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Abstract — Exotic species present a great threat to native fish conservation; however, eradicating exotics is
expensive and often impractical. Mechanical removal can be ineffective for eradication, but nonetheless may
increase management effectiveness by identifying portions of a watershed that are strong sources of exotics. We
used mechanical removal to understand processes driving exotic brown trout (Salmo trutta) populations in the
Logan River, Utah. Our goals were to: (i) evaluate the demographic response of brown trout to mechanical removal,
(i1) identify sources of brown trout recruitment at a watershed scale and (iii) evaluate whether mechanical removal
can reduce brown trout densities. We removed brown trout from 2 km of the Logan River (4174 fish), and 5.6 km
of Right Hand Fork (RHF, 15,245 fish), a low-elevation tributary, using single-pass electrofishing. We compared
fish abundance and size distributions prior to, and after 2 years of mechanical removal. In the Logan River,
immigration to the removal reach and high natural variability in fish abundances limited the response to mechanical
removal. In contrast, mechanical removal in RHF resulted in a strong recruitment pulse, shifting the size
distribution towards smaller fish. These results suggest that, before removal, density-dependent mortality or
emigration of juvenile fish stabilised adult populations and may have provided a source of juveniles to the main
stem. Overall, in sites demonstrating strong density-dependent population regulation, or near sources of exotics,
short-term mechanical removal has limited effects on brown trout populations but may help identify factors
governing populations and inform large-scale management of exotic species.
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Introduction

Anthropogenic activities have increased the rate of
invasion by cosmopolitan species, leading to large-
scale biotic homogenisation of fauna (Olden & Poff
2003; Olden et al. 2004). As a result, the introduction
of exotic species constitutes one of the greatest
threats to native species worldwide (Vitousek et al.
1997). This biotic homogenisation is particularly evi-
dent in freshwater ecosystems, where historic stock-
ing of sport fish facilitated the spread of many exotic
species across the globe. For example, rainbow trout

Oncorhynchus mykiss and brown trout Salmo trutta,
widely introduced as sport fish, have devastated
native cold-water fisheries and altered ecosystem
dynamics throughout the world. As a result, these
two species have recently been identified as among
the worst 100 invasive species by the International
Union for Conservation of Nature and more recently
have been placed among the top 30 (MclIntosh et al.
2012). In the western United States, the introduction
and subsequent naturalisation and spread of exotic
brook trout Salvelinus fontinalis, rainbow trout and
brown trout have had direct negative effects on native
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cutthroat trout O. clarkii through competition and hy-
bridisation with native species or predation upon
native species. As a result of these negative interac-
tions with exotic species, and large-scale habitat alter-
ation, many subspecies of native cutthroat trout now
occupy only a portion of their historic range (Coffin
& Cowan 1995; Young et al. 1996; Shepard et al.
2005; Williams et al. 2011).

In response to these detrimental effects on native
fishes, there has been a recent focus on efforts to
remove exotic salmonids for conservation and resto-
ration purposes. Density-dependent responses and the
potential for population dynamics to be strongly dri-
ven by movement (Riley & Fausch 1995), however,
are two primary factors that determine the ultimate
success of efforts to remove exotic salmonids. When
only partial removal is achieved, higher juvenile
survival or recruitment rates, driven by density-
dependent processes, can compensate for population
losses (Einum & Nislow 2005; Lobon-Cervia et al.
2011). However, density-dependent population regu-
lation can be difficult to identify in observational
field studies owing to high annual variability in abun-
dance and the potential for multiple mechanisms for
population regulation operating at a given time (Jen-
kins et al. 1999). Populations that demonstrate den-
sity-dependent survival or recruitment may also serve
as sources of exotics to larger watersheds, if individu-
als emigrate from natal waters when population densi-
ties exceed carrying capacity (Dieterman & Hoxmeier
2011; Kvingedal & Einum 2011). Furthermore, high
rates of individual movement, and long-distance dis-
persal or ranging behaviour, characteristic of many
stream fishes (Dunham & Rieman 1999; Falke &
Fausch 2010) may lead to rapid recolonisation follow-
ing removal efforts (Peterson & Fausch 2003).

Two of the most common methods for removing
exotic fishes are chemical toxicants (Meronek et al.
1996; McClay 2000) and mechanical removal via
electrofishing (Thompson & Rahel 1996; Kulp &
Moore 2000; Meyer et al. 2006). However, complete
eradication is very costly (Koehn et al. 2000), and
overall has met with varying rates of success (Mer-
onek et al. 1996). Furthermore, using piscicides for
eradication can impact nontarget fish species and
invertebrate communities (Finlayson et al. 2010).
While mechanical removal typically fails to
completely eradicate the target species (Thompson &
Rahel 1996; Meyer et al. 2006), in systems where
capture probabilities are high (Saunders et al. 2011),
mechanical removal can remove a substantial portion
of an exotic population at a large spatial scale for a
fraction of the effort of full-scale eradication pro-
grams. A benefit of this approach is that collection of
data on population structure from sampled fish may
provide a means to identify locations where high
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rates of dispersal resulting from strong density-depen-
dent survival or recruitment serve as a source of indi-
viduals (e.g. propagule pressure) that facilitate
expansion into other portions of a watershed. By
focusing intensive management efforts on these ‘hot
spots’, it may be possible to suppress the colonisation
and establishment of exotic salmonids at greater spa-
tial scales, allowing native trout to persist at a
watershed scale without requiring complete eradica-
tion (Moyle & Light 1996; Levine et al. 2004).

Targeted management of exotic species may be
particularly relevant for Bonneville -cutthroat trout
O. c. utah, which were historically distributed through-
out the Bonneville basin. Currently, this important
subspecies of cutthroat trout is often restricted to high-
elevation reaches (Behnke 1992), in part, through
competition with, and predation by, exotic species
(McHugh & Budy 2005, 2006). The Logan River, a
high-elevation stream located in northern Utah, USA,
currently sustains one of the largest remaining popula-
tions of Bonneville cutthroat trout. Lower elevation
sections of the watershed are dominated by brown
trout, which occur in some of the highest subadult and
adult densities reported in the world (Budy et al. 2007,
2008; Mclntosh et al. 2012). At these high densities,
strong intercohort interactions (i.e. competition and
predation) may result in high rates of mortality and
emigration of juvenile fish. These intercohort interac-
tions may regulate fish density and population age
structure, which may create a source of emigrating
brown trout that drive the expansion into higher
elevation sections of the watershed. As a result, there
has been recent interest in understanding the effect of
reducing brown trout densities in local areas (e.g.
tributaries) in the Logan River drainage to eliminate a
potential source of brown trout in the lower river,
reduce the potential for brown trout to expand into
high-elevation reaches of the main stem and re-estab-
lish Bonneville cutthroat trout populations in impor-
tant spawning and rearing habitat in lower elevation
reaches.

We conducted a large-scale manipulation by
mechanically removing exotic brown trout in two
study sections of the Logan River during 2009
through 2011 to: (i) track rapid demographic
responses to removal efforts; (ii) identify sections of
the river that serve as sources of exotic brown trout;
and (iii) evaluate the efficacy of single-pass removal
to reduce densities of exotic brown trout. We com-
pared fish abundance and size distributions prior to
(7 years) and after 2 years of mechanical removal of
brown trout from tributary and mainstem habitats.
We present evidence for substantial changes in brown
trout size distributions following mechanical removal
and discuss these findings with implications for the
management of exotic salmonids in lotic systems.



Methods

Study area

The Logan River originates in south-eastern Idaho in
the Bear River Mountain Range and runs 64 km to
its confluence with the Bear River in northern Utah.
The climate throughout the Logan River watershed is
characterised by cold, snowy winters and hot, dry
summers. As a result, the hydrograph is dominated
by spring snowmelt floods (ca. 16 m>-s~') and base
flow conditions that persist from August to April.
Average summer temperatures range from approxi-
mately 9 °C (headwaters and tributaries) to 12 °C
(mid-elevation main stem), and diel fluctuations can
reach 9 °C (de la Hoz Franco & Budy 2004). In
addition to endemic Bonneville cutthroat trout, resi-
dent fish in the Logan River include brown trout,
stocked, sterile rainbow trout, brook trout, mountain
whitefish Prosopium williamson and mottled sculpin
Cottus bairdii. More detailed information describing
the fish community of the Logan River is available in
the study described by Budy et al. (2007, 2008).
During 2009 through 2011, we mechanically
removed brown trout from 5.6 km of Right Hand
Fork (hereafter RHF removal reach), a primary tribu-
tary to the Logan River (Fig. 1). RHF supports a
robust population of naturalised brown trout, but no
other fish species. A series of cascades located 500-
m upstream of the confluence with the Logan River
likely historically limited immigration from the

Study Location

CTty of
Logan

Logan River
removal reach

Salmonid response to mechanical removal

Logan River at all but the greatest discharges. Fur-
ther, Utah Division of Wildlife Resources and USDA
Forest Service, during September 2010, fortified one
of these cascades to construct a barrier impassible to
all fish. As a result, most of the RHF removal reach
was inaccessible to colonists for the duration of the
study. The RHF removal reach is characterised by rif-
fle-pool habitat and averages 4.3 m (SE = 0.2) wet-
ted width at base flow (ca. 0.2 m>s~!). Above the
removal reach, RHF enters a steep canyon which
experiences overland flows only during peak runoff
in the spring and is naturally fishless (Fig. 1). Below
the fishless portion, there are no perennial or fish
bearing tributaries.

We also removed brown trout from 2.0 km of the
mainstem Logan River downstream of RHF (hereaf-
ter Logan River removal reach). The Logan River
removal reach is confined at the upstream and down-
stream extent by small hydroelectric impoundments
that we hypothesised may serve as sources for brown
trout colonisation in the watershed. The fish commu-
nity found in the Logan River removal reach consists
of all native and exotic fishes present in the
watershed with the exception of brook trout. The
Logan River removal reach is predominantly riffle
and glide habitat with an average wetted width of
13.6 m (SE = 3.3) at base flow (ca. 3 m>s™ ).

These two removal reaches were chosen because
of the following reasons: (i) both reaches contain a
100-200 m annual monitoring site sampled annually
since 2003, providing detailed historical context for

Right Hand Fork
removal reach

0 15 3 45 6Km N

Fig. 1. Map of study area in northern Utah showing removal reaches (in black) on Right Hand Fork (RHF) and the Logan River and
annual monitoring sites (open triangles within removal reaches, see Budy et al. 2007). Intermittent, fishless portion of RHF is represented

by the dashed line.
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evaluating the response to mechanical removal
(hereafter RHF and Logan River annual monitoring
sites); and (ii) both provide necessary contrast in
fish densities and proximity to sources of brown
trout recruitment from which to draw conclusions
about the effectiveness of mechanical removal and
managing exotic stream salmonids. The RHF annual
monitoring site is a 100-m reach located 3.13 km
above the confluence with the Logan River. The
Logan River annual monitoring site is a 200-m
reach located 1.48 km above the inlet to the Second
Dam impoundment.

Potential responses to mechanical removal

Based on the proximity of the removal reaches to

sections of the watershed that serve as sources of

brown trout recruits, we hypothesised that single-pass
electrofishing removal of brown trout could influence
subsequent populations in four potential ways.

I Mechanical removal may have no detectable
effect on the subsequent abundance if capture
probabilities are too low or brown trout popula-
tions in the removal sections compensate for har-
vest mortality (i.e. mechanical removal) through
reduced natural mortality (Meyer et al. 2006).
Additionally, in the Logan River (no immigra-
tion possible to Right Hand Fork), brown trout
may compensate for harvest mortality through
immigration from nearby impoundments (Peter-
son & Fausch 2003).

I Mechanical removal may reduce brown trout
abundance, such that the size distributions of
brown trout in subsequent years reflect the size
selectivity of electrofishing gear (Dolan & Mir-
anda 2003).

IIT Density dependence is a well-established driver
of brown trout populations (Lobon-Cervia et al.
2011), and mechanical removal may reduce den-
sity-dependent  factors limiting recruitment,
resulting in increased juvenile abundance in sub-
sequent years.

IV If immigration rates to the Logan River removal
reach are high, as has been documented for
many stream fishes (Gowan & Fausch 1996;
Lintermans 2000), and exceed removal rates, we
would expect larger, more mobile individuals to
represent a larger portion of the postremoval
population as a result of recolonisation following
removal.

Field sampling

During 2009 through 2011, we conducted single-pass
electrofishing during base flow conditions (August—
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September) to remove exotic brown trout. We sam-
pled all available habitats in the RHF removal reach
during all years and in the Logan River removal
reach during 2010 and 2011. However, during 2009
in the Logan River removal reach, we sampled only
1.3 km owing to logistical constraints. Throughout
the RHF removal reach, we used a single backpack
electroshocker (150-300 V, 45-60 Hz, 0.5-1.0 A;
model LR 12b or LR 24; Smith-Root, Inc., Vancou-
ver, WA, USA) to collect fish, whereas in the larger
Logan River removal reach, we used a canoe-
mounted electrofishing unit (200400 V, 45 HZ, 24
A; model GPP 2.5; Smith-Root, Inc.). During 2009—
2011, we conducted sampling at annual monitoring
sites immediately prior to single-pass mechanical
removal to ensure consistency with previous sam-
pling at these sites. We measured total length (nearest
1 mm) and weight (nearest 0.1 g) for all fish, after
which all brown trout were euthanised and all other
fish were returned to the approximate location they
were collected.

Data analysis

Our analysis focused on detecting large-scale
changes in abundance of brown trout, and short-term
changes in population size structure of brown trout
following single-pass mechanical removal. To quan-
tify the short-term response of brown trout popula-
tions to mechanical removal, we estimated age-1
and older abundance of brown trout and quantified
population size structure for the entire removal reach
during 2009 through 2011. We also contrasted these
data with the range of natural variability observed
during 2003-2009 at annual monitoring sites.
Removal estimates for age 1 and older fish, for
which capture probability was relatively high
(P > 0.45), can produce accurate estimates of fish
abundance when heterogeneity in capture probability
owing to fish size is accounted for and data are
pooled (across years in the current study) to increase
sample size (Saunders et al. 2011). As a result, esti-
mates of age-1 and older brown trout provide a use-
ful means to evaluate the response to removal
efforts. In contrast, age-0 fish (<100 mm) are not
sampled efficiently with single-pass electrofishing
(ca. 25% capture probability), and thus removal esti-
mates of capture probability and abundance are fre-
quently biased (Peterson et al. 2004b; Rosenberger
& Dunham 2005). Therefore, we did not estimate
abundance of age-0 fish, but rather use total catches
of this age class as a relative abundance index to
compare across years. Capture probabilities for age-
0 fish were expected to vary little among years, as
sampling was consistently conducted during base
flow conditions, instream habitat changed little



during the course of the experiment (W. C. Saun-
ders, unpublished data), and electrofishing crews
were consistently lead by a supervisor with >3 years
of experience sampling removal reaches.

To evaluate whether mechanical removal reduced
brown trout abundance, we used age-specific capture
probabilities estimated from annual monitoring data
(Budy et al. 2007, 2008) to determine brown trout
abundance for age-1 and older fish inhabiting the
removal reach during 2009 through 2011. We pooled
data from the yearly sampling at annual monitoring
sites to estimate an average, single-pass, capture
probability for age-1 through age-3 and older fish at
either site using the Huggins closed capture estimator
(Huggins 1989) in Program MARK (White & Burn-
ham 1999). By pooling data across the 9 years of
sampling, we averaged across 9 years of capture data
(N = 2174 fish for RHF and 2072 for Logan River
removal reaches) to integrate variability associated
with different discharges and sampling crews. Fish
ages were determined based on otolith verified
length-at-age relationships for RHF and the Logan
River (Budy et al. 2008). We then used AIC.
(Akaike information criterion corrected for finite
sample sizes) to select the most parsimonious model
from a set of four a priori models, where capture
probability was: (i) constant among fish and passes,
(i1) influenced by behavioural responses to subse-
quent electrofishing passes, (iii) dependent on indi-
vidual fish length, and (iv) influenced by both
behavioural effects and fish length (Saunders et al.
2011).

We then used capture probability estimates for
the median length fish in each of the four age
classes (Table 1), and the single-pass removal data,
to estimate the abundance of brown trout present

Table 1. Summary of single-pass electrofishing removal efforts conducted
on Right Hand Fork and the Logan River during 2009 and through 2011.
Capture probability (SE) represents the probability of capturing the median
length fish for a given age class with a single pass of electrofishing.
Capture probability range (range) represents the range in annual capture
probabilities for each age class during annual monitoring 2003-2009.

Fish removed
Capture

Age class 2009 2010 2011 probability SE Range

Right Hand Fork

Age-0 406 1844 474 - — -
Age-1 1483 1614 2684 0.45 0.024 0.29,0.7
Age-2 2549 1603 1495 0.63 0.024 0.47,0.84
Age-3 and 383 392 313 0.74 0.028 0.61,0.90
older

Logan River
Age-0 39 173 107 - — -
Age-1 522 700 454 0.50 0.023 0.31,0.67
Age-2 154 714 172 0.76 0.012 0.58, 0.86
Age-3 and 410 596 133 0.90 0.01 079, 0.95
older

Salmonid response to mechanical removal

in the Logan River and RHF removal reaches dur-
ing 2009 through 2011. We used the delta method
(DeGroot & Schervish 2002) to derive 95% log-
normal confidence intervals for the number of fish
inhabiting removal reaches from the standard error
of the O-year average capture probability. We
judged significance of removal efforts to alter fish
abundance based on non-overlapping 95% confi-
dence intervals for age-1 through age-3 and older
separately.

We compared abundance estimates for the entire
RHF and Logan River removal reaches for 2009
through 2011 to evaluate changes at the reach scale.
We also used data from the RHF and Logan River
annual monitoring sites to evaluate the response to
manual removal within the range of natural variabil-
ity observed during 2003-2009. For each removal
reach, we compared length-frequency data among
years to evaluate changes in population size structure
and used a two sample Kolmogorov—Smirnov test, to
examine statistical differences in the size distribution
of populations (Sokal & Rohlf 1995). We pooled
across all fish capture data and constructed annual
length-frequency distributions for 2009 through 2011
using 10-mm size bins separately for the RHF and
Logan River removal reaches. To compare postre-
moval (i.e. 2010 and 2011) size distributions to prere-
moval data (i.e. 2003-2009) at annual monitoring
sites within each removal reach, we compared annual
size distributions with a two sample Kolmogorov—
Smirnov test and applied a Bonferroni correction for
multiple comparisons. We conducted all statistical
analyses using sas 9.2 (SAS 2008) and evaluated all
significant differences at the o = 0.05 level.

Results

Following mechanical removal during 2009-2011,
the age structure of brown trout populations in both
tributary (RHF) and main stem (Logan River) habi-
tats shifted temporarily towards a greater proportion
of smaller, juvenile fish. In the RHF removal reach,
we observed a large brown trout recruitment pulse
following the initial removal effort, which exceeded
the range of variability observed at annual monitoring
sites during 2003—-2009. However, a similar recruit-
ment event was not observed in the Logan River
removal reach. Overall, we observed strongly con-
trasting population age structures between the RHF
and Logan River removal reaches. In the RHF
removal reach, 95% of the brown trout, both before
and after mechanical removal, were <3 years of age,
whereas the Logan River removal reach supported
large proportions of age-3 and older brown trout dur-
ing 2009 (26%) and 2010 (21%), but not during
2011 (10%).
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Fig. 2. Number of brown trout estimated to be present (grey bars)
and removed during annual single-pass electrofishing removal
(black bars) during 2009 through 2011 in the Right Hand Fork
(top panel) and Logan River (bottom panel) removal reaches.
Abundance estimates and the number of brown trout removed are
presented separately for age-0 through age-3 and older (age-3 + )
individuals. Error bars are 95% log-normal confidence intervals
for the abundance of brown trout in each age class. Abundance
estimate for the Logan River removal reach in 2009 corresponds
to the estimated brown trout abundance for the entire removal
reach, whereas the number of brown trout removed corresponds
only to the 1.3 km sampled that year (see text).

Right Hand Fork removal reach

We removed 4826 brown trout from the 5.6-km RHF
removal reach during 2009 [0.2 fish m 2, 581 techni-
cian hours (Th) of effort], 5453 (0.22 fish m2, 757
Th) during 2010, and 4966 (0.20 fish m 2, 720 Th)
during 2011 (Fig. 2). Although the total number
of brown trout removed was similar during 2009—
2011, the age distribution of brown trout in the
RHF removal reach shifted significantly towards
juvenile fish (age-0 and age-1) during 2010 and 2011
(D2009-2010 = 0.27, P < 0.001;  D3pp9-2011 = 0.24,
P < 0.001; Fig. 3). During 2009, age-2 brown trout
(180-260 mm) was the most common age class (ca.
44% of the brown trout population), based on esti-
mated fish abundances (Fig. 2). However, during
2010 and 2011, age-0 and age-1 fish cumulatively
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Fig. 3. Length-frequency distribution for brown trout removed
from Right Hand Fork removal reach during 2009 through 2011.
Vertical bars designate the size range for age classes (see
Methods).

comprised, on average, 74% of the population and
age-2 brown trout comprised, on average, only 22%
of the population. Further, the abundance of age-2
brown trout in the RHF removal reach (Table 1) was
reduced by 37% in 2010 and 41% in 2011, relative
to pre-removal (2009) abundances (Fig. 2). In
contrast, abundance of the cohort born immediately
following the initial mechanical removal (i.e. 2010)
was greater than previously observed in RHF and
remained high for the duration of the study. Age-0
(<100 mm) brown trout were 4.5 times more
abundant during 2010, and age-1 brown trout
(100-179 mm) were 1.8 times more abundant during
2011 than during 2009.

The RHF annual monitoring site demonstrated a
greater proportion of juvenile brown trout than the
removal reach, but overall, there was a similar shift
towards more age-0 and age-1 brown trout following
mechanical removal. In general, natural, annual varia-
tion in brown trout abundance and age structure was
low at the RHF annual monitoring site prior to con-
ducting mechanical removal (Fig. 4). During 2010,
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Fig. 5. Length-frequency distribution for brown trout removed

from Logan River removal reach during 2009 through 2011. Ver-
tical bars designate the size range for age classes (see Methods).

we collected 1.7 times more age-0 brown trout than
previously observed (Fig. 4). Furthermore, during
2010 age-0 fish comprised 75% of all brown trout
collected at the annual monitoring site, relative to, on
average, only 28% during 2003 through 2009
(D =0.21-0.69, P < 0.001, after Bonferroni correc-
tion for multiple pairwise preremoval vs. postremoval
comparisons). Similarly, the abundance of age-1
brown trout during 2011 was among the greatest
observed during the 9-year monitoring period. How-
ever, the 2011 age distribution differed significantly
from only 2005 and 2009 when the greatest number
of mature fish were collected and 2006 when few
age-1 fish were collected (D = 0.26-0.39, P < 0.001,
after Bonferroni correction for multiple pairwise pre-
removal vs. postremoval comparisons).

Logan River removal reach

We removed 1125 brown trout from 1.3 km during
2009 (0.05 fish m~2, 121 Th, Fig. 2). During 2010
and 2011, we sampled the entire removal reach
(2.0 km) and removed 2184 (0.06 fish m~2, 200 Th)
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and 866 (0.02 fish m 2, 72 Th) brown trout, respec-
tively. During 2010, there were 3.0 times more age-2
and 2.9 times more age-0 brown trout present than
during 2009 (Fig. 2), resulting in a temporary
increase in the proportion of the annual brown trout
population composed of these age classes (Do
2010 = 0.14, P <0.001; Fig. 5). The significantly
greater numbers of brown trout present during 2010
were likely not an artefact of sampling efforts as: (i)
during 2010, the age structure of brown trout was
similar among habitats sampled during both 2009
and 2010 and those sampled only during 2010, and
(ii) the greater number of brown trout removed dur-
ing 2010 could not be explained by the total
additional area sampled during 2010, after accounting
for habitat type and average brown trout density.
During 2011, there were significantly fewer age-1
and age-3 and older brown trout relative to the two
prior years (ca. 36-41% reduction in age-1 and 78%
reduction in age-3 and older brown trout). Further-
more, the age structure of the brown trout population
in the Logan River removal reach during 2011, as in
the RHF removal reach, shifted significantly towards
a greater percentage of juvenile fish (Dsg00-
2011 — 0.26, P <0.001; D201(%2011 =0.32,
P < 0.001).

In comparison with the RHF annual monitoring
site, both abundance and age structure of the brown
trout population in the Logan River removal reach
were highly variable during 2003-2011 (Fig. 6). As
a result, the effects of mechanical removal on this
population of brown trout did not fall outside the
range of variability of fish collections for age-O or
abundance estimates for age-1 and age-2 fish. Counts
of age-0 brown trout and estimates of age-1 brown
trout abundance for the Logan River annual monitor-
ing site were similar during all 3 years mechanical
removal was conducted and similar to abundance
estimates from the previous time period 2003-2008.
Although significantly more age-2 individuals were
observed during 2010, the 2010 abundance was less
than that observed during the preremoval period from
2003 to 2006. In contrast, the abundance of age-3
and older brown trout during both 2010 and 2011 at
the Logan River annual monitoring site was signifi-
cantly lower than during 2003-2009.

Discussion

The results of our large-scale, mechanical removal
suggest that the high densities of subadult and adult
brown trout supported by the RHF removal reach
prior to conducting the removal (1.03 fish m 2, Budy
et al. 2008) resulted in either low survival rates
(potentially owing to competition or predation) or
high emigration rates during early life stages (hypoth-
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Fig. 6. Abundance estimates of age-0 through age-3 and older
brown trout in the Logan River annual monitoring site during
2003 through 2011. Confidence intervals are 95% log-normal
confidence intervals for the abundance of brown trout in each age
class. Note changes in y-axis scales.

esis III above). Prior to removal, there was extremely
low natural, interannual variation in brown trout
abundance and age structure in the Right Hand Fork



removal reach (Budy et al. 2008) relative to other
brown trout populations (Lobon-Cervia et al. 2011).
In contrast, during 2010, there were 4.5 times more
age-0 brown trout present in the RHF removal reach
than during 2009, and, on average, 5.4 times more
present in the monitoring reach than during 2003—
2009. Despite having removed 63-74% of adult
brown trout prior to spawning during 2009, the
significantly greater numbers of age-0 brown trout
present during 2010 and the high survival of this
postremoval cohort during 2011, suggest that strong
intercohort interactions may drive density-dependent
mechanisms regulating the brown trout sub-
population in Right Hand Fork. These results contrast
those of Budy et al. (2008), who analysed 8 years of
age-1 and older brown trout density and growth data
for the Logan River and observed only weak evi-
dence of density dependence among adult brown
trout, but none at early life stages. The contrasting
inferences about the structure of density-dependent
regulation of brown trout in the Logan River between
our manipulation of brown trout subpopulations and
annual monitoring efforts, provide further evidence
that density-dependent processes are difficult to
detect based on observational data alone (Jenkins
et al. 1999; Daufresne & Renault 2006), even when
the temporal and spatial extent of sampling is rela-
tively large, as is the case in the Logan River (Budy
et al. 2008).

Annual monitoring and large-scale population
manipulation on Right Hand Fork have demonstrated
that this low-elevation tributary to the Logan River
supports extremely high densities of juvenile and
adult brown trout (in excess of 1 fish m_z, Budy
et al. 2008). A combination of low elevation, result-
ing in moderate snow accumulations, and large
groundwater inputs in the Right Hand Fork removal
reach result in high base flow, moderate peak spring
discharge, and water temperatures that vary little
throughout the year (e.g. 2010 annual aver-
age = 9.7 °C, SE = 0.92). These conditions allow
for nearly year round growth and little risk of physi-
cal damage to overwintering eggs (Fausch et al.
2001; Wood & Budy 2009). Under these near ideal
conditions, it is not surprising that brown trout reach
high densities where population abundance is regu-
lated by density-dependent mechanisms.

Density-dependent effects on brown trout popula-
tions during early life stages may occur through a
variety of mechanisms (Milner et al. 2003), and when
present, may increase the probability that local popu-
lations serve as sources of recruitment for connected
habitats. Brown trout populations can demonstrate
high rates of juvenile dispersal (e.g. 30%, Crisp
1993) and strong intercohort interactions (Nordwall
et al. 2001; Kvingedal & Einum 2011). These

Salmonid response to mechanical removal

demographic processes could account for the substan-
tial emigration of age-0 brown trout from the RHF
removal reach prior to mechanical removal, and help
explain the relatively low levels of recruitment
observed at the RHF annual monitoring site. As a
result, the RHF removal reach may serve as an
important source of brown trout for the lower Logan
River and should be a priority for management of
exotic brown trout in this system.

Although we observed evidence for a density-
dependent increase in brown trout recruitment follow-
ing mechanical removal, it is likely that brown trout
remaining after annual removals in the RHF removal
reach also had lower, natural mortality rates. During
2011, there were significantly more age-1 brown
trout present in the RHF removal reach and annual
monitoring site than during other years, resulting
from high survival of the 2010 cohort (no immigra-
tion was possible). Additionally, there was likely
lower natural mortality of age-2 and older brown
trout following mechanical removal as well, as we
observed no subsequent reduction in adult abundance
after 2010. Therefore, brown trout that were not
removed from the RHF removal reach may have par-
tially compensated for removal efforts via lower natu-
ral mortality and high reproductive success. For
example, Meyer et al. (2006) observed a 700%
increase in brook trout recruitment 2 years after
removal stopped, which they attribute to low mortality
rates for fish that were not removed, and eventually
were recruited to the spawning population after
removal efforts ceased. Nonetheless, the large recruit-
ment event that occurred immediately following the
initial removal, suggest that density-dependent popu-
lation regulation had a primary role in determining the
response of the brown trout population to mechanical
removal in the RHF removal reach. These results have
important implications for management of brown
trout, and thus the conservation of native trout.

Habitats capable of supporting high densities of
exotic brown trout may also provide suitable and pre-
ferred habitat for native cutthroat trout, given the eco-
logical similarities between these two species. As
such, management targeting these locations may yield
high returns for conservation of native trout through
both brown trout suppression and expansion of
cutthroat trout populations. For example, the high
densities of salmonids supported in Right Hand Fork
suggest that this tributary could likely eventually
become a viable sub-population of native cutthroat
trout. Further, for systems like the Logan River
where nearly all spawning habitat available to
cutthroat trout is used annually (Budy et al. 2012),
locations that contain high quality spawning and rear-
ing habitat, in relatively high abundance, but were
previously unavailable to native fish, could provide a
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significant increase to cutthroat trout production at
the watershed scale. Therefore, restoration of Right
Hand Fork to Bonneville cutthroat trout could pro-
vide abundant new spawning gravels and rearing hab-
itat, as brown and cutthroat trout have similar
spawning criteria (Hickman & Raleigh 1982; Raleigh
et al. 1986), and the habitat in Right Hand Fork is
highly preferred.

In contrast to Right Hand Fork where there was
limited potential for recolonisation, brown trout
response to mechanical removal in the Logan River
removal reach may be driven by high rates of move-
ment between the removal reach and adjacent
impoundments  (hypothesis IV  above). Rapid
recolonisation by stream dwelling fishes has been
repeatedly documented following mechanical or
chemical removals (Lintermans 2000; Peterson et al.
2004a) and large-scale physical disturbances (Roghair
et al. 2002), when there is a nearby source for immi-
grants. Instream impoundments adjacent to the Logan
River reach may serve as important sources for
brown trout immigrants, and likely contributed, in
part, to the significantly greater numbers of age-2
brown trout present during 2010. Preliminary results
from ongoing mark-recapture sampling in the Logan
River removal reach suggest that emigration of large
adults from the downstream impoundment (ca. 55
immigrating adults per year, data not reported) likely
serves as a substantial source of brown trout for the
removal reach.

Overall, the brown trout population in the Logan
River removal reach demonstrates high annual varia-
tion in abundance and age structure, likely resulting
from brown trout immigration and altered hydrology
owing to management of the impoundments. As such,
effects of mechanical removal on the brown trout pop-
ulation in the Logan River removal reach were likely
tempered by fish immigration and recruitment dynam-
ics that resulted in substantial natural temporal popula-
tion variability. For example, although we observed
greater brown trout recruitment and age-2 abundance
following the initial removal, abundance of these age
classes were within the range of variability observed
at the Logan River annual monitoring site during
2003-2008. Ultimately, mechanical removal may be
of limited use to control exotic brown trout if potential
sources of colonists (e.g. impoundments) are not first
identified and controlled, as has been suggested for
other exotic salmonids (Peterson & Fausch 2003).

Although single-pass mechanical removal alone is
unlikely to eradicate exotic species, suppression of
brown trout may be sufficient to tip the ecological
balance in favour of native species. For example,
brown trout suppression may be sufficient to alter
competitive interactions between native and exotic
salmonids and allow native salmonids to withstand
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further invasion by exotic fishes through biotic resis-
tance (Moyle & Light 1996; Levine et al. 2004). The
level of biotic resistance exhibited will be a function
of the diversity, density and/or distribution of the
community of native species (Carey & Wahl 2010),
and their potential for strong interactions with exotic
species. Therefore, by reducing exotic brown trout
densities via mechanical removal, native salmonids
may be able to reduce the per capita rate of interac-
tion with exotic species and retain a competitive
advantage through superior numbers; however, cau-
tion must be taken owing to the potential for substan-
tial brown trout recruitment following a short-term
removal event.

Our results suggest that populations of exotic
brown trout rapidly compensate for moderate reduc-
tions in population density via mechanisms com-
monly reported for exotic salmonids in western
watersheds. Immediately following mechanical
removal, high rates of immigration from nearby
sources (Peterson & Fausch 2003), compensatory
mortality (Meyer et al. 2006) and density-dependent
recruitment drove population dynamics of brown
trout in main stem and tributary habitats of the Logan
River watershed. Given the rapid increase in biologi-
cal invasions in freshwater ecosystems, and the cost
of eradication programs, there is a strong need to
develop tools to prioritise management efforts. Our
results demonstrate how single-pass mechanical
removal programs can help identify regional hotspots
that serve as sources for exotic species, and allow
managers to prioritise management efforts in these
areas. Intensive management or eradication efforts in
such habitats may have a disproportionately large
effect on the population dynamics of exotic species at
the watershed scale and improve management efforts
to control exotic species at larger spatial scales.
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