using a normal distribution and an identity link.

Assumptions of normality, homogeneity of variance,

and linearity were assessed using graphical examinations

of residuals. Given the asymmetry and variability in the

data, we generally assessed significance at a ¼ 0.10 but

provide all raw P values in the results.

RESULTS

Across the summer season when most fish growth

occurs, temperature varied widely among MGAs (Fig.
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1), and was an inherently strong driver of variation in

BioEff (i.e., as a primary model input). In Denmark and

Norway (i.e., native habitat), for example, mean daily

temperatures were nearly always below the optimal

temperature range for brown trout growth (13–178C;

e.g., Ojanguren et al. [2001]). In New Zealand (i.e.,

exotic habitat), mean daily temperature remained far

below the optimal temperature for growth. In contrast,

in both MGAs of Spain (i.e., native habitat), mean daily

temperatures were nearly always within the optimal

range. In the United States mean daily temperature

regimes varied among MGA, remaining below optimal

in the U.S. West and U.S. South and within optimal

most of the season in the U.S. Midwest.

In contrast to stream temperature, we observed

surprisingly little variation in the diet of brown trout

FIG. 1. Average temperatures during the summer growth period of brown trout (Salmo trutta) for each major geographic area.
Vertical bars represent maximum and minimum temperatures where available. As a consequence of small range, bars are hidden by
symbols for Denmark. Shaded bands indicate the optimal range for brown trout growth, 13–178C. ‘‘Summer’’ growth period (June–
October) was adjusted for the New Zealand summer growth period in the southern hemisphere (December–April). ‘‘C-L’’ stands
for Castilla-Leon.
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excluding the overwhelming influence of the switch to

piscivory in some MGA (Fig. 2). Taxonomic diversity of

invertebrate prey varied little among MGA (Fig. 2a).

The diversity of vertebrate (fish) prey potentially

available varied from a low of two species in Spain to

a high of six species in the U.S. Midwest; however,

potential forage fish were present in all MGAs. Diets of

brown trout in native habitats (i.e., Spain, Norway,

Denmark) were dominated by invertebrates; diets of

brown trout in exotic regions (i.e., United States, New

Zealand) were also dominated by aquatic invertebrates,

but we also observed substantial variation in the

proportion of the diet that included fish (Fig. 2b).

Notably, fish were present in the diets only in exotic

habitats, where they made up, on average, 22% of the

diet (mass) among age classes.

Bioenergetic efficiency varied among MGAs as a

function of differences in the interaction between diet

and temperature (Fig. 3a). Mean BioEff by MGA was

similar and lowest in the U.S. South and Denmark and

greatest in the U.S. West and Spain Castilla-Leon (C-L).

Notably the second and third highest observations of

mean BioEff in our data set occurred in exotic habitat in

the United States, and BioEff was most variable in the

U.S. South and in New Zealand (also exotic habitat).

In Model I (Table 1; ‘‘all age classes; no fish diet’’),

while ‘‘year’’ (residual) and ‘‘MGA’’ explained the

greatest variation, a substantial portion was also

explained by ‘‘river’’ (within MGA). Effects of all

individual age classes less than age 4 were highly

significant (P , 0.04), whereas the effects of age classes

age 4 and above were not significant, likely due to high

variability and smaller sample size. The relationship

between BioEff and ‘‘brown trout density’’ (fish/m2; all

age classes combined) demonstrated a weak, negative

slope (log scale; Table 1; P ¼ 0.10). Bioenergetic

efficiency ranged widely across brown trout densities

ranging 0.1–1.5 fish/m2, but remained ,50% at densities

.2.5 fish/m2. We observed no relationship between

BioEff and ‘‘elevation’’ (Table 1; Model I; P . 0.3). In

Model II (Table 1; age classes with the potential to have

fish in the diet), MGA explained a greater portion of the

variance overall, with less and near equal variation

explained by river and accounted for by year. While

‘‘fish in the diet’’ alone was only significant at P , 0.10,

fixed effects tests of ‘‘age class’’ and the interaction

between fish in the diet (yes or no) and age class were

highly significant (P , 0.001).

Thus when we compared BioEff across all brown

trout that did or did not include fish in the diet, the

mean BioEff was only slightly higher for those that

demonstrated piscivory, but the variation was quite

large (Fig. 3b; Table 1, Model II; P . 0.08). This

variation was not surprising and likely driven by natural

diet variation among individual fish and size/age

influences on diet (Vinson and Budy 2011). However,

although variability in BioEff was high among all age

classes, the highest individual estimates of BioEff were

with piscivory, and there was a strong and significant

interaction between the effect of fish in the diet and age

class (Fig. 2c; Table 1, Model II; P , 0.001). This

interactive effect resulted in increasing BioEff of

piscivores after they reach age 5 (see also Fig. 3c), a

switch that occurred only outside their native habitat.

The maximum body size attained by brown trout

varied by several magnitudes among MGAs (Fig. 4a).

Maximum body sizes were lowest in Denmark, Norway,

and Spain-Asturias (i.e., native habitats) and were

consistently ,300 mm; fish generally lived only up to

age 3. Even in Norway, where fish lived up to age 6,

maximum body size was ,300 mm. Brown trout

reached slightly greater maximum body sizes, ;400

mm, in Spain C-L and U.S. Midwest. In contrast, in

U.S. West, New Zealand, and U.S. South (i.e., exotic

habitats), brown trout reached maximum body sizes

;600 mm, corresponding to approximately age-5 and

older fish (for those cases where true ages were known).

Following the strong metabolic effect of allometry at

earlier developmental stages, BioEff consistently de-

FIG. 2. (a) Prey diversity (number of taxa) of aquatic
macroinvertebrates (‘‘aqua’’ by order) and ‘‘fish’’ (by species)
found in streams among different major geographic areas
(MGA). (b) Brown trout diets percentage diet composition by
mass among different major geographic areas (MGA): ‘‘aqua’’
refers to aquatic macroinvertebrates, ‘‘terr’’ are terrestrial
invertebrates, and ‘‘fish’’ is fish. Note break in y-axis scale.
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creased as a function of increasing age (and size) until

fish reached age 4 (Fig. 4b, c). However, at age 4 and

above, both the mean BioEff and variability in BioEff

began to increase. Thus BioEff was extremely variable

for the largest age and size classes (.age 4) primarily

due to whether or not individual brown trout consumed

fish.

The trajectory of BioEff across the life history of an

average brown trout explained, in part, both the

substantial variation in maximum body size achieved

among MGAs and the increase in the mean and

variability in BioEff at age 4 and older (Fig. 4c). In

Spain-Asturias and Norway (i.e., native habitats), for

example, the BioEff of brown trout was high at age 0,

then dropped substantially at age 1 and remained low

from that point on. In contrast, in Denmark and Spain

C-L (i.e., native habitats), BioEff varied little among age

classes, was always low in Denmark, and always high in

Spain C-L; fluvial fish did not reach sizes .400 mm in

either case. In Spain C-L, BioEff was relatively high and

decreased only slightly by age 3, yet fluvial fish still did

not reach sizes .400 mm. Most interesting, however,

was the U.S. West, where brown trout demonstrated the

same pattern of decreasing BioEff with age class up to

age 3, BioEff remaining stable and low for 1–2 years,

then increasing substantially between age 4 and age 5,

FIG. 3. (a) Bioenergetic efficiency averaged among the different major geographic areas. Error bars indicate 2 SE. Black squares
are native habitats, and gray circles are exotic habitats. (b) Box plots of bioenergetic efficiency as a function of inclusion of fish in
the diet (‘‘piscivory’’) or ‘‘no fish’’ in the diet for age-3 and older brown trout. The box represents the 25th through 75th percentiles,
the solid line in the box represents the median, the dashed line represents the mean, error bars represent the 10th and 90th
percentiles, and the dots represent the 5th and 95th percentiles. (c) Least-square means of bioenergetic efficiency among five age
classes for brown trout that are piscivorous (gray circles, exotic habitats) and brown trout that do not consume fish (black squares,
native habitat), all major geographic areas combined. Error bars represent 95% confidence intervals.
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and diets included .35% fish (by mass). Note,

unfortunately this life-history level of evaluation was

not available for all MGAs.

DISCUSSION

We assembled a comprehensive, international data set

to assess factors that limit and facilitate a fish that is

simultaneously socioeconomically and ecologically im-

portant and imperiled in its native range, yet also one of

the world’s most successful invaders. Although our data

set does not include all the variation in performance of

brown trout within or among our selected countries and

MGAs, the streams and populations of brown trout we

evaluated comprise a wide range of variability in

biological and physical characteristics. Despite this

variability, we observed an intriguing and generally

consistent difference in the performance of fluvial brown

trout in most countries of their native habitat compared

to their exotic habitat. While prey fishes were present in

all MGAs, brown trout switched to piscivory at older

age classes only in their exotic habitats, frequently

exhibiting high BioEff. Further, exotic brown trout grew

to maximum body sizes .400 mm, body sizes and ages

not observed in their native habitats.

We observed the greatest amount of variation in

BioEff among MGAs, a somewhat coarse and arbitrary

categorization from a biological standpoint, but one

that has strong links to temperature and likely

productivity (or food availability) at this large spatial

scale (e.g., Stohlgren 2002). Notably, MGA also acts as

a surrogate category for native vs. exotic, while still

allowing analysis at a slightly finer scale of resolution

(e.g., among rivers within MGAs) when the data

permitted. The overall pattern of BioEff among MGAs

appears to be driven first, by the interaction between

food availability and temperature, and second, by

whether or not brown trout switch to a diet including

piscivory. For example, in the relatively cold native

habitat of Denmark, BioEff was consistently low.

Metabolically, water temperatures that remain consis-

tently below those optimal for consumption limit the

ability of fishes to capitalize on abundant resources

TABLE 1. Model I and Model II summary statistics for brown trout (Salmo trutta) age classes in
their native and introduced ranges.

Parameters and effects Estimate SE df t F P

Model I: all age classes

Covariance

MGA 0.005 0.004
River 0.003 0.001
Residual (year) 0.005 0.001

Fixed effects

Brown trout density log scale �0.010 0.006 6 �1.63 0.104
Elevation 0.001 0.001 207 0.98 0.330
Age class, age 0 0.240 0.053 207 4.56 ,0.001
Age class, age 1 0.169 0.053 207 3.22 0.002
Age class, age 2 0.129 0.053 207 2.45 0.015
Age class, age 3 0.112 0.054 207 2.09 0.038
Age class, age 4 0.027 0.056 207 0.48 0.629
Age class, age 5 �0.019 0.063 207 �0.31 0.758
Age class, age 6 0 � � � � � � � � � � � �

Type III tests off fixed effects

Brown trout density log scale 1, 207 2.67 0.104
Elevation 1, 207 0.95 0.330
Age class 6, 207 25.72 ,0.001

Model II: age classes with the potential to
have fish in the diet

Covariances

MGA 0.005 0.004
River 0.003 0.001
Residual (year) 0.003 0.001

Type III tests of fixed effects

Brown trout density log scale 1, 165 4.33 0.039
Elevation 1, 165 3.22 0.075
Age class 4, 165 9.19 ,0.001
Fish in diet 1, 165 3.147 0.077
Fish in diet 3 age class 4, 165 11.12 ,0.001

Notes: Model I summary statistics include covariance parameter estimates, parameter estimates
for fixed effects, and Type III tests of fixed effects, from multi-scale, mixed model analysis using all
age classes and with sample size greater than n¼ 3 (n¼ 253). Model II summary statistics include
covariance parameter estimates and Type III tests of fixed effects, from multi-scale, mixed-model
analysis using only data for brown trout age classes with potential to include fish in their diet (no
age-0 fish) and with sample size greater than n ¼ 3 (n ¼ 222).
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(Hanson et al. 1997). However, many streams in these

northern regions are not only relatively cold on average,

but also low in productivity (Vøllestad et al. 2002) such

that the interaction between temperature and low food

availability co-limit brown trout growth and perfor-

mance. In contrast, in the MGA of Spain C-L,

temperatures are also within the optimal range and

BioEff is relatively high (maximum of 71%), indicating

that food is more available.

In the remaining regions of predominantly exotic

habitat for brown trout, the pattern of variation in

BioEff among MGAs is more complex. For example, in

U.S. West streams, water temperatures were nearly

always far below the optimal temperature for consump-

tion and growth, yet despite these low temperatures,

BioEff was relatively high on average. There are several

co-related factors that can explain this pattern. First, the

scale of our analysis may be too coarse to detect the

effects of some important local physical habitat charac-

teristics. For example, published optimal temperatures

for consumption and growth may be imprecise and do

not account for local thermal adaptation (Jensen et al.

FIG. 4. (a) Maximum body size attained by brown trout in different major geographic areas, MGA. Black squares are native
habitat, and gray circles are exotic habitat. Downward bars indicate range of maximum body size among streams within a major
geographic area. (b) Box plots of bioenergetic efficiency among different age classes of brown trout in all MGAs combined. The
box represents the 25th through 75th percentiles, the solid line in the box represents median, the dashed line represents the mean,
error bars represent the 10th and 90th percentiles, and the dots represent the 5th and 95th percentiles. (c) Mean bioenergetic
efficiency among age classes for those MGAs where available.
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2008). Similarly, the hydrologic regime (Poff et al. 1997)

drives other physical factors we did not consider that

can affect the growth and consumption of stream fishes,

including stream velocity and microhabitat features

(e.g., Hill and Grossman 1993). Nonetheless, the

relatively high BioEff in the U.S. West results, in part,

from the ability to switch to a diet including piscivory, a

switch that occurs only in the exotic habitat of brown

trout. All else equal in terms of foraging (e.g., handling,

pursuit), a diet that includes some portion of fish is

much higher in energy content (Werner and Mittlebach

1981, Hart 1993, Sih and Christensen 2001). In both the

United States and New Zealand, the native sculpin and

galaxiids, respectively, represent potential novel prey

fish that have not coevolved with exotic brown trout,

and both make up a substantial portion of the diet

(McIntosh et al. 2010, Richardson 2011).

In addition to greater mean BioEff at size or age, an

ability to switch to a diet including piscivory also allows

an individual fish to grow to a much larger body size

than possible on a diet of invertebrates alone (Juanes et

al. 2002; but see Hayes et al. 2000). This size advantage

can then lead to even greater rates of piscivory as size-

based gape limits are overcome, which then increases

predation pressure on native prey over a longer time

period of the brown trout’s lifetime. In the United

States, for example, BioEff actually increases with older

age classes, and fluvial brown trout in the United States

grow to greater than 550 mm and ages exceeding age 6.

While stream productivity certainly plays a role in this

pattern, this is a fluvial life-history pattern facilitated by

switching to a diet including piscivory (Juanes et al.

2002). In contrast, in their native range, fluvial brown

trout rarely exceed 300 mm or ages of age 3, before they

senesce (Lobón-Cerviá 2008) or must switch to an

adfluvial or anadromous life history to achieve larger

biomass (e.g., Valiente et al. 2010). The incidence of

piscivory increases rapidly around 150–200 mm in

brown trout, and once trout exceed 300 mm, they are

rarely gape limited (McIntosh 2000). Greater growth

rates resulting from piscivory or predation on other

energetically rich prey (e.g., Hayes et al. 2000) can also

lead to superior competitive abilities with conspecifics

(McHugh and Budy 2005), thus potentially exacerbating

the community-level effects (i.e., competition and

predation) of exotic fish invaders.

In direct contrast to the pattern observed in their

exotic habitat, in native regions brown trout appear to

coexist with potential native prey fish (e.g., sculpin,

Cottus spp.; a major dietary source in their exotic

habitat), and cottids may even be superior competitors

for food and space when sympatric with brown trout

(Hesthagen and Heggenes 2003, Holmen et al. 2003).

The life-history pattern of growth and associated high

rates of piscivory of exotic brown trout on naive natives

has been shown to have contributed to the decline of

native fishes in Chile (Young et al. 2010), Australia

(Jackson et al. 2004), and New Zealand (McIntosh et al.

2010) and has been implicated in the United States (see

Results) and elsewhere (McIntosh et al. 2011). The niche

for a large, fluvial trout species was historically occupied

by different native trout (e.g., fluvial cutthroat trout,

Oncorhynchus clarkii utah) in the exotic range of brown

trout (U.S. West). However in this MGA, invasive

brown trout have essentially created a new niche

characterized by novel traits associated with diet,

growth, and consumption rates across the lifetime

(Moyle et al. 1986, Simberloff 1995, Richardson 2011).

Although these complex effects of life history, diet,

and thermal environment can be highly intertwined and

difficult to separate, BioEff is a sensitive and integrated

response variable for evaluating overall fish perfor-

mance. Nonetheless, this metric describes only the

performance of survivors and is often only possible to

accurately quantify for juvenile and older fish. Herein,

we observed only a weak signal of density-dependent

effects on BioEff, a result that is perhaps unsurprising as

we modeled the BioEff only of average survivors. In the

rich body of research on this topic, density-dependent

population regulation typically occurs at very early life

stages and is manifested as cohort recruitment strength

(e.g., Lobón-Cerviá 2005). In addition, density-depen-

dent population regulation may be determined by both

intra- and interspecific interactions (Holmen et al. 2003).

Nonetheless, interannual variability in BioEff was high,

a pattern that can be driven both by annual variation in

climate (e.g., Lobón-Cerviá and Rincón 1998) and by

internal population regulation (e.g., Milner et al. 2003,

Vøllestad and Olsen 2008). And notably, the majority of

extremely high densities of brown trout observed

occurred primarily in countries where they are exotic,

suggesting brown trout may also be able to reach and

sustain greater densities in exotic habitat relative to

within their native distribution (Shea and Chesson 2002,

Benjamin and Baxter 2010). Assuming an ecologically

similar native species was formerly present in high

densities, this finding may parallel that of Stohlgren et

al. (2006) that the density of exotic plants, birds, and

fishes can be accurately predicted based on positive

correlations with historically high densities of natives.

Our approach can be extended to help prioritize

actions aimed at minimizing the impact of exotic brown

trout on native species and ecosystems in their exotic

range and conversely conserving native brown trout.

Given that a BioEff value closer to 100% indicates

performance closer to the theoretical maximum growth

and consumption rate for a given temperature regime,

we might expect BioEff to be high in good quality,

native habitat. Deviations from this expectation could

suggest the potential limiting effect of another factor

(i.e., other than temperature and food availability).

However, in a review of 639 published estimates of

BioEff covering a wide variety of trophic niches, median

BioEff was 43%, and ,5% of fish populations exhibited

BioEff .80% (Armstrong and Schindler 2011). The

authors suggest this pattern occurs when daily foraging

PHAEDRA BUDY ET AL.364 Ecology, Vol. 94, No. 2



opportunities are extremely heterogeneous, such that

episodes of gorging and fasting are common. Nonethe-

less, when fishes consistently demonstrate extremely

high, or extremely low, values of BioEff in exotic

habitat, this could indicate their likely success as

invaders or point to potential limiting factors. For

example, our results demonstrate that in their native

habitat, fish performance (BioEff ) is relatively low,

which suggests that fish performance is also influenced

by other anthropogenic impacts. Many native popula-

tions of brown trout in Europe have experienced

dramatic reductions in range and abundance (e.g.,

FAO 2002) with overharvest and genetic introgression

with hatchery fish both thought to represent potential

limiting factors (Almodóvar and Nicola 2004, Almodó-

var et al. 2006). In addition, the BioEff of exotic brown

trout was generally .43% (in several cases far greater),

the median value observed in our meta-analysis. This

observation highlights an area worthy of greater

investigation across invasive species—do exotic fishes

consistently demonstrate greater than average or ex-

pected BioEff?

Furthermore, the driving role of temperature in

determining all physiological rates of ectotherms makes

our bioenergetics approach well suited for predicting

and understanding the effects of climate change (Dukes

and Mooney 1999, Lockwood et al. 2007). The likely

effects of climate change for fishes include not only

commonly considered changes in range size (e.g., Hari et

al. 2006, Wenger et al. 2011), but may also include

energetic changes (positive or negative) in some areas of

their native range. Within this context, our approach has

potential for addressing contemporary questions of both

invasion success and native fish conservation now and

under a future climate (see Results; Fleishman et al.

2011). However, we note that while temperature and fish

size data were widely available and part of some large

regional data sets, diet composition was the most

common missing input, eliminating potential sites from

our analysis. Our ability to complete these large-scale,

energetic analyses for fishes might be strengthened by

trophic and diet information consistently collected both

in more places and at finer spatial and temporal scales.

The intercontinental and comparative nature of our

study eliminates, to some degree, the challenges of

context-dependent variation in determining invasion

success. Like others (Fitzpatrick et al. 2007), we warn

that models predicting invasion success based on the

performance of exotic species within their native range

or based on ‘‘guilt by association’’ (i.e., taxonomy) may

underestimate their performance in exotic habitat. Last,

we suggest that growth plasticity across the life span, a

potential life-history trait that could be expressed by

many fishes, should be added to growing lists of factors

characterizing successful invaders worldwide.

Brown trout, one of the world’s most notorious

invaders, but also a species of conservation concern

appears to possess a genetic deck of cards from which

any number of successful strategies for growth and life-

history expression can be drawn given biota present and

the environment. Although there are limitations to this
type of large-scale, energetic analyses, our understand-

ing of invasion at the global scale could be improved by

similar applications to other organisms where large data

sets permit.
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SUPPLEMENTAL MATERIAL

Appendix A

A table describing the countries, major geographic areas (MGAs), streams, age classes, and time series of data for which we
modeled brown trout bioenergetics, along with the range of densities and the number of individual model simulations for each
MGA and the details of bioenergetic simulations (Ecological Archives E094-030-A1).

Appendix B

World map showing native and introduced ranges of brown trout (Salmo trutta), and identifying major geographic areas
(MGAs) (Ecological Archives E094-030-A2).
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