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Abstract Invasive species are a leading cause for

native species declines, yet it remains unclear whether

maintenance of high native densities influence native

persistence in freshwater systems. We designed com-

plementary laboratory and field experiments to test

whether high native cutthroat trout (Oncorhynchus

clarkii) densities affect competition with invasive

brown trout (Salmo trutta). We manipulated density of

native cutthroat trout while holding brown trout

density constant. Interspecific aggressive interactions

towards native cutthroat trout were 66% fewer in the

highest cutthroat trout density treatment compared to

the lowest density treatment. At high densities of

conspecifics, cutthroat trout, sympatric with brown

trout, lost 33–81% less weight and demonstrated 1.5

times greater survival in both experiments than at low

conspecific densities. Cutthroat trout held at low

densities in laboratory experiments experienced

greater stress-related disease virulence and negative

effects of harassment, apparently owing to more

frequent aggressive interactions with brown trout.

These results support the hypothesis that reduced per

capita effects of invaders on native fish at high

densities buffers native species from negative effects

of invaders, reducing the potential for invasive fish to

displace high density native fish populations.

Keywords Biological invasion � Competition �
Experiment � Social behavior � Wildlife disease

Introduction

Introductions and establishment of invasive species

are a major threat to biodiversity (Pyšek et al. 2020).

Invasive species impart negative effects on native

species through predation, competition for resources,

and interference competition in the form of aggressive

interactions (e.g., Cucherousset and Olden 2011;

Juette et al. 2014; Budy and Gaeta 2018). Successful

invasive species often exhibit more interspecific

aggression than native species (Pintor et al. 2008;

Hudina et al. 2014), contributing to their spread and

establishment. Because of their potential deleterious

and often rapid impacts (e.g., Sanders et al. 2003),

there has been much research on how density of

invasive species affects native species in recipient
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communities (Jackson et al. 2015; Kornis et al. 2014;

Bradley et al. 2019). Although more common in

studies of plant communities and invertebrates (e.g.,

Levine et al. 2004; South et al. 2020), there are

relatively few studies assessing the ecological dynam-

ics enabling native animals to persist within invaded

communities occupied by otherwise superior com-

petitors, and it remains unclear how densities of native

species might mediate the impact of invasive species.

Ecosystems occupied by robust populations of both

native and invasive species provide ideal systems to

identify primary factors allowing native species to

persist, or factors determining the extent of invasion.

In many watersheds in the Intermountain West, native

cutthroat trout (Oncorhynchus clarkii) are displaced

by nonnative trout species (Young 1995; Wenger et al.

2011; Budy et al. 2019). A common pattern is for

native cutthroat trout to persist in high-elevation

reaches, sometimes still in high densities, and for

brown trout (Salmo trutta), one of the world’s most

prolific invaders of freshwater habitats (McIntosh

et al. 2012; Budy et al. 2013; Budy and Gaeta 2018), to

occur at higher densities at lower elevations (Budy

et al. 2007, 2008, 2019). Brown trout also co-occur

with cutthroat trout in mid- to high-elevation reaches,

but typically remain at low densities (reviewed in

Budy and Gaeta 2018). This strong allopatric distri-

bution suggests other physical or biological factors

limit their population-level success in high-elevation

reaches, allowing native cutthroat trout to persist.

These patterns are observed in the Logan River,

Utah, USA, where much long-term and comprehen-

sive research is conducted on the potential drivers of

the complimentary distribution of native cutthroat

trout and invasive brown trout. Although brown trout

will spawn in high elevation reaches of the Logan

River (Wood and Budy 2009), and there appear to be

no permanent physical or obvious physiological

barriers to upstream dispersal (Meredith 2012; Mered-

ith et al. 2017), they occur only in low densities

(\ 0.01 fish m-2) in these high elevation reaches

(Budy et al. 2008). Previous research has firmly

established that when fish are held at equal densities,

competition with brown trout reduced the growth and

condition of Bonneville cutthroat trout (McHugh and

Budy 2005, 2006). In these studies, substitution

experiments were used to test the strength of inter-

specific and intraspecific competition between brown

and cutthroat trout, while holding fish density constant

across allopatric and sympatric treatments. These

experiments also thoroughly investigated the influence

of water temperature, spatial scale, and experiment

duration on the outcome of competition between

cutthroat and brown trout, clearly demonstrating

competitive superiority by brown trout under all

available environmental conditions. However, these

experiments did not account for the fact that the

outcome of competition between cutthroat and brown

trout in nature may depend on the relative densities of

the two species, particularly if they are relatively

asymmetric. This may become especially important in

systems such as the Logan River where native

cutthroat trout outnumber brown trout in high eleva-

tion reaches, on average, 34 to 1 (de la Hoz Franco and

Budy 2005; McHugh and Budy 2005; Budy et al.

2008).

One alternative hypothesis to explain the predom-

inantly allopatric distribution in the Logan River is

that cutthroat trout persistence is aided by their ability

to maintain high densities, densities which may

modify individual interactions and thus be limiting

brown trout invasion and establishment into upper

elevations. Here, we sought to test whether high

densities of native cutthroat trout affect the outcome of

interference competition between cutthroat and brown

trout (brown trout are competitively superior one-on-

one; McHugh and Budy 2005, 2006), and thus,

provide some buffer against displacement of the

native fish. For example, brown trout may be pre-

vented from achieving dominance in locations where

particularly high densities of cutthroat trout occur,

such as the upstream segments of this system (ca. 0.6

fish m-2; Budy et al. 2007). We used a high-density

cutthroat trout population in high-elevation portions of

the Logan River as a template to design short-term

experiments at two spatial scales. Our goal was to

evaluate the outcome of interspecific interactions

between invasive brown trout and native cutthroat

trout, and consider those results within the context of

long-termmonitoring and evaluation of the population

dynamics of both species at the whole-stream scale

(e.g., Budy et al. 2007, 2008; Meredith 2012). We

tested two specific hypotheses in the two experiments:

(1) the performance of cutthroat trout, sympatric with

brown trout is greater at high cutthroat trout densities

and (2) the mechanism for persistence of cutthroat

trout is reduced behavioral interactions with brown

trout.

123

C. A. Pennock et al.



Materials and methods

Laboratory experiment

We designed a small-scale laboratory experiment (4.5

m2) to evaluate the effects of cutthroat trout density on

competition and behavioral interactions with brown

trout. We designed our experimental treatments to

reflect the level of biotic interaction that individual

brown trout dispersing from established low-elevation

populations might encounter across the range of

cutthroat trout densities measured in high-elevation

sections of the Logan River (Budy et al. 2007).

Experimental treatments consisted of a constant

density of brown trout in combination with increasing

densities of cutthroat trout. This additive design

mimics initial stages of invasion (e.g., Fausch 1998;

Baxter et al. 2004; Wood et al. 2021), as might be

expected in habitats at increasing distances from the

invasion front, where brown trout populations are

maintained primarily by dispersing individuals (i.e.,

propagule pressure).

During 19–22 May 2011, we collected cutthroat

trout from high-elevation sections of the Logan River

(41� 560 2700 N, 111� 330 100 W), and brown trout from

low elevation sections of the Logan River (41� 450 2000
N, 111� 420 5000 W), which represent allopatric sub-

populations of each species. We also collected extra

fish (to replace mortalities, see below) during sam-

pling efforts, and held extra fish in multiple species-

specific holding tanks, two for brown trout and five for

cutthroat trout. Holding tanks were housed indoors

under a 15:9 photoperiod to match ambient conditions,

as experimental tanks were kept outdoors. On 31 May

2011, prior to stocking fish into experimental tanks,

we measured (± 1 mm), weighed (± 0.01 g), and

gave all trout an individual specific T-bar anchor tag

(Floy Tag Inc., Seattle, WA,USA), color coded for

species identification during behavioral observations

(see below).

We evaluated the effects of cutthroat trout density

on the outcome of competition with brown trout in

controlled indoor mesocosms using wild trout from the

Logan River watershed held at the Utah State

University, Millville Aquatic Research Facility. We

randomly assigned three replicates of four cutthroat

trout density treatments to 12, 2.4-m diameter tanks.

The densities of cutthroat trout stocked into each tank

for the four treatments were: 0.7, 0.9, 1.1, or 1.3 fish

m-2 (Table 1). Given the tank size in the laboratory

experiment, and the need to include two brown trout in

each tank to ensure interspecific and intraspecific

interactions, some of the densities of cutthroat trout in

laboratory treatments (range: 0.7–1.3 BCT m-2)

exceeded those measured in the Logan River (range:

0.03–2.0 BCT m-2, Budy et al. 2007), particularly

mid-elevation reaches of river where cutthroat and

brown trout are sympatric and in roughly equal

abundance (Budy et al. 2007). We separated cutthroat

trout into age 1 (120–149 mm), age 2 (150–224 mm),

and age 3 (225–350 mm) individuals and added them

to each experimental treatment to mimic the observed

age structure of the cutthroat trout population in high-

elevation segments of the Logan River (Table 1). The

proportion of fish comprising the natural age structure

of cutthroat trout in high-elevation reaches of the

Logan River is, on average, 0.24 age-1 fish (range =

0.10–0.34), 0.28 age-2 fish (0.14–0.58), and 0.48 age-

3 ? fish (0.16–0.62; Budy et al. 2007). Three days

after cutthroat trout were added to experimental tanks,

brown trout were added at a constant density of 0.4 fish

m-2, which consisted of one age 1 (100–180 mm) and

one age 3 (260–350 mm) fish. These densities mim-

icked the density and age structure of potential

emigrants (e.g., invaders) from the brown trout sub-

population occupying low elevation segments of the

Logan River. Within age classes, we selected cutthroat

and brown trout to be similar of size to reduce

variation among treatments.

A large tank supplied well water (3.9 L min-1 flow-

through rate) to all experimental tanks to maintain

dissolved oxygen (7–9 mg L-1) and water tempera-

ture (10–15 �C) within the range of conditions typical
in the Logan River (McHugh and Budy 2005), as well

as consistent among tanks. We monitored tanks daily

from 31May to 8 July 2011, during which we removed

and recorded mortalities, observed fish for signs of

infection, and removed uneaten food and debris. We

replaced mortalities with similarly sized individuals.

We used automatic feeders to feed fish 3.0 mm pellets

(BioTrout, Bio-Oregon, Longview, WA, USA) at a

rate of 1.5% of the tank biomass, twice daily (0700 h

and 1900 h). As experimental tanks were outside, we

held fish under a natural photoperiod. During 6–30

June, we temporarily installed high definition video

cameras (GoPro, Half Moon Bay, CA, USA) above a

single tank from each of the four treatments to record

inter- and intraspecific interactions among individual
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fish. Each day, tanks were randomly selected for

observation, with replacement (i.e., the same tank

could be observed on consecutive days), and obser-

vations were made at a random time (0900–1800).

We recorded fish behavior for 65 min, which

consisted of a 45 min acclimation period to allow fish

to return to natural behavior following camera instal-

lation and a 20 min observation period. During

observation periods, we counted the number of times

fishes displayed an aggressive interaction (i.e., attack,

chase, or nip; Johnsson and Åkerman 1998). For each

interaction, we recorded the species of the aggressor

and the receiver of the antagonistic behavior. On 8

July 2011, we euthanized all fish (Tricaine Methane-

sulfonate [MS 222] overdose), and measured,

weighed, and inspected each individual for disease

and predation (i.e., presence of fish remains and tags in

stomach).

Field experiment

We tested the same hypotheses from the laboratory

experiment with an in situ stream enclosure experi-

ment in a third order tributary of the Logan river. We

constructed instream enclosures to determine the

consistency of results from our laboratory experiment,

but under more natural habitat heterogeneity, temper-

ature regimes, and prey availability. We conducted the

experiment in Right Hand Fork (41� 460 2600 N, 111�
360 2700 W; Fig. 1), a low-elevation tributary to the

Logan River that historically supported cutthroat trout.

Cutthroat trout have been locally extirpated and

replaced by brown trout, and this allowed us to control

cutthroat density and age structure in experimental

treatments. Right Hand Fork (3–6 m wetted width) is

an ideal location to test the outcome of competition

between cutthroat and brown trout as water temper-

atures and available habitat are ideal for both species

(Elliott 1994; Young 1995). Large groundwater input

results in relatively high and stable base flows (0.22

m3 s-1) and stable water temperatures (mean ± SD;

Table 1 Experimental treatments based on fish density (fish m-2) used in laboratory and field experiments

Cutthroat density Brown density Total density Surface area (m2, SE) Proportion by age (n individuals)

Cutthroat trout Brown trout

Age-1 Age-2 Age-3 Age-1 Age-3

Laboratory experiment

0.7 fish m-2 0.4 1.1 4.55 0.33 (1) 0.33 (1) 0.33 (1) 0.50 (1) 0.50 (1)

0.9 fish m-2 0.4 1.3 4.55 0.25 (1) 0.25 (1) 0.50 (2) 0.50 (1) 0.50 (1)

1.1 fish m-2 0.4 1.5 4.55 0.20 (1) 0.40 (2) 0.40 (2) 0.50 (1) 0.50 (1)

1.3 fish m-2 0.4 1.7 4.55 0.17 (1) 0.50 (3) 0.33 (2) 0.50 (1) 0.50 (1)

Field experiment

0.2 fish m-2 0.1 0.3 53 (15.3) 0.27 (3) 0.27 (3) 0.45 (5) 0.20 (1) 0.80 (4)

0.3 fish m-2 0.1 0.4 91 (15.3) 0.21 (6) 0.31 (9) 0.48 (14) 0.20 (2) 0.80 (8)

0.4 fish m-2 0.1 0.5 67 (12.5) 0.24 (6) 0.28 (7) 0.48 (12) 0.17 (1) 0.83 (5)

0.6 fish m-2 0.1 0.7 68 (12.5) 0.25 (10) 0.28 (11) 0.47 (19) 0.29 (2) 0.71 (5)

Data for the field experiment represent average values across experimental replicates used for analysis (n = 2 for treatments with 0.2

and 0.3 fish m-2 and n = 3 for 0.4 and 0.6 fish m-2, see text)

Fig. 1 The Logan River and a tributary, Right Hand Fork,

where fish were collected and the field experiment took place
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10.8 �C ± 2.2) throughout the year. At the time of the

study, Right Hand Fork supported high densities of

wild brown trout ([ 1 age-1 and older fish m-2, Budy

et al. 2008), indicating prey availability is adequate to

support high densities of fish in experimental treat-

ments. Thus, by conducting the field experiment in

Right Hand Fork, we were able to experimentally test

whether high densities of cutthroat trout are more

resilient to the impact of competition with invasive

brown trout, under conditions known to be favorable

for brown trout.

As in the laboratory experiment, we used a fully

randomized experimental design, in which we con-

structed 12 fenced stream enclosures along 1.2 km of

Right Hand Fork. Although we attempted to standard-

ize the surface area of experimental enclosures, large

groundwater inputs between enclosures and availabil-

ity of locations for fence construction resulted in some

variation in enclosure area (mean ± SD; 70 m2 ± 22;

Table 1). We fenced the upstream and downstream

ends of each enclosure using 6-mm mesh plastic to

restrict fish movement out of and into experimental

enclosures. All experimental enclosures contained

both pool and riffle habitat, each comprising approx-

imately half the surface area of each enclosure. We

randomly assigned three replicates each of four

cutthroat trout density treatments (0.2, 0.3, 0.4, or

0.6 fish m-2) to enclosures. We selected experimental

densities of cutthroat trout that correspond with

measured densities in high-elevation sections of the

Logan River where cutthroat trout are nearly allopatric

(Budy et al. 2007, 2008), densities that we hypothesize

may limit the potential for brown trout to displace

cutthroat trout under natural conditions. The lowest

density treatment is representative of measured den-

sities in mid-elevation river sections of the Logan

River, where cutthroat trout and brown trout are in

roughly equal abundance (Budy et al. 2007).

We conducted the field experiment from 3 August

to 21 September 2011. Initially, we removed all fish

from experimental enclosures by five-pass electrofish-

ing (Model LR 24, Smith-Root Inc., Vancouver, WA,

USA). As described above, we collected cutthroat

trout from high-elevation sections of the Logan River,

where they occur in near allopatry. We collected

brown trout from either Right Hand Fork or low-

elevation sections of the Logan River, where cutthroat

trout occur at low densities. We recorded initial length

and weight for all fish, and each was given a 12-mm

passive integrated transponder tag (BioMark, Boise,

ID, USA) to evaluate individual growth and survival

during the experiment. In each enclosure we then

stocked cutthroat trout at one of the four experimental

densities, in proportion to the age structure of cutthroat

trout in high-elevation portions of the Logan River

(Table 1). We stocked cutthroat trout over two days, as

many fish were carried in aerated backpacks to

experimental reaches. After adding cutthroat trout at

the randomly selected treatment density for each

experimental enclosure, we allowed them to acclimate

for two days before we added brown trout (20% age 1

and 80% age 3 and older) at 0.1 fish m-2. The age

structure of brown trout, and the density at which they

were added to experimental treatments, were selected

to reflect those observed in high-elevation sections of

the Logan River (see Budy et al. 2008). Ultimately, the

age structure of cutthroat trout in stream enclosures

was similar to our laboratory experiment, but there

was a slightly greater proportion of older brown trout

in the field experiment.

Fish mortalities during the first week of the

experiment appeared to be a result of the collection

and transport process, so we immediately replaced

individuals with marked fish of similar size. During

the first week of the experiment, both cutthroat and

brown trout mortalities occurred in most enclosures,

and were unrelated to the density of fish stocked into

experimental enclosures (overall mean ± SD; 5 indi-

viduals ± 2.9). After the first week, we sampled all

habitats between experimental enclosures, and for a

distance of 0.5 km below the downstream-most

enclosure and above the upstream-most enclosure,

using single-pass electrofishing to locate escaped fish

(capture probability = 0.63 ± 0.05 [SE], based on

long-term removal data in Right Hand Fork; summa-

rized in Saunders et al. 2015). We captured eight

marked fish, and returned them to their original

enclosures. Subsequently, we inspected all fences

using snorkeling gear and secured fences where

potential escape routes were identified. After 10

August 2011, we continued to remove any observed

mortalities but did not replace them thereafter. After

seven weeks, we euthanized, measured, and weighed

all remaining fish. We removed two enclosures, one

replicate each of 0.2 and 0.3 fish m-2 treatments, from

our analyses which had substantial fish loss owing to

predation by mink (Neovison vison) and a breached

fence.
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Data analysis

We used generalized linear mixed effects models

(GLMM) and linear mixed effects models (LMM) to

test for effects of cutthroat trout density on several

metrics of fish performance (Table 2). To test whether

increasing densities of native cutthroat trout led to

higher performance of cutthroat trout in the presence

of invasive brown trout, we analyzed the number of

interspecific and intraspecific aggressive interactions

in the laboratory experiment and the survival and

growth of fish during the laboratory and field exper-

iments. We analyzed counts of inter- and intraspecific

aggressive interactions using separate GLMM, to test

whether fish behavior was affected by cutthroat trout

density in the laboratory experiment. We built models

with the lme4 package (Bates et al. 2015) using

20 min observation periods as replicates (n = 88) and

included additive effects of cutthroat trout density,

target species, and their interactive effect. We

included a random effect of tank to account for the

fact that individual fish from the same treatment were

not independent samples. We also included date of

sample as a random effect to account for repeated

measures over time. Target species represented the

species receiving the antagonistic behavior. We

assumed a negative binomial distribution (link = ‘‘

log’’) because data were counts and included zeros.

We inspected residual plots and determined model

assumptions were reasonably met. We assessed

statistical significance (a = 0.05) of fixed effects using

Wald tests with the Anova function in the car package

(Fox and Weisberg 2019). We also used the piece-

wiseSEM package to calculate marginal R2 and

conditional R2 for mixed effects models, which

represent the variance explained by fixed effects alone

and by both fixed and random effects, respectively

(Lefcheck 2016; Nakagawa et al. 2017).

Because some fish initially escaped from stream

enclosures during the field experiment (see above), we

tested the correlation between stocking density and

final density using a Pearson’s test to assess if this

impacted our experimental treatments. To test for

differences in individual growth of cutthroat and

brown trout (i.e., weight difference between initial and

final measurements) for fish surviving laboratory

(n = 57) and field (n = 268) experiments, we analyzed

data using LMM. Because we used an experimental

approach where both density and size structure were

controlled, absolute growth is an appropriate metric

and conveys the productivity of fish over the duration

of the experiments (as mortalities are not included).

We included additive effects of cutthroat trout density,

species, and their interactive effect, and included a

random effect of either tank for laboratory data or

enclosure for field data. Again, we used Wald tests to

assess statistical significance of fixed effects, and

calculated R2 metrics as described above. We again

inspected residual plots and found no obvious viola-

tions of model assumptions.

Finally, we tested for effects of cutthroat density on

survival of cutthroat trout in the laboratory (n = 50)

and field experiments (n = 285) using GLMM. In the

laboratory experiment, some fish mortality was due to

fish jumping from their tanks or trying to escape down

drain pipes. We opted to remove these individuals

from survival analyses, because these were not due to

experimental treatments. We included cutthroat trout

density, species, and their interactive effect as fixed

effects and included a random effect of tank or

enclosure, as described above for fish growth. Because

data were binary, we assumed a binomial distribution

(link = ‘‘logit), and tested effects as above. All

analyses were conducted with the R statistical lan-

guage, version 4.0.2 (R Core Team 2020).

Table 2 Model structure used to test effects of cutthroat trout density in laboratory and field experiments

Response Model type Distribution Link Fixed effects Random effects

Aggression GLMM Negative binomial Log Cutthroat density, target species, interaction term Tank, date of video

Growth LMM Gaussian Identity Cutthroat density, species, interaction term Tank/enclosure

Survival GLMM Binomial Logit Cutthroat density, species, interaction term Tank/enclosure
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Results

Laboratory experiment

Aggressive interactions between species were most

frequently instigated by brown trout, while aggressive

interactions among conspecifics were almost entirely

by cutthroat trout (Fig. 2). This pattern resulted in a

significant interactive effect of cutthroat trout density

and target species for both models (p B 0.01; Table 3).

Interspecific aggression of brown trout towards cut-

throat trout was significantly decreased with increas-

ing cutthroat trout density with the number of

aggressive interactions decreasing nearly 3 9 from

the lowest to the highest density treatment, on average.

Brown trout tended to be less active in the two higher

cutthroat trout density treatments, demonstrating one

of two predominant behaviors: (1) generally seden-

tary, maintaining position on the bottom of the tank,

along the side, or (2) slowly cruising the perimeter of

the tank without interacting with other fish. In contrast,

brown trout in the two lower density treatments

maintained position in the water column that were

generally located towards the center of the tank, near

where automatic feeders were located. Cutthroat trout

spent most of the observation period actively avoiding

brown trout in the lowest density treatment, but were

generally more active in the other three treatments,

frequently cruising through the center of the tank. In

contrast to interspecific aggression instigated by

brown trout, intraspecific aggression of cutthroat trout

towards conspecifics was positively density dependent

with the number of aggressive interactions increasing

13 9 from the lowest to the highest density treatment

(Fig. 2). Meanwhile, there were no significant patterns

of interspecific interactions instigated by cutthroat

trout or intraspecific interactions by brown trout across

density treatments (Table 3).

Growth of individual fish was variable in the

laboratory experiment, but did not appear to be

strongly driven by cutthroat trout density for either

species (Fig. 3a). Neither the interactive effect of

cutthroat trout density and species (p = 0.06) nor the

main effect of density (p = 0.25) were statistically

significant (Table 3). Generally, cutthroat trout lost

less weight as densities increased from the lowest

density treatment (mean ± SE; - 27.4 g ± 9.3) to

the highest density treatment (-5.2 g ± 2.8; Fig. 3a).

The fixed effect of species was significant (p\ 0.01;

Table 3), and across all treatments, brown trout grew

slightly (4.2 g ± 4.7), while cutthroat trout lost

weight (-10.0 g ± 2.5).

Fig. 2 Counts of aggressive interspecific (a) and intraspecific

(b) interactions and target fish species: brown trout (grey circle)
and cutthroat trout (red circle) in a 38-d laboratory experiment.

Mean estimates and 95% CI from GLMM are shown with trend

lines and shaded areas, respectively
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Survival increased with increasing cutthroat trout

density for both species (Fig. 3b). Specifically, sur-

vival was 2.3 9 higher in the highest density treat-

ment (mean ± SE; 0.99 ± 0.02) relative to the lowest

density (0.43 ± 0.18), and the main effect of cutthroat

trout density was statistically significant (p = 0.01;

Table 3). The main effect of species (p = 0.07) and the

interaction term were not statistically significant

(p = 0.64; Table 3). However, on average, cutthroat

trout survival was 52%, 30%, 11%, and 2% lower than

brown trout survival across the four treatments,

respectively. The two primary sources of cutthroat

trout mortality (17 fish) were columnaris disease

(Flavobacterium columnare; 88%) and predation by

brown trout (12%).

Field experiment

On average, both species lost weight in all treatments

(Fig. 4), but cutthroat trout (mean ± SE; -

27.7 g ± 28.6) lost significantly (p\ 0.01) more

weight than brown trout (- 10.4 g ± 23.9; Table 3).

The main effect of cutthroat density (p = 0.87) and the

interactive effect of species and density (p = 0.09)

were not statistically significant (Table 3). On average,

cutthroat trout lost 1.5–1.6 9 more weight in the

lowest density treatment (- 41.7 g ± 46.7) compared

to the other three treatments (- 25.3–- 27.8 g).

Conversely, brown trout lost 6.4 or 7.5 9 more weight

in the two higher density treatments (- 16.6 or 14.8 g)

compared to the two lower density treatments (- 2.2

or 2.3 g). Because some fish escaped from enclosures,

final densities were somewhat lower in all enclosures,

Table 3 Output from linear mixed effects models (LMM) and generalized linear mixed effects models (GLMM) testing fixed effects

used in experiments of cutthroat trout density on cutthroat trout and nonnative brown trout

Response Model

type

Fixed effects Coefficient (95% CI) v2 df p Marginal

R2
Conditional

R2

Interspecific

aggression

GLMM Cutthroat density 2.6 (\ 0.01, 5.1) 0.01 1 0.91 0.24 0.41

Target species 5.8 (3.5, 8.1) 29.41 1 < 0.01

Density*Target

species

- 4.3 (- 6.6, - 2.1) 14.55 1 < 0.01

Intraspecific

aggression

GLMM Cutthroat density 1.1 (- 2.3, 4.3) 5.65 1 0.02 0.46 0.69

Target species - 0.9 (- 3.7, 1.8) 76.94 1 < 0.01

Density*Target

species

3.3 (0.7, 5.9) 6.02 1 0.01

Lab growth LMM Cutthroat density - 13.0 (- 47.1, 21.1) 1.34 1 0.25 0.20 0.20

Species - 60.1 (- 107.0,

-13.2)

10.18 1 < 0.01

Density*Species 42.8 (- 1.0, 86.6) 3.52 1 0.06

Lab survival GLMM Cutthroat density 10.2 (0.4, 30.5) 7.01 1 0.01 0.39 0.50

Species 0.9 (- 8.31, 15.2) 3.18 1 0.07

Density*Species - 3.28 (- 22.4, 7.16) 0.22 1 0.64

Field growth LMM Cutthroat density - 40.8 (- 91.7, 10.2) 0.03 1 0.87 0.07 0.07

Species - 38.0 (- 63.4,

-12.6)

17.44 1 < 0.01

Density*Species 49.5 (- 8.05, 107.0) 2.82 1 0.09

Field survival GLMM Cutthroat density - 0.4 (- 5.4, 4.7) 0.77 1 0.38 0.01 0.09

Species - 1.19 (- 3.2, 0.7) 0.40 1 0.53

Density*Species 2.37 (- 2.01, 6.72) 1.16 1 0.28

P-values are from Wald chi-squared tests. Marginal R2 approximates the variance explained only by the fixed effects and conditional

R2 includes both the fixed and random effects

P-values less than 0.05 are denoted in bold

123

C. A. Pennock et al.



but were highly correlated (Pearson’s r = 0.88) with

stocking densities.

Survival during the field experiment did not appear

to be strongly density dependent for either species

(Fig. 4b). None of the fixed effects were statistically

significant (all p[ 0.27; Table 3). Brown trout

survival was generally high across all treatments and

ranged from 0.69 to 0.88, on average. Cutthroat trout

survival was 1.5 9 lower in the lowest density

treatment (0.50) relative to the other three higher

density treatments which ranged from 0.76 to 0.77.

Discussion

These results provide experimental evidence that high

densities of native fish may limit the impact of an

ecologically similar invasive species. The multi-scale,

additive experimental approach we used is potentially

useful to test effects of biotic factors on invasion

success and native persistence. This approach is useful

because it allowed us to depict a snapshot of the

conditions present during the earlier (post-

establishment) phases of an invasion during which

the invasive species represents only a small fraction of

the community (Puth and Post 2005; Wood et al.

2021). This approach also allowed us to measure the

effects of native species density under both controlled

and more natural conditions. In both experiments, we

observed a consistent pattern of generally reduced

growth and survival of cutthroat trout held at low

densities relative to high densities over relatively short

time periods. Owing to differences in total fish

densities and structural complexity of experimental

units between laboratory and field experiments, we

anticipated more intense competitive interactions

between cutthroat and brown trout in the lab. How-

ever, reductions in brown trout aggression at high

cutthroat trout densities in the laboratory experiment

coincided with generally higher growth and survival

of cutthroat trout in both experiments. Although not all

our results were strongly supported statistically, there

were some interesting, and likely ecologically signif-

icant, trends that have conservation implications and

may warrant further study. The stronger results

Fig. 3 Individual growth (a) and survival (b) of brown (grey

circle) and cutthroat trout (red circle) caused by four cutthroat

trout density treatments in a 38-d laboratory experiment. For the

boxplots (a), the bold horizontal line in each box represents the

median, the box dimensions represent the 25th to 75th percentile

ranges, and the whiskers extend from the box edges to the

smallest and largest value no further than 1.5 9 the interquartile

range. Mean estimate (b) and 95% CI from GLMM are shown

with a trend line and shaded area, respectively

Fig. 4 Individual growth (a) and survival (b) of brown (grey

circle) and cutthroat trout (red circle) caused by four cutthroat

trout density treatments in a 7-week field experiment. For the

boxplots (a), the bold horizontal line in each box represents the

median, the box dimensions represent the 25th to 75th percentile

ranges, and the whiskers extend from the box edges to the

smallest and largest value no further than 1.5 9 the interquartile

range
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observed in the laboratory setting could be due to the

use of higher densities while minimizing the potential

for exploitative competition by supplementing food

resources. In contrast, in the field experiment food

resources were not controlled, and so it is possible that

any positive density effects mediated by behavior

might have been offset by negative density effects for

food resources if food was limiting (e.g., Imre et al.

2005; Grossman and Simon 2020). In the laboratory

experiment, a stress-related disease (Flavobacterium

columnare infection; Bullock et al. 1986; Wak-

abayashi 1991) accounted for 14 cutthroat mortalities

(93%) in the two lower density treatments where the

numbers of aggressive interactions were highest,

compared to one mortality (50%) in the two higher

density treatments. These results suggest the mecha-

nism for improved performance of cutthroat trout at

high densities is likely reduced per capita interference

competition (i.e., aggressive interactions) with sym-

patric brown trout, and that increased intraspecific

aggression at high densities does not have the same

negative effects. Thus, at high densities of native

cutthroat trout, brown trout may have a reduced

competitive advantage against individual cutthroat

trout, potentially limiting their impact by reducing

their ability to outcompete native trout through

interference competition (e.g., McHugh and Budy

2005, 2006).

Across treatments in both the laboratory and field

experiments, fish did not grow, and in most cases lost

weight. Invasive brown trout lost less weight, on

average, than cutthroat trout in both experiments.

Despite our efforts to control for potential exploitative

competition in the laboratory, this difference in growth

between species could be an artefact of the superior

competitive ability of brown trout when the two

species are close in density (e.g., McHugh and Budy

2005, 2006), as differences were generally more

pronounced in lower density treatments. Our finding

of zero or negative growth is neither uncommon (e.g.,

Fausch 1984; Gunckel et al. 2002), nor does it

compromise our conclusion about the effects of

cutthroat trout density on competition with brown

trout. First, although summer is characterized by high

activity and feeding, it is not necessarily the period

during which significant weight gain occurs for

stream-dwelling salmonids (e.g., Xu et al. 2010;

Tattam et al. 2017). In fact, weight loss is typical for

many trout species, even in an unconfined, natural

setting (e.g., Harvey et al. 2005; Tattam 2006; Uthe

et al. 2019). Second, because individual growth

reflects the balance of energy intake less base

metabolic activity costs (e.g., Deslauriers et al.

2017), it effectively integrates the influences of biotic

interactions and increased activity resulting from

agonistic interactions on foraging success. Third and

finally, while manipulative experiments provide a

basis for strong inference, they do so with some

sacrifice of realism (e.g., Underwood 2012). Thus,

weight loss may, in part, be an experimental artefact,

due to, for example reduced invertebrate prey entry

into our field enclosures (e.g., Cooper et al. 1990).

Notably, salmonid densities that equal or exceed those

used during our field experiment are observed in the

Logan River watershed suggesting the habitat, prey

base, and temperature conditions needed to support

high densities of cutthroat trout were present (Budy

et al. 2007).

We detected an increase in fish survival with

increasing native fish density in the laboratory exper-

iment, but not in the field experiment. One potential

explanation for this discrepancy is the escapement of

some fish from field enclosures could have weakened

the relationship between survival and fish density,

even though final densities were correlated to stocking

densities. Under more natural conditions, it is also

possible that cutthroat trout were better able to avoid

agonistic behaviors from brown trout by seeking

shelter in root wads or other structure not available in

the laboratory tanks. For instance, increased habitat

complexity was correlated with higher numbers of

native white-spotted char (Salvelinus leucomaenis) in

habitats with nonnative brown trout (Hasegawa and

Maekawa 2008). Despite the fact that we did not

observe a statistically significant link between native

fish density and survival in the field experiment, the

difference between survival in the lowest density

treatment (1.5 9 lower) and the other three treatments

is likely ecologically important.

High densities of native trout suppressed the

behavior of brown trout, ultimately reducing the

intensity of interference competition. We contend this

negative effect on the agonistic behavior of invasive

brown trout by high densities of native trout is similar

to the mechanisms proposed by the concept of biotic

resistance. Ecological resistance to the establishment

and spread of exotic species, either through abiotic

(environmental resistance) or biotic factors (biotic
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resistance), is a seminal hypothesis proposed to

explain variability in invasion success and the distri-

bution of native and exotic species (Elton 1958). For

biotic resistance to prevail, the success of introduced

species must be controlled by ‘‘strong’’ interactions

with native species (e.g., competition, predation; see

Fridley 2011). Although the biotic resistance para-

digm has typically considered the ability of native

species to preclude establishment of an invader

(Levine et al. 2004), high densities of native species

might limit further spread of invasive species within

invaded ecosystems, and could help explain the

observed allopatric distribution of native cutthroat

and brown trout in the Logan River and throughout the

Intermountain West (Budy and Gaeta 2018). How-

ever, benefits of high native species density would

likely vary among systems with different levels of

productivity; the Logan River watershed flows over

limestone geology and is thus relatively productive,

and food is not thought to be a limiting factor for

native fishes (e.g., Budy et al. 2021).

Ultimately, the importance of biotic interactions in

determining invasion success in streams is likely

context-dependent (e.g., Fausch 2007), as has been

observed for a diversity of taxa (e.g., estuarine

mussels, Cheng and Hovel 2010; plants, Zenni et al.

2019). Our results suggest the ability for native fish to

resist displacement by invasive fishes may depend on

whether systems can support high densities of native

fish. While the nearly pristine habitat and high

productivity of the upper Logan River supports high

cutthroat trout densities used in our experimental

treatments (Budy et al. 2007), cutthroat trout densities

vary greatly across their range (e.g., Williams et al.

2011; Benjamin and Baxter 2012). In the Logan River,

the reduced per capita interactions with brown trout at

high densities of native trout is likely sufficient to

overcome the relatively weak competitive ability of

individual cutthroat trout (McHugh and Budy

2005, 2006), overall yielding similar growth and

survival as brown trout. In concert with abiotic factors

such as anchor ice and discharge dynamics (Meredith

2012; Meredith et al. 2017) that may limit propagule

pressure (Von Holle and Simberloff 2005), reduced

per capita interference competition likely prevent

brown trout from completely displacing native trout

over longer temporal scales. Specifically, time periods

that more closely parallel the invasion process (see

Theoharides and Dukes 2007). However,

environmental stochasticity (e.g., broad-scale distur-

bance or climate variability) that reduces native fish

density may facilitate further invasion of exotic

species by initially allowing invasive fish to displace

native fish during periods of low density (Strange et al.

1993; Dunham et al. 2002; Roberts et al. 2017).

Our experiments highlight the conservation value

of strongholds of native fish that, in addition to being

less sensitive to demographic and environmental

stochasticity (Dunham and Rieman 1999; Roberts

et al. 2017), may be more likely to reduce the

likelihood of displacement by an invader. Efforts to

conserve native species often focus on the central

premises that large habitat patches increase persis-

tence (Morita and Yamamoto 2002) and metapopula-

tion structure maintains genetic diversity (Lesica and

Allendorf 1995) and promotes recolonization and

rescue effects (Brown and Kodric-Brown 1977). The

idea that native population density can also limit

invasion success offers a promising scenario for

conservation at broad spatial scales important to fish

populations (Fausch et al. 2002; Sinclair and Byrom

2006; Al-Chokhachy et al. 2021). For example, it may

be adequate to strengthen existing native fish popula-

tions or shift the dominance in their favor to promote

coexistence of native and invasive fish, rather than

attempt costly eradication programs (Dunham et al.

2002; Pennock et al. 2018; Budy et al. 2021); however,

this assumes that adequate habitat quality is main-

tained for native species to complete their life history.

The results of our combined experiments suggest high

densities of native fish may enhance native fish

persistence within invaded communities via reduc-

tions in the intensity of interference competition, a

different mechanism than what is traditionally con-

sidered to contribute to biotic resistance, typically

among plants (Levine et al. 2004). An important

implication for the conservation of native species is

that it may not be enough to set the conservation bar

for only a minimum number of individuals to mini-

mize the genetic and demographic consequences faced

by small populations (Shaffer 1981; Sanderson 2006).

Rather, in the face of threats from ecologically similar

invaders, it may be important to ensure native

populations are highly productive (Wolf et al. 2015).

To guide future conservation efforts, further research

should focus on identifying conditions under which

native populations reach and maintain densities suf-

ficient to persist within invaded communities, and the
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extent to which native species densities can naturally

decrease the impacts of invasive species or shift the

balance to sufficiently favor native species.
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