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Abstract
Nonnative species have been shown to negatively impact the native community in which they are introduced. In

the Great Lakes, competition with nonnative salmonids may be hindering the restoration efforts of Atlantic salmon
Salmo salar, a once-native top predator in Lake Ontario. We examined the effects of brown trout S. trutta and rainbow
trout Oncorhynchus mykiss, two nonnative fishes in Lake Ontario, on the social dominance and growth rate of juvenile
Atlantic salmon from three strains being used for reintroduction efforts in Lake Ontario. Using seminatural stream
channels, we found that the presence of either rainbow trout or brown trout reduced aggression, dominance, and food
consumption of the Atlantic salmon. Brown trout had the strongest effect, increasing aggression levels in the channels
by a factor of two and sharply reducing the dominance of Atlantic salmon. When both nonnatives were present,
initiated aggression by Atlantic salmon decreased by a factor of three and food consumption halved as compared
with when the salmon were alone. Consequently, over a 7-d time period, standard growth rate of the Atlantic salmon
dropped from no change in mass when alone to a value of –0.3% per day when with the nonnative species. Of the three
strains tested, one strain was least affected by the nonnative trouts, implicating genetic differences among the strains
and suggesting that one strain may have greater poststocking success in Lake Ontario tributaries with naturalized
populations of brown trout and rainbow trout.

The introduction of nonnative species can negatively affect
individuals through competition and displacement (Hamilton
et al. 1999), as well as entire communities or ecosystems
by altering productivity and nutrient cycling (D’Antonio and
Vitousek 1992). Reductions in biodiversity and abundance of
biota within the ecosystem typically follow (D’Antonio and
Vitousek 1992; Olden et al. 2004). For example, establishment
of nonnative species like the zebra mussel Dreissena polymor-
pha and Eurasian water milfoil Myriophyllum spicatum have
sharply decreased species diversity in impacted native commu-
nities with dramatic species loss (Madsen et al. 1991; Ricciardi
et al. 1998). Nonnative species often overwhelm ecosystems
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leaving native species to cope or risk extirpation (Ricciardi et al.
1998).

Among fishes, salmonids are among the most widely in-
troduced species around the world (Crawford and Muir 2008).
Indeed, Edge et al. (1993) and Dewald and Wilzbach (1992)
showed that native fishes fed less in the presence of brown trout
Salmo trutta, while Nakano et al. (1998) found that introduced
brook trout Salvelinus fontinalis shifted foraging frequency,
microhabitat selection, and reaction distances of native bull
trout Salvelinus confluentus. Similarly, Kitano (2004) found
that rainbow trout Oncorhynchus mykiss, brown trout, and
brook trout have reduced native populations of whitespotted
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908 VAN ZWOL ET AL.

char Salvelinus leucomaenis, Dolly Varden Salvelinus malma,
masu salmon (also known as cherry salmon) Oncorhynchus
masou, and Sakhalin taimen (also known as Japanese huchen)
Hucho perryi, either directly by predation, or indirectly by
competition for resources. In fact, rainbow trout and brown
trout have had such widespread negative effects on native
ecosystems that they have been listed among the top 100 of the
world’s worst invasive alien species (Lowe et al. 2000).

In the Great Lakes, nonnative salmonids may also be
impacting the restoration efforts of native fishes (Crawford
2001). Specifically, Atlantic salmon Salmo salar was once a
native top predator in Lake Ontario but was extirpated at the
end of the 19th century through a combination of habitat loss
and exploitation (MacCrimmon 1977). During the past century,
there have been numerous attempts to restore this species, but
a naturally reproducing population has yet to be established
(Stanfield and Jones 2003). Conversely, nonnative rainbow
trout, brown trout, chinook salmon O. tshawytscha, coho salmon
O. kisutch, and sockeye salmon O. nerka, have been routinely
stocked in Lake Ontario tributaries to enhance recreational
fisheries (Crawford 2001; Stewart and Schaner 2002). Rainbow
trout and brown trout were both introduced starting in the
early 1900s from different populations across North America
and developed naturalized populations (MacCrimmon 1977;
Crawford 2001; Kerr 2006). The presence of these nonnative
salmonid species could be adversely affecting Atlantic salmon
restoration efforts (Grieg et al. 2003). Indeed, Scott et al. (2005)
examined brief interactions (<1 d) between some of these
nonnative salmonids and Atlantic salmon and noted adverse
impacts on social behavior of juvenile Atlantic salmon (also
see Scott et al. 2003). Other research revealed that interactions
with rainbow trout may heighten aggression, territoriality, and
competition for resources in stream because of niche overlap
with Atlantic salmon and, in some cases, these two species have
been considered ecological equivalents (Gibson 1981; Hearn
and Kynard 1986). In Europe, brown trout coexist with Atlantic
salmon (Armstrong et al. 2003) and are the more aggressive and
socially dominant of the two species (Stradmeyer et al. 2008).
Dominant individuals typically have preferential access to
resources, which can lead to increased growth and survivorship
(e.g., Ens and Goss-Custard 1984). In addition, in Lake Ontario
the presence of rainbow trout, brown trout, and other nonnative
salmonids increases species richness in the streams and lake
which can increase competition for the same resources and
likely alters the carrying capacity for Atlantic salmon simply
through density effects (Crawford 2001).

Understanding variation in behavior within a species is cru-
cial for determining the role phenotypic differences play in
restoration efforts and for understanding the impact of non-
native species (Curio 1996; Caro 1999). Knowledge derived
from such behavioral studies can aid in creating effective man-
agement strategies for the establishment of a species. As such,
we examined the potential effect that nonnative and ecolog-
ically similar salmonids have on Atlantic salmon during the

juvenile life stage. Using seminatural stream environments, we
observed agonistic and feeding behaviors of juvenile Atlantic
salmon in the presence of juvenile brown trout and rainbow
trout to determine if their presence hindered Atlantic salmon ag-
gression, food consumption, or growth. Although rainbow trout
and brown trout represent taxa that are subdivided into major
lineages (e.g., Bernatchez 2001; Blankenship et al. 2011), our
study focuses on the impact of the naturalized populations of
these species in the Laurentian Great Lakes watershed. We ex-
amined the comparative performance of three different strains
of Atlantic salmon, (LaHave River, Rivière aux Saumons [Lac
Saint-Jean], and Sebago Lake) that are being used as part of a
large-scale effort to reestablish Atlantic salmon in Lake Ontario
(Grieg et al. 2003). Thus, we were able to look at population-
specific genetic differences in Atlantic salmon behavior and
performance when in competition with the nonnative salmonids
and assess the potential importance of performance differences
within and among strains for reestablishing this formerly native
species in Lake Ontario.

METHODS
Study species.—In this study, brood stocks were used from

three Atlantic salmon populations. Past restoration efforts have
focused on stocking only one Atlantic salmon strain originating
from the LaHave River in Nova Scotia (Stanfield and Jones
2003; Dietrich et al. 2008). This strain was chosen primarily
because of its availability as a broodstock, rather than specific
ecological considerations (Grieg et al. 2003). The LaHave strain
of Atlantic salmon is anadromous, a life cycle thought to be
different from the original strain that inhabited Lake Ontario,
which may have spent its entire life cycle in freshwater (Blair
1938; Parsons 1973). The freshwater Sebago Lake strain from
Maine is both physiologically and (now) physically landlocked
(Ward 1932; Watts 1999). Finally, the Lac Saint-Jean strain
from Quebec lives entirely in freshwater much like the original
extirpated strain of Lake Ontario was believed to have been
(Blair 1938; Gage 1963).

As juvenile mortality among salmonids is high (Elliott 1990;
Good et al. 2001), restoration efforts in Lake Ontario stock
various age-groups of Atlantic salmon including 1.5-year-old
individuals. Our behavioral trials involved 1.5-year-old Atlantic
salmon (N = 504), brown trout (N = 180), and rainbow trout
(N = 180). All fish were reared from brood stocks established
by the Ontario Ministry of Natural Resources (OMNR). LaHave
Atlantic salmon (N = 168) and brown trout were obtained from
the OMNR Harwood Fish Culture Station (Harwood, Ontario),
while Lac Saint-Jean (N = 168) and Sebago Lake (N = 168)
Atlantic salmon and rainbow trout came from the OMNR Nor-
mandale Fish Culture Station (Normandale, Ontario). Fish were
of the same age and culture history as those routinely stocked in
streams feeding Lake Ontario. As such, the yearlings of the three
species differed in size (see below) as they do under local natural
conditions. Prior to the start of the experiment, fish were held for
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EFFECTS OF NON-NATIVE SALMONIDS ON ATLANTIC SALMON 909

one month at the OMNR Codrington Fisheries Research Facil-
ity (Codrington, Ontario) in flow-through tanks with an average
density of 0.6 fish/L, exposed to a natural light cycle, and fed
trout chow (Corey Aquafeeds, Fredericton, New Brunswick).

Experimental setup.—Seminatural streams were used to per-
form six behavioral trials in blocks between May and July 2009
at the Codrington hatchery. The streams were designed to pro-
vide substrate and flow conditions similar to those used by At-
lantic salmon and trout found in southern Ontario and area
streams (Gibson 1973; Hearn and Kynard 1986). Each stream
channel had an overall length of 2.4 m with a riffle and pool sec-
tion. The upstream riffle section was 1.6 m long, 0.4 m high, and
0.5 m wide with a water depth of approximately 0.2 m and flow
velocity of 0.18 ± 0.05 m/s. Substrate in the riffle consisted of
7–10 cm river rock and two 15–18 cm rocks to provide potential
cover. The riffle section was followed by a pool section measur-
ing 0.8 m long, 0.8 m high, and 0.5 m wide. The pool water depth
was 0.6 m with a surface current of 0.027 ± 0.025 cm/s. Pool
substrate consisted of river rock ranging in size from 2 to 10 cm.

Water from the hatchery’s surface water head pond (gravity-
fed system) was piped to the stream channels through a headbox
inside the hatchery, which ensured equal flow to all stream
channels. Water temperature was 9.8 ± 1.4◦C (mean ± SD).
Stream channels were set up in two parallel series of six
channels each. Water flowed from the headbox through the
first two channels and then into subsequent channels in both
series. Channels were connected using two 10-cm PVC pipes,
which were covered with wire mesh on one end to prevent the
movement of fish between channels.

Each trial block was composed of 12 treatments, with 12 fish
per treatment. Each Atlantic salmon strain underwent four treat-
ments: Atlantic salmon alone (12 fish), Atlantic salmon with
brown trout (+BT; 6 salmon, 6 trout), Atlantic salmon with rain-
bow trout (+RT; 6 salmon, 6 trout), and finally, Atlantic salmon
with both brown trout and rainbow trout (+BTRT; 4 salmon, 4
of each trout species). Density in the stream channels was 10
fish/m2, which is the upper end of densities found in the field
(Fransen et al. 1993), but by holding density constant, we were
still able to determine the relative strengths of intraspecific and
interspecific competition among ecologically similar species
(Fausch 1998). The three Atlantic salmon strains were consid-
ered separately in all trials (not mixed) in order to independently
evaluate their comparative performance. There were seven trial
start dates (one trial block had a pair of dates, due to logistical
constraints at the onset of the experiment, with the commence-
ment of four treatments followed by eight treatments).

At the beginning of each trial, fish were randomly selected
with similar catch effort and anesthetized with MS-222 (tri-
caine methanesulfonate). Once sedated, the initial mass and
total length of each fish were recorded. In order to observe and
record individual behavior and feeding, each fish was tagged
with a colored 2-cm vinyl anchor tag (Floy Tag & Mfg., Seattle,
Washington). Tags were applied using a fine fabric gun (Avery
Mark II Fine Fabric Pistol Grip) with a maximum insertion depth

of 0.95 cm. Tags were applied to either the left or right side of
the fish just below the dorsal fin to ensure all the fish within each
channel could be uniquely identified. Between fish, the needle
was disinfected with hydrogen peroxide and rinsed with water.
The fish were released into a flow-through holding tank to recu-
perate before being placed in the appropriate stream channel. A
random number generator was used to determine the placement
of each treatment in the 12 channels for each trial block.

Behavioral observations began the day after the fish were
tagged (day 1) and continued for 7 d. Behaviors were moni-
tored each day in both a morning and afternoon session using
a rig made up of three high definition camcorders (Sony HDR-
XR200V) set up above a stream channel: one camera above the
pool and two equally spaced out above the riffle section. The
camcorder rig could easily be moved from channel to channel
and was situated approximately 1 m above the water. Two rigs
were constructed (six cameras total), which enabled two stream
channels to be simultaneously recorded before moving the rigs
to the next pair of channels. The fish were given 15 min to ac-
climate to the presence of the camcorder rig before recording
began. Aggressive and feeding behaviors were then recorded
for 30 min.

In the morning session (0800–1230 hours), each day for
7 days, fish were fed trout chow (Corey Aquafeeds) and frozen
bloodworms (Chironomidae; Hikari, Japan). Specifically, every
minute for the first 10 min of a recording session, either 50–100
bloodworms or 1 g of trout chow were alternately released at the
top and middle of the stream channel, with the current carrying
food items through the channel to simulate natural invertebrate
drift (∼2% of biomass in each stream channel). Care was taken
to avoid being seen by the fish. The afternoon recordings (1400–
1830 hours) did not involve food. The order that channels were
filmed was randomized using a random number generator for
each day.

On day 8 of each trial, fish were collected from the stream
channels for final mass and length measurements. Collection of
fish began at the channels farthest from the headbox to prevent
disturbance. Netted fish were sedated with MS-222 before final
masses and lengths were recorded. The initial and final mass
measurements were used to calculate standard growth rate (%/d)
using the following equation (Bernier et al. 2004):

Standard growth rate = 100 × [loge(final mass)

− loge(initial mass)]/d fed.

Video analysis.—Analysis of the videos focused on aggres-
sive and feeding behaviors. Aggressive behaviors monitored
comprised chasing, charging, and nipping (see Keenleyside and
Yamamoto 1962 for definitions of behaviors). Feeding obser-
vations were of the number of items consumed. Aggressive and
feeding behavior data from 4 days of each trial were analyzed,
comprising day 1, 3, 5, and 7. Approximately 864 h of video
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910 VAN ZWOL ET AL.

were observed in real time and paused every time an action
occurred, with actor, act, and recipient recorded.

Statistical analysis.—Agonistic and feeding behaviors across
the 4 days were summed and converted to a rate by dividing by
the total time of observation. Dominance was calculated using
David’s score, which creates an index for individuals within
a social hierarchy based on an individual’s initiated and re-
ceived aggressive acts, while accounting for repeated interac-
tions among group members (David 1988; see Gammell et al.
2003 for details of the calculation).

Differences in initial mass and total length of the Atlantic
salmon strains were analyzed using one-way analysis of vari-
ance (ANOVA) models, with strain as the main effect. Student’s
t-tests were used post hoc to determine differences between
pairs of strains. Data of initiated aggression, received aggres-
sion, and food consumption were normalized using logarith-
mic (x + 1) transformation. Next, we conducted linear mixed
models to test the effects of strain and treatment on initiated
and received aggression, David’s scores, food consumption, and
standard growth rate. The interaction between strain and treat-
ment was included while initial mass was entered as a covariate
in the models. Trial block and channel number were entered
as random effects. We used a variance components covariance
structure and denominator degrees of freedom were calculated
using a Satterthwaite approximation (Satterthwaite 1946). When
main effects were significant or a significant interaction existed
between strain and treatment, Student’s t-tests were used post
hoc to determine differences in variables. To test the effect of
dominance on growth parameters, linear regression analysis was
used to compare David’s score and food consumption or stan-
dard growth rate.

To examine the effect of nonnative trout species on each
Atlantic salmon strain in multivariate space, we used direct dis-
criminant function analysis (DFA; Dunteman 1984). The DFA
examined the variation in the five aggression and growth vari-
ables (initiated and received aggression, David’s score, food
consumption, and standard growth rate) to assess how the three

Atlantic salmon strains clustered when alone or with nonna-
tive trout species by grouping each strain by the presence or
absence of nonnative trout species (e.g., LaHave individuals
alone or LaHave individuals with nonnatives). All nonnative
treatments were grouped together for this analysis. All five de-
pendent variables were included in the analysis as predictors
and the pooled within-group structure matrix was analyzed to
determine which variables most strongly correlated with the
discriminant functions. A two-way ANOVA was then used to
examine the effects of treatment (alone versus nonnative) and
strain on the first two DFA axes. All statistics were performed
using JMP 4 (version 4.0.2, SAS Institute Inc., Cary, North
Carolina), SPSS 16.0 (SPSS Inc., Chicago), or Microsoft Office
Excel 2003 (Microsoft Corporation, Redmond, Washington).
Presented P-values are two-tailed probabilities.

RESULTS
The strains of Atlantic salmon differed significantly from

one another in initial mass and total length (mass: F2, 297 =
71.5, P < 0.001; total length: F2, 297 = 37.8, P < 0.001, Table
1). Atlantic salmon from the Sebago Lake strain were the
largest, followed by Lac Saint-Jean fish, while those from the
LaHave strain were the smallest. Overall, the average mass of
Atlantic salmon was 40 ± 16 g (mean ± SD), while the average
length was 164 ± 22 mm. Brown trout had an average mass
of 39 ± 14 g and length of 151 ± 18 mm, while rainbow trout
were on average 21 ± 10 g and 126 ± 19 mm in length. Both
mass and length differed among the three species (initial mass:
F2,861 = 130.7, P < 0.001; length: F2,861 = 212.5, P < 0.001),
with Atlantic salmon being longer but not heavier than brown
trout (length: t401 = 7.85, P < 0.001; mass: t365 = 0.72, P =
0.47), while both species were longer and heavier than rainbow
trout (Atlantic salmon length: t370 = 21.9, Atlantic salmon
mass: t520 = 19.5, brown trout length: t358 = 13.0, brown trout
mass: t322 = 15.1; P < 0.001 for all comparisons).

TABLE 1. Summary of phenotypic and behavioral characteristics of three strains of juvenile Atlantic salmon in four treatments in seminatural stream behavioral
trials. Means ± SDs across all four treatments to which the strains were exposed (N = 168 in each strain) are shown. Different lowercase letters indicate significant
differences among strains (Student’s t-test; P < 0.05).

Atlantic salmon strains

Characteristic LaHave Lac Saint-Jean Sebago Lake

Initial mass (g) 30.9 ± 11.7 x 36.6 ± 9.7 y 53.2 ± 16.1 z
Total length (mm) 150 ± 22 x 162 ± 15 y 181 ± 18 z
Initiated aggression/h 2.8 ± 4.3 z 3.6 ± 4.4 z 1.3 ± 2.8 y
Received aggression/h 6.8 ± 6.2 z 6.6 ± 5.6 z 3.1 ± 3.2 y
David’s score −4.7 ± 13.5 −3.7 ± 14.8 −1.5 ± 7.8
Food consumption (items/h) 10.7 ± 10.5 z 8.8 ± 7.0 zy 7.4 ± 7.3 y
Standard growth rate (%/d) −0.12 ± 0.99 −0.06 ± 0.85 −0.15 ± 0.64
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EFFECTS OF NON-NATIVE SALMONIDS ON ATLANTIC SALMON 911

TABLE 2. Summary of linear mixed model results for the frequency of agonistic, foraging, and growth characteristics of three strains of juvenile Atlantic salmon
in four treatments in seminatural stream behavioral trials. Strain and treatment were coded as main factors; initial mass was treated as a covariate.

Dependent variable Independent Degrees of freedom F-statistic P-value

Initiated aggression/h Treatment 3,380.0 8.60 <0.001
Strain 2,355.1 28.1 <0.001
Initial mass 1,482.7 7.41 0.007
Strain × treatment 6,168.4 6.89 <0.001

Received aggression/h Treatment 3,474.3 27.6 <0.001
Strain 2,462.9 26.0 <0.001
Initial mass 1,488.8 9.90 0.002
Strain × treatment 6,366.9 6.67 <0.001

David’s score Treatment 3,491.0 26.0 <0.001
Strain 2,491.0 2.61 0.07
Initial mass 1,491.0 0.63 0.43
Strain × treatment 6,491.0 2.22 0.04

Food consumption (items/h) Treatment 3,466.7 13.29 <0.001
Strain 2,451.7 6.76 0.001
Initial mass 1,489.8 0.61 0.43
Strain × treatment 6,334.7 3.64 0.002

Standard growth rate (%/d) Treatment 3,472.7 5.16 0.002
Strain 2,472.8 0.21 0.81
Initial mass 1,486.6 18.6 <0.001
Strain × treatment 6,368.4 1.94 0.07

Agonistic Interactions and David’s Score
Treatment significantly influenced initiated and received ag-

gression and David’s score of Atlantic salmon (Table 2). Across
all strains, Atlantic salmon juveniles initiated more aggression
when alone than in either +BT and +BTRT treatments (+BT,
Student’s t-test, t258 = 2.28, P = 0.02; +BTRT, Student’s
t-test, t284 = 5.40, P < 0.001) and were significantly more
aggressive in the + RT treatment than in the +BTRT treatment
(Figure 1a). Initiated aggression by Atlantic salmon varied
between the +BT and +BTRT treatment with aggression
observed to be higher in the +BT treatment (Figure 1a).
Atlantic salmon also received much less aggression when alone
or in the + RT treatment compared with either +BT (alone,
Student’s t-test, t132 = 5.51; + RT, Student’s t-test, t165 =
4.37, P < 0.001 for both comparisons) or +BTRT treatments
(alone, Student’s t-test, t106 = 5.48; + RT, Student’s t-test, t178

= 3.90, P < 0.001 for both comparisons; Figure 1b). When
Atlantic salmon were alone or in the + RT treatment, they
scored higher David’s scores than in the +BT and +BTRT
treatments; David’s scores in the +BT treatment were lower
than the +BTRT treatment (Table 2; Figure 1c).

The strain of Atlantic salmon also influenced initiated and
received aggression (Tables 1, 2). The LaHave and Lac Saint-
Jean strains both initiated significantly more aggression than
Sebago Lake, whereas there was no difference in aggression
between Lac Saint-Jean and LaHave strains (Table 1). Analo-
gously, Sebago Lake received significantly less aggression than
both LaHave and Lac Saint-Jean, which did not differ from one

another (Table 1). An interaction between strain and treatment
was also found for both initiated and received aggression and
David’s score (Table 2, Table A.1 in the appendix). Sebago Lake
initiated and received the least aggression when alone or with
brown trout, whereas in the + RT treatment, Lac Saint-Jean
initiated significantly more aggression than either LaHave or
Sebago Lake (Figure 1). There was no difference among the
strains in either initiated or received aggression when they were
with both brown trout and rainbow trout (Figure 1). Sebago Lake
individuals scored significantly higher David’s scores than ei-
ther of the two other strains in the +BT treatment and in the
+BTRT treatment, this strain scored significantly higher than
LaHave individuals (Figure 1c).

As a covariate, initial mass of Atlantic salmon influenced
agonistic interactions: heavier individuals both initiated more,
and received fewer, aggressive acts (Table 2). However, initial
mass did not influence David’s score (Table 2).

Food Consumption and Standard Growth Rate
Food consumption and standard growth rate of Atlantic

salmon individuals were significantly influenced by treatment
(Table 2). Food consumption was highest when Atlantic salmon
individuals were with conspecifics, followed by consumption
in the + RT treatment, and was lowest in the two treatments
containing brown trout (+BT and +BTRT; Table 2; Figure 2a).
Standard growth rate largely mirrored the food consumption
data: it was highest in the alone and + RT treatments and was
the lowest in the +BT and +BTRT treatments (Figure 2b).
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FIGURE 1. Agonistic interactions and dominance of three strains of juvenile
Atlantic salmon (LaHave, Lac Saint-Jean, and Sebago Lake) in four treatments
in seminatural stream behavioral trials showing (a) the number of initiated
aggressive acts per hour, (b) the number of received aggressive acts per hour,
and (c) David’s score. The four experimental treatments include Atlantic salmon
alone (AS), Atlantic salmon with rainbow trout (+RT), Atlantic salmon with
brown trout (+BT), and Atlantic salmon with both brown trout and rainbow trout
(+BTRT). Behavioral observations were summed for individual fish and then
converted to a rate by dividing by the total observation time for a given channel.
Bars denote mean ± SE for each of the three strains, while dashed lines indicate
the mean of the three strains for each treatment. Different uppercase letters
indicate significant differences between treatments, while different lowercase
letters indicate significant differences among Atlantic salmon strains within a
specific treatment (at P < 0.05).

FIGURE 2. Feeding behaviors and growth of three strains of juvenile At-
lantic salmon (LaHave, Lac Saint-Jean, and Sebago Lake) in four treatments
in seminatural stream behavioral trials showing (a) the number of food items
consumed per hour and (b) the standard growth rate. The four experimental
treatments include Atlantic salmon alone (AS), Atlantic salmon with rainbow
trout (+RT), Atlantic salmon with brown trout (+BT), and Atlantic salmon with
both brown trout and rainbow trout (+BTRT; N = 6). Behavioral observations
were summed for individual fish and then converted to a rate by dividing by
the total observation time for a given channel. Bars denote mean ± SE for each
of the three strains, while dashed lines indicate the mean of the three strains
for each treatment. Different uppercase letters indicate significant differences
between treatments, while different lowercase letters indicate significant dif-
ferences among Atlantic salmon strains within a specific treatment (at P <

0.05).
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EFFECTS OF NON-NATIVE SALMONIDS ON ATLANTIC SALMON 913

The three strains also differed significantly in food consump-
tion but not standard growth rate (Tables 1, 2). LaHave con-
sumed significantly more food than Sebago Lake and more than
Lac Saint-Jean, albeit the latter effect was marginally nonsignif-
icant (post hoc t-test: t292 = 1.96, P = 0.052). An interaction
between strain and treatment revealed that Sebago Lake con-
sumed significantly fewer food items than either Lac Saint-Jean
or LaHave in all but the + RT treatment (Figure 2a, Table A.1
in the appendix). Conversely, the LaHave strain consumed more
food or equivalent amounts of food as compared to the other two
strains across the four treatments (Figure 2a). Despite these dif-
ferences in food consumption, however, there was no observed
difference in standard growth rate among the strains in any of
the treatments during the 7-d trials (Figure 2b).

David’s score was positively related to both food consump-
tion and standard growth rate of the Atlantic salmon (food con-
sumption, linear regression: R2 = 0.008, β = 0.09, N = 504,
P = 0.05; standard growth rate, linear regression: R2 = 0.01, β

= 0.11, N = 504, P = 0.01).

Discriminant Function Analysis
Differences in aggression and growth predictors among At-

lantic salmon strain groupings were detected by the DFA (χ2
(25)

= 267.7, P < 0.001, Figure 3). The second function was also
significant (χ2

(16) = 109.1, P < 0.001), as were the third (χ2
(9) =

30.1, P < 0.001) and fourth functions (χ2
(4) = 12.1, P = 0.02).

The first and second discriminant functions of the analysis ac-
counted for 62% and 28% of the variation, respectively, and
were the focus of our analysis. The first discriminant function
(DFA 1) was positively correlated with initiated and received
aggression and negatively with, to a lesser extent, David’s score
(Table 3; Figure 3).

The two-way ANOVA revealed that for DFA 1, all three
strains differed significantly from one another (F2,498 = 82.8,
P < 0.001) with the Lac Saint-Jean strain scoring the high-
est, followed by LaHave and then Sebago Lake individuals
(Figure 3). Treatment also influenced DFA 1 (F1,498 = 7.30,
P = 0.007), with higher scores generally observed in the nonna-
tive treatments. There was also, however, an interaction between
strain and presence of nonnatives (F2,498 = 11.6, P < 0.001): Se-
bago Lake and Lac Saint-Jean, but not LaHave individuals had
higher DFA 1 values in the nonnative versus alone treatments
(Figure 3).

The second discriminant function (DFA 2) was positively
correlated with initiated aggression, food consumption, growth
rate, and David’s score and negatively with received aggression
(Table 3). For this function, a two-way ANOVA found that while
the strains did not vary (F2,498 = 2.08, P = 0.12), the presence of
nonnative trout species significantly influenced canonical scores
(F1,498 = 80.6, P < 0.001), with strains initiating less aggression,
consuming less food, growing less and having lower dominance
scores, but receiving more aggression in the presence rather
than absence of the nonnative trout species. The interaction

between strain and the presence of nonnatives was not significant
(F1,498 = 0.39, P = 0.68).

DISCUSSION
Although we cannot fully rule out the effects of body size

among species, our data suggest that the presence of nonnative
salmonids affects the aggressive and foraging behavior of
juvenile Atlantic salmon. When juvenile Atlantic salmon were
with conspecifics only, the level of aggression received by
individual fish was lowest and the level of food consumption
was highest. Additionally, Atlantic salmon were most aggres-
sive in the conspecific treatment, as the presence of nonnative
trout suppressed the amount of aggression Atlantic salmon
initiated. Specifically, brown trout exerted a stronger influence
on Atlantic salmon than rainbow trout. These data mirror
those of other researchers including Stradmeyer et al. (2008),
who found that juvenile brown trout were always dominant to
Atlantic salmon. Using both stream channels and field surveys,
Hearn and Kynard (1986) found that wild rainbow trout and
juvenile Atlantic salmon compete and Blanchet et al. (2009)
found that food consumption of juvenile Atlantic salmon was
lowered in the presence of rainbow trout. Collective evidence
now suggests that nonnative salmonids, particularly brown
trout, can have strong behavioral effects on Atlantic salmon.

Body size is an important factor in determining the outcome
of contests among conspecifics. Many studies have shown
that dominance in fish is directly linked to larger body size
(e.g., Abbott et al. 1985; Beaugrand et al. 1996). However, this
relationship between body size and dominance did not exist
for Atlantic salmon in our study. Consistent with our data,
Huntingford et al. (1990) examined dominance competitions
between pairs of juvenile Atlantic salmon in spring and summer
(when we conducted our trials) and found no evidence that
dominance tests were won by larger fish, regardless of the size
difference between a pair. Interestingly, when the experiment
was conducted in September, the relationship did exist with
72% of the dominance tests being won by the larger fish of a
pair (Huntingford et al. 1990). The study found, however, that
aggression levels strongly influenced the social dominance of
an individual. These data suggest that dominance is a function
of behavior and that large body size may be a consequence, not
a cause, of dominance, at least in some salmonids.

It is well known that subordinate fish exhibit less growth as
a result of the behaviors of dominant fish. This pattern has been
shown in a number of salmonids (e.g., Atlantic salmon and
brook trout; Gibson 1973). Consistent with these studies, we
found that the presence of brown trout suppressed the growth
rate of Atlantic salmon, which were typically subordinate to
the brown trout. We also found that in the brown trout and At-
lantic salmon treatment, subordinate fish grew at rates much
lower than dominant fish, and food consumption of Atlantic
salmon significantly declined as compared with when Atlantic
salmon were alone. While dominant brown trout are known to
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FIGURE 3. Canonical plot of the first two functions of the discriminant function analysis (DFA 1, DFA 2) examining the variation of aggression and growth
measurements among three strains of juvenile Atlantic salmon in four treatments in seminatural stream behavioral trials. Treatments with nonnative species present
(NN) were grouped together and compared with the Atlantic salmon alone treatment for the LaHave (LH), Lac Saint-Jean (LSJ), and Sebago Lake (SL) strains.
The symbols represent strain centroids (with 95% confidence intervals).

monopolize feeding areas, reducing feeding opportunities of
subordinates (Höjesjö et al. 2005), Metcalfe (1986) has postu-
lated that regardless of the actions of the dominant fish, it is
better for subordinate fish to minimize energetic costs, rather
than maximize food intake. Although we did not directly quan-

tify the behavioral tactics used to acquire food, our results are
consistent with Metcalfe (1986). For example, Sebago Lake
salmon appeared to choose a growth strategy that minimized
energy expenditure, opting out of the competition and conse-
quently consuming the least amount of food and losing the most

TABLE 3. Summary of discriminant function analysis (DFA) of agonistic and growth measurements of three strains of juvenile Atlantic salmon in four treatments
in seminatural stream behavioral trials. The DFA was performed on five agonistic and growth measurements of the LaHave, Lac Saint-Jean, and Sebago Lake
strains. Treatments with nonnative species present were grouped together and compared with the Atlantic salmon alone treatment for each strain. Values represent
pooled within-group correlations of canonical roots and standardized canonical discriminant function coefficients.

Correlation of variables with discriminant
functions

Standardized canonical discriminant
function coefficients

Variable DFA 1 DFA 2 DFA 3 DFA 4 DFA 1 DFA 2 DFA 3 DFA 4

Initiated aggression/h 0.641 0.632 –0.05 0.395 1.26 0.706 −0.460 −0.679
David’s score −0.161 0.564 −0.463 0.587 −0.797 −0.81 −0.169 1.26
Received aggression/h 0.640 −0.397 0.462 0.461 0.157 −0.792 0.344 0.962
Food consumption (items/h) 0.067 0.580 0.786 0.198 −0.493 0.565 0.788 0.271
Standard growth rate (%/d) −0.022 0.263 0.490 −0.137 0.16 −0.164 0.247 −0.220
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mass of the three strains in the treatments with nonnative trout.
Regardless of the actual feeding tactics used by Atlantic salmon,
our data clearly show that Atlantic salmon feed less in the pres-
ence of dominant brown trout and consequently display reduced
growth.

Community ecology studies have long shown that compe-
tition among ecologically similar species can lead to spatial
separation or shifts in resource use if the species continue to
live in sympatry (e.g., Werner and Hall 1977; Langeland et al.
1991). Brown trout and Atlantic salmon have historically co-
existed in rivers in Europe (Höjesjö et al. 2005) but tend to
spatially separate in streams, largely driven by the aggressive
behavior of brown trout (Armstrong et al. 2003). Our study con-
firmed the dominance of brown trout over Atlantic salmon as
has been shown by Stradmeyer et al. (2008). Additionally, we
found that the food consumption and growth of Atlantic salmon
declined in the presence of brown trout. Rainbow trout and
Atlantic salmon, however, have not historically coexisted, yet
studies have shown there is a degree of niche overlap (Gibson
1981; Hearn and Kynard 1986), which we expected would in-
fluence the agonistic interactions and growth of Atlantic salmon
in our study. Similar to research by Blanchet et al. (2008), the
presence of rainbow trout did not affect the food consumption
or growth rate of Atlantic salmon. Atlantic salmon received no
more aggression in the presence of rainbow trout than they did
in the conspecifics treatment. These data support a study by
Volpe et al. (2001) that found that although rainbow trout were
much more aggressive than Atlantic salmon, agonistic interac-
tions were largely between rainbow trout conspecifics and not
Atlantic salmon. Hence, it is conceivable that although there is
niche overlap between these two species, rainbow trout largely
ignore Atlantic salmon, at least during agonistic interactions.
Thus, density issues aside, these data suggest that brown trout,
more than rainbow trout, influence Atlantic salmon agonistic
and feeding behaviors, and unless spatial separation is possible
for brown trout and Atlantic salmon, competition between these
two species poses a threat to Atlantic salmon establishment in
Lake Ontario streams.

Behavioral differences among populations or strains within
a species have been observed across many taxa (e.g., Jones
1977; Rex et al. 1996; Moretz et al. 2007), and comparing
these differences can provide an understanding of phenotypic
attributes that will strengthen efforts of native species reintro-
duction (Curio 1996). One important attribute for successful
establishment and persistence is aggression (as reviewed by
Holway and Suarez 1999). We have shown differences among
Atlantic salmon strains in both aggressive and feeding behav-
iors. Indeed, the Lac Saint-Jean strain initiated the most aggres-
sion and lost the least mass of the three strains, suggesting they
are better competitors against brown trout and rainbow trout,
two nonnative species prevalent in Lake Ontario tributaries.
The DFA confirmed these strain differences by showing that the
presence of nonnative trout species influenced the LaHave and
Sebago Lake strains the most but had less of an impact on the

Lac Saint-Jean strain. Differences observed here suggest that
stocking the Lac Saint-Jean strain, the strain believed to be the
closest geographically and genetically of the three strains to the
original Lake Ontario population (Dimond and Smitka 2005),
will achieve greater restoration success as they are better com-
petitors against brown trout and rainbow trout. Indeed, the fact
that LaHave strain was the most significantly affected by the
presence of the nonnative trout may explain the previous failed
attempts of restoring Atlantic salmon with this strain.

High species richness can lead to competition for resources,
resulting in declines in growth rates of the competing species.
This effect has been shown in, for example, sunfish (Centrar-
chidae; Mittelbach 1988), Daphnia spp. (Bengtsson 1993), and
desert annuals, where competition among the plants leads to de-
creases in growth, biomass, and fecundity (Inouye et al. 1980).
We found that the presence of multiple salmonid species led
to increases in aggression received and, in the case of Atlantic
salmon, reductions in food consumption and growth. Such inter-
actions often lead to partitioning of habitat and resources among
the competing species allowing the individuals to coexist (e.g.,
Robertson and Gaines 1986; Young 2001). Because of our ex-
perimental setup, we could not easily assess potential habitat or
resource partitioning. Nevertheless, we found no evidence that
Atlantic salmon shifted habitat use across the pool and riffle
sections when alone versus with either or both of the nonnative
species. Regardless, our data suggest that high salmonid species
richness could be detrimental for Atlantic salmon during the
stream stage of life. Assessing the species community of tar-
geted streams and rivers for Atlantic salmon restoration may
also help to alleviate competition for Atlantic salmon.

In conclusion, our data point to some considerations that may
help to direct restoration of Atlantic salmon among the natural-
ized populations of brown trout and rainbow trout in the Lauren-
tian Great Lakes watershed. First, the three strains are predicted
to have differential poststocking ecological success in tribu-
tary environments, with Atlantic salmon originating from Lac
Saint-Jean outperforming the LaHave and Sebago Lake strains.
Whether these differences would similarly extend to increased
performance in Lake Ontario in terms of growth, survival, and
adult returns still needs to be determined. Second, the success-
ful establishment of juvenile Atlantic salmon may be greatly
impeded by the presence of brown trout. Lake Ontario rainbow
trout appear to have less of an influence on Atlantic salmon,
albeit high species richness did impede the performance of At-
lantic salmon. As such, we suggest avoiding stocking juvenile
Atlantic salmon in Lake Ontario streams with high densities of
brown trout or in streams with multiple established salmonid
species.
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APPENDIX: SUPPLEMENTAL DATA FOR ATLANTIC SALMON

TABLE A.1. Agonistic interactions, growth, and physical measurements (means ± SDs) of three strains of juvenile Atlantic salmon in four treatments in
seminatural stream behavioral trials. The four experimental treatments were Atlantic salmon alone (N = 72 for each strain), Atlantic salmon with rainbow trout
(N = 36 for each strain), Atlantic salmon with brown trout (N = 36 for each strain), and Atlantic salmon with both brown trout and rainbow trout (N = 24 for
each strain). Physical measurements of the trout species are included with sample sizes in parentheses under the treatment column.

Treatment
Initial

mass (g)

Total
length
(mm)

Initiated
aggression/

h

Received
aggression/

h
David’s
score

Food
consumption

(items/h)

Standard
growth rate

(%/d)

Alone
LaHave 30.0 ± 11.0 146 ± 20 4.1 ± 4.7 4.9 ± 3.8 0.0 ± 15.1 11.6 ± 10.8 –0.1 ± 0.9
Lac Saint-Jean 35.3 ± 8.8 160 ± 14 4.5 ± 5.3 5.4 ± 4.1 0.0 ± 15.8 12.3 ± 7.7 0.1 ± 0.6
Sebago Lake 55.2 ± 17.9 183 ± 19 1.3 ± 3.6 1.6 ± 1.9 0.0 ± 6.0 9.1 ± 8.1 0.0 ± 0.7

+ Rainbow trout
LaHave 31.5 ± 13.9 152 ± 24 1.5 ± 2.9 3.8 ± 4.5 –1.4 ± 8.9 8.7 ± 9.6 0.0 ± 1.1
Lac Saint-Jean 37.1 ± 8.9 162 ± 13 4.2 ± 4.2 6.4 ± 4.6 0.6 ± 15.0 8.5 ± 5.4 0.1 ± 1.1
Sebago Lake 48.9 ± 10.9 176 ± 14 1.6 ± 2.0 3.6 ± 3.0 0.2 ± 8.5 8.6 ± 7.0 0.0 ± 0.4
Rainbow trout (108) 21.1 ± 10.2 127 ± 20

+Brown trout
LaHave 31.3 ± 11.0 152 ± 23 3.0 ± 5.2 12.2 ± 8.2 –13.8 ± 11.1 12.6 ± 12.2 –0.1 ± 1.1
Lac Saint- Jean 35.9 ± 12.2 159 ± 20 2.5 ± 3.3 9.1 ± 8.2 –13.9 ± 10.9 4.7 ± 4.8 –0.5 ± 0.7
Sebago Lake 53.1 ± 17.5 181 ± 18 1.0 ± 2.3 3.8 ± 4.1 –4.6 ± 8.7 5.2 ± 6.1 –0.4 ± 0.6
Brown trout (108) 39.5 ± 13.2 151 ± 17

+Brown trout and rainbow trout
LaHave 32.6 ± 11.7 156 ± 24 0.8 ± 1.4 9.0 ± 4.9 –10.4 ± 7.9 8.4 ± 7.4 –0.2 ± 0.8
Lac Saint-Jean 40.7 ± 8.6 167 ± 13 1.6 ± 2.2 7.0 ± 4.8 –5.9 ± 8.2 4.8 ± 4.1 –0.1 ± 1.0
Sebago Lake 54.2 ± 14.3 180 ± 17 1.2 ± 1.5 5.6 ± 3.0 –3.8 ± 7.7 3.7 ± 4.5 –0.5 ± 0.4
Brown trout (72) 39. 1 ± 14.3 150 ± 18
Rainbow trout (72) 20.0 ± 8.5 126 ± 19
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