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Abstract – Although non-native species can sometimes threaten the value of ecosystem services, their presence can
contribute to the benefits derived from the environment. In the Great Lakes, non-native brown trout (Salmo trutta)
and rainbow trout (Oncorhynchus mykiss) support substantial recreational fisheries. With current efforts underway
to restore once-native Atlantic salmon (Salmo salar) to Lake Ontario, there is some concern that Atlantic salmon
will impede non-native contributions to the recreational fishery because Atlantic salmon exhibit niche overlap with
brown trout and rainbow trout, particularly during the juvenile life stage. We therefore examined competition and
growth of juvenile Atlantic salmon, brown trout and rainbow trout in semi-natural streams. We found that brown
trout were the most dominant and had the greatest growth rate regardless of what other species were present.
Rainbow trout were more dominant than Atlantic salmon and consumed the most food of the three species.
However, in the presence of brown trout, rainbow trout fed less frequently and exhibited negative growth as
compared to when the rainbow trout were present with only Atlantic salmon. These data suggest that, outside of
density-dependent effects, Atlantic salmon will not impact stream production of brown trout and rainbow trout.
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Introduction

Invasive species, more generally the presence of non-
native species, can threaten ecosystem processes and
the associated services. For instance, the introduction
of non-native species can adversely affect native spe-
cies through competition, predation or displacement
at the individual level (Race 1982; Hamilton et al.
1999; Morita et al. 2004; Blanchet et al. 2007). Non-
native species that exhibit niche overlap with ecologi-
cally similar native species can drive competition for
food and shelter (Hearn & Kynard 1986), and unless
the species diverge in resource use, the native species
may become extirpated (Morita et al. 2004). Indeed,
controlling invasive species in the Great Lakes are
estimated to cost Canada and the United States over
$1 billion a year (reviewed by Lovell et al. 2006).
Sustainably managing natural resources and their ser-

vices thus often requires limiting competitive interac-
tions of native and non-native species.
On the other hand, non-native species can contrib-

ute to ecosystem processes and services and can
sometimes even facilitate the restoration of native
species (Ewel & Putz 2004). For example, while the
introduction of zebra mussels (Dreissena polymor-
pha) in inland waters of North America has typically
been associated with a number of negative biotic and
abiotic changes, the species enhances both water clar-
ity and quality, increasing light transmittance and
enabling greater growth of benthic plants and filtering
of a wide range of particles from the water column
(reviewed by MacIsaac 1996). The increased water
clarity and quality has enhanced the growth of native
wild celery (Vallisneria americana) and water star-
grass (Zosterella dubia, Zhu et al. 2006) and has also
enhanced services through water activities including
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recreational diving (Jones et al. 2006). Introduced
non-native salmonids in the Great Lakes provide
another example, as these species have strengthened
local economies through the recreational fisheries
(Toth & Brown 1997; Brown & Connelly 2009).
In Lake Ontario, non-native salmonid species rou-

tinely stocked include brown trout (Salmo trutta),
rainbow trout (Oncorhynchus mykiss), chinook sal-
mon (O. tshawytscha) and coho salmon (O. kisutch)
(Crawford 2001; Mills et al. 2003). Current efforts
are now underway to restore a once-native top preda-
tor of the lake, the Atlantic salmon (Salmo salar).
Atlantic salmon were extirpated at the end of the
20th century (MacCrimmon 1977). Atlantic salmon
and naturalised brown trout and rainbow trout, how-
ever, share similar habitat (Hearn & Kynard 1986;
Harwood et al. 2002; Heggenes et al. 2002), and evi-
dence suggests that intense competition for resources
could occur among these species (Volpe et al. 2001;
Scott et al. 2005; Stradmeyer et al. 2008). For exam-
ple, brown trout may restrict habitat use of the lesser-
aggressive Atlantic salmon (Heggenes et al. 1999).
Indeed, there is concern that competition between
Atlantic salmon, brown trout and rainbow trout will
hinder both the restoration effort and the current eco-
logical services provided by the non-native species
(e.g., Dietrich et al. 2008). Thus, it is essential to
examine the potential impact of stocking Atlantic sal-
mon in streams with juvenile brown trout and rain-
bow trout.
Using semi-natural stream environments, we exam-

ined dominance, feeding behaviours and growth rates
of juvenile Atlantic salmon, brown trout and rainbow
trout. Behavioural interactions of these three salmo-
nid species largely occur in streams during the juve-
nile life stage, and this life stage is critical for
recruitment and population viability (see Elliott 1990;
Good et al. 2001). We predicted that, if brown trout
and rainbow trout were more dominant competitors
than Atlantic salmon, as past research suggests
(Harwood et al. 2001; Volpe et al. 2001; Armstrong
et al. 2003), performance of the trout species would
not be affected by the presence of Atlantic salmon.

Methods

Study species

The experiment evaluated 1.5-year-old Atlantic sal-
mon (S. salar), brown trout (S. trutta) and rainbow
trout (O. mykiss) reared from brood stocks created by
Ontario Ministry of Natural Resources (OMNR) in
support of the effort to restore Atlantic salmon in
Lake Ontario (L. Grieg, B. Ritchie, L. Carl & C. A.
Lewis, unpublished data). Juvenile mortality among
salmonids is high (Elliott 1990; Good et al. 2001), so

restoration efforts in Lake Ontario stock various age
groups of Atlantic salmon including 1.5-year-old
individuals. Fish were obtained from OMNR
Harwood Fish Culture Station (Harwood, Ontario,
Canada) and OMNR Normandale Fish Culture Sta-
tion (Normandale, Ontario, Canada) and were of the
same age and culture history as those stocked in Lake
Ontario streams. Similar to local stocking conditions,
the yearlings of these species differed in size. Prior to
the start of the experiment, fish were held for
1 month at the OMNR Codrington Fisheries
Research Facility (Codrington, Ontario, Canada) in
flow-through tanks with an average density of 0.6
fish·l�1 (in large groups, >250 fish per tank) and were
exposed to a natural light cycle and fed trout chow
(Corey Aquafeeds, New Brunswick, Canada).

Experimental set-up

Semi-natural stream channels were constructed to
perform six trial blocks examining behaviour and
growth between May and July 2009 at the Codring-
ton hatchery. The channels were designed to provide
substrate and flow conditions similar to those used by
trout and Atlantic salmon found in southern Ontario
streams (Gibson 1973; Hearn & Kynard 1986). The
stream channels were 2.4 m in length and 0.5 m in
width and divided into a riffle (0.2 m deep by 1.6 m
long) and pool (0.6 m deep by 0.8 m long). Ambient
flow in the riffle was 0.18 ± 0.05 m·s�1 (±SD) and
0.027 ± 0.025 m·s�1 in the pool. Water from the
hatchery’s surface-water head pond (gravity-fed sys-
tem) was piped to each of the stream channels
through a headbox inside the hatchery, ensuring
equal flow to all stream channels. Water temperature
in the stream channels over the trials was 9.8 ±
1.4 °C (±SD). For greater detail of the design of the
stream channels, the reader is referred to the study of
Van Zwol et al. (2012a).
A trial block used nine stream channels and con-

sisted of three replicates of three treatments with 12
individuals in each replicate: Atlantic salmon with
brown trout (six salmon, six trout), Atlantic salmon
with rainbow trout (six salmon, six trout) and Atlan-
tic salmon with both trout species (four salmon, four
of each trout species). Six trial blocks were per-
formed using a total of 288 Atlantic salmon (=6
blocks 9 3 replicates 9 [6 + 6 + 4 fish across the
three treatments containing Atlantic salmon]), 180
brown trout and 180 rainbow trout (=6 blocks 9 3
replicates 9 [6 + 4 fish across the two treatments
containing a given trout species]). Fish density in the
stream channels was held constant at 10 fish·m�2,
which is at the high end of those found in streams in
Ontario, yet this set-up allowed us to effectively
determine the relative strengths of intraspecific and
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interspecific competition between the species (see
Fausch 1998). There were seven trial start dates as
logistical constraints at the onset of the experiment
resulted in one trial block having a pair of dates, with
the commencement of three treatments followed by
six treatments.
At the beginning of each trial block, fish were hap-

hazardly selected using similar catch effort and
sedated with MS-222. Initial mass and total length
were measured, and fish were individually tagged
below the dorsal fin with a coloured 2-cm vinyl
anchor tag (Floy Tag & Mfg. Inc., Seattle,
Washington, DC, USA) for later recognition in video
analysis. Tags were applied to either the left or right
of the dorsal fin to ensure all fish within each tank
could be uniquely identified. Fish recuperated in a
flow-through holding tank prior to being placed in
the appropriate stream channel. The placement of
each treatment in the nine stream channels was deter-
mined by a random number generator.

Behavioural analysis

Behavioural observations of the fish began the day
after tagging (day 1) and continued for 7 days, in the
morning (0800–1230 h) and afternoon (1400–
1830 h). Three high-definition camcorders (Sony
HDR-XR200V, Toronto, ON, Canada) were used to
record a stream channel with one camera above the
pool and two equally spaced above the riffle. The
fields of view from the three cameras covered the
entire stream channel to ensure that all behaviours
could be observed. Camcorders were attached to a
portable rig situated approximately 1 m above the
water; the rig allowed the cameras to be easily moved
among the nine channels. Two rigs were constructed
(six cameras in total), enabling two stream channels
to be recorded simultaneously before moving the rigs
to the next pair of stream channels. The rigs were left
in place for 15 min prior to recording to allow the
fish time to acclimate to the presence of the camcord-
ers. The fish were then recorded for 30 min.
Trout chow (Corey Aquafeeds; Fredericton, New

Brunswick, Canada) and frozen bloodworms (Chiro-
nomidae; Hikari®, Kyorin Co., Ltd, Himeji, Hyogo,
Japan) were alternately provided each minute (~1 g
trout chow or 50–100 bloodworms each minute) for the
first 10 min of the morning recording session (~2% of
biomass in each stream channel). Food items were
released at the top and middle of a stream channel, with
the current carrying food items through the stream
channel to simulate natural invertebrate drift. The order
in which stream channels were recorded was deter-
mined each day using a random number generator.
Behavioural data from 4 days of each trial were

analysed, comprising days 1, 3, 5 and 7. Each time

an action occurred, the recording was paused with
actor, act and recipient recorded. Aggressive behav-
iours comprised chasing, charging and nipping,
which were summed for each individual and divided
by the number of hours of video observed for the
tank (see Keenleyside & Yamamoto (1962) for defi-
nitions of behaviours). These data were used to calcu-
late a dominance score for each fish using David’s
score, which uses both an individual’s initiated and
received aggression while accounting for repeated
interactions between group members (see David
1988; Gammell et al. 2003 for details of the calcula-
tion). The higher the David’s score achieved, the
higher the dominance status of the fish.
Feeding acts were recorded for each fish and

defined as snapping or biting movements that were
not directed towards other fish in the stream channel,
in addition to bites directed at the substrate of the
channel for food items that had settled out of the
water column (see Brown & Brown 1996). The num-
ber of feeding acts was used to calculate food con-
sumption rate by dividing the number of distinct acts
by the number of hours of video observed for the
tank. No differentiation was made between consump-
tion of blood worms versus trout chow in the calcula-
tion.
On the final day of each trial block (day 8), fish

were collected from the stream channels for final
mass and length measurements. Netting of fish started
at the channels farthest from the headbox. Using ini-
tial and final mass measurements, standard growth
rate (SGR) was calculated as follows: SGR =
100 9 [ln (final mass)�ln (initial mass)]/days fed
(e.g., Bernier et al. 2004).

Statistical analysis

Behavioural data for Atlantic salmon have been dis-
cussed in detail elsewhere (Van Zwol et al. 2012a,b);
thus, analyses in the current manuscript focus on
brown trout and rainbow trout. The Atlantic salmon
data presented here represent a subset of those pre-
sented in the study of Van Zwol et al. 2012a,b and
are used as a comparison to values from the two trout
species.
Differences in initial mass and total length of the

species were analysed using one-way analysis of var-
iance (ANOVA). We then used linear mixed models to
examine the effects of species and treatment on food
consumption rate, standard growth rate and David’s
score. Treatment was nested within species, initial
mass was treated as a covariate, and channel number
and trial block were entered as nominal, random fac-
tors. If a random factor was nonsignificant
(P > 0.05), the factor was removed from the final
model using a backwards stepwise analysis. When
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the treatment effect was statistically significant, indi-
vidual ANOVAs were run for each species with treat-
ment as the main effect. Initial mass was also
included in these ANOVAs as were any significant ran-
dom factors identified in the original analysis.
Linear mixed models were also used to examine

the relationship between David’s score and food con-
sumption rate or standard growth rate. Treatment was
included as a main effect, David’s score was entered
as a covariate, and the interaction between treatment
and David’s score was also included. Channel num-
ber and trial block were again included in the initial
models as nominal, random factors. These latter
mixed models were run separately for data from
brown trout and rainbow trout.
Food consumption rate data were normalised using

a logarithmic (x + 1) transformation prior to statisti-
cal analyses. Post hoc tests of pairwise comparisons
used Tukey’s HSD. All statistics were performed
using JMP 4 (version 4.0.2; SAS Institute Inc., 2000,
Cary, NC, USA), and P-values presented are two-
tailed probabilities (a � 0.05).

Results

Mass varied among species (F2,645 = 137.1,
P < 0.001) as both Atlantic salmon (40.3 ± 15.0 g,
mean ± SD) and brown trout (39.4 ± 13.6 g) were
significantly heavier than rainbow trout
(20.6 ± 9.6 g) (Tukey’s HSD, P < 0.05); there was
no difference in mass between Atlantic salmon and
brown trout (Tukey’s HSD, P > 0.05). Total length
varied among all three species (F2,645 = 198.0,
P < 0.001); Atlantic salmon (165 ± 22 mm) were
the longest, followed by brown trout (151 ± 18 mm)
and finally rainbow trout (125 ± 18 mm; Tukey’s
HSD, P < 0.05). Treatment means of each variable
for each species are presented in the Appendix S1.
We recorded 19,985 feeding behaviours and

15,881 aggressive behaviours from 648 h of video
recording. The linear mixed models revealed that the
species significantly varied in food consumption rate,
standard growth rate and David’s score (Table 1,
Appendix S1). Brown trout had the highest overall
David’s score and standard growth rate, but lowest
food consumption rate; rainbow trout consumed more
food and achieved higher David’s scores than Atlan-
tic salmon, but the two species had similar growth
rates (Fig. 1).
Within rainbow trout, food consumption rate, stan-

dard growth rate and David’s score were significantly
higher in the treatment with just Atlantic salmon than
when both brown trout and Atlantic salmon were
present (Table 1, Fig. 1). For brown trout, there was
no difference in these three variables across the two
treatments (Fig. 1). In contrast, for Atlantic salmon,
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Fig. 1. The influence of mixed-species competition on behaviour
and growth in juveniles of three salmonids. Data presented are
means and standard errors for (a) food consumption rate, (b) stan-
dard growth rate, and (c) David`s score, an index of dominance.
Mixed-species treatments were conducted in semi-natural stream
channels and comprised Atlantic salmon (Salmo salar) with rain-
bow trout (Oncorhynchus mykiss) (AS/RT), Atlantic salmon with
brown trout (Salmo trutta) (AS/BT), and Atlantic salmon with
both brown trout and rainbow trout (AS/BT/RT). Dashed lines
denote means of each species across treatments, with uppercase
letters corresponding to homogeneous subsets (P < 0.05). Lower-
case letters denote homogeneous subsets across treatments within
species. Food consumption rate data were log10 (x+1) transformed
prior to statistical analyses but are displayed untransformed. Num-
bers of fish in each treatment for each species are indicated at the
base of the bar plots in panel (a).
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all three variables were highest when Atlantic salmon
were alone with rainbow trout. David’s score and
standard growth rate were both lowest when Atlantic
salmon were with only brown trout, while food con-
sumption rate was lowest when Atlantic salmon were
in the treatment with both brown trout and rainbow
trout, albeit this last effect was marginally nonsignifi-
cant (P = 0.075; Fig. 1). Across all species, initial
mass was positively related to David’s score and food
consumption rate, but negatively related to standard
growth rate (data not shown, but see Table 1 for sig-
nificance values).
In rainbow trout, David’s score was not correlated

with either food consumption rate (F1,170 = 2.85,
P = 0.093) or standard growth rate (F1,170 = 0.933,
P = 0.34; Fig. 2). For brown trout, there was a posi-
tive relationship between David’s score and food
consumption rate (F1,170 = 25.2, P < 0.001; Fig. 2).
This relationship did not differ significantly between
the two treatments (interaction between David’s score
and treatment: F1,170 = 3.43, P = 0.066). There was
no relationship, on the other hand, between David’s
score and standard growth rate in brown trout
(F1,170 = 4.67, P = 0.32; Fig. 2).

Discussion

With programmes in place to restore once-native
Atlantic salmon to Lake Ontario, there is concern that
these fish will negatively affect naturalised non-native
salmonids that contribute to local recreational fisher-
ies. Here, we studied agonistic interactions and

growth of juvenile Atlantic salmon, brown trout and
rainbow trout in semi-natural stream channels. We
found that brown trout were the most dominant and
had the highest growth rate, that rainbow trout were
intermediate and that Atlantic salmon were least
dominant and had the lowest growth rate. Given that
dominant fish typically are able to monopolise
higher-quality feeding areas (e.g., Gibson 1973;
Höjesjö et al. 2005), our data suggest that brown
trout and rainbow trout will not be negatively
affected by the presence of Atlantic salmon. Indeed,
we found that rainbow trout and Atlantic salmon
were most impacted by the presence of brown trout.
Dominant individuals typically have preferential

access to food and resources and consequently have
better growth (Nakano 1995; Ryer & Olla 1996;
Martin & Moore 2008). Höjesjö et al. (2005) found
that less-competitive Atlantic salmon consumed
fewer food items as they were excluded from forag-
ing areas by more-aggressive brown trout, a pattern
that has been similarly observed in other taxa (Ya-
magishi et al. 1974; Monaghan & Metcalfe 1985;
Gatz et al. 1987). Our results further these findings
as we found a significant, positive relationship
between dominance and food consumption for brown
trout and a marginally nonsignificant relationship for
rainbow trout. While the dominant individuals likely
did not consume every food item, anecdotally we
noted that those individuals were efficient in prevent-
ing subordinates from eating by chasing or biting
them during feeding. Interestingly, when all three
species were present, brown trout, which were typi-
cally more dominant than either Atlantic salmon or
rainbow trout, consumed about the same amount of
food as Atlantic salmon, but less than rainbow trout.
It may be that brown trout spent more time in agonis-
tic interactions and less time capturing food (see Cut-
ts et al. 2002). Regardless, brown trout still had the
highest growth rates of the three species, implicating
better food conversion efficiency for the brown trout
(e.g., Abbott & Dill 1989). Nevertheless, increased
food consumption and growth rate appear to be
advantages associated with high social status in sal-
monids.
Many studies have examined pairwise competition

between species, yet in the wild organisms rarely
encounter only single-competitor environments. Fur-
thermore, it has been shown that competition for food
and shelter is most intense in environments with three
or more ecologically similar species (Inouye et al.
1980; Mittelbach 1988; Bengtsson 1993). Here, we
examined the heterospecific interactions of three eco-
logically similar salmonids and found that the trispe-
cies treatment influenced each species differently.
The presence of all three species sharply lowered
food consumption, growth and dominance of rainbow

Table 1. Summary of linear mixed model results of behaviour and growth
in three juvenile salmonids. Analyses examined food consumption rate
(acts per h), standard growth rate (%/day) and David’s score (an index of
dominance) across three treatments that involved competition between
Atlantic salmon (Salmo salar), brown trout (Salmo trutta) and rainbow
trout (Oncorhynchus mykiss).

Variable Effect F d.f. P

Food consumption rate Model (R2 = 0.15) 8.41 13, 634 <0.001
Species 12.5 2, 634 <0.001
Treatment [species] 6.70 4, 634 <0.001
Initial mass 7.05 1, 634 0.010
Trial (random) 8.31 6, 634 <0.001

Standard growth rate Model (R2 = 0.14) 8.00 13, 634 <0.001
Species 10.3 2, 634 0.006
Treatment [species] 3.66 4, 634 <0.001
Initial mass 4.23 1, 634 0.040
Trial (random) 11.7 6, 634 <0.001

David’s score Model (R2 = 0.42) 67.0 7, 640 <0.001
Species 153 2, 640 <0.001
Treatment [species] 19.8 4, 640 <0.001
Initial mass 82.7 1, 640 <0.001

Species and treatment nested within species were coded as main effects,
initial mass was entered as a covariate, and trial start date and tank number
were entered as random factors. Nonsignificant random factors were
removed from the final model.
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trout compared to conspecifics that were just with
Atlantic salmon. Atlantic salmon performed poorly in
both the pairwise competition treatment with brown
trout and the trispecies treatment but had higher
growth when only with rainbow trout. For brown
trout, the trispecies treatment did not influence the
species’ food consumption, growth or dominance
compared with the pairwise treatment. These patterns
suggest that brown trout are a better competitor than
the other two species and are affected mostly by
competition with conspecifics, whereas Atlantic sal-
mon and rainbow trout are negatively affected by the
presence of brown trout.
Community ecologists have long understood that

competition between ecologically similar species can
result in spatial separation or shifts in resource use if
the species continue to live in sympatry (e.g., Werner &
Hall 1977; Langeland et al. 1991). Although brown
trout and Atlantic salmon have historically coexisted
in rivers in Europe (Höjesjö et al. 2005), they tend to
occupy different reaches of the stream, largely driven
by the aggressive behaviour of brown trout (Arm-

strong et al. 2003; also see Stradmeyer et al. 2008).
Our study confirmed the dominance of brown trout
over Atlantic salmon and clearly showed that brown
trout are also dominant over rainbow trout. Histori-
cally, rainbow trout and Atlantic salmon have not
coexisted, yet studies indicate considerable niche
overlap (e.g., Hearn & Kynard 1986). In our study,
rainbow trout performed better when alone with
Atlantic salmon, obtaining similar dominance scores
to the salmon and displaying the highest level of
growth, than when with Atlantic salmon and brown
trout. Similar results were reported by Blanchet et al.
(2008), suggesting that, despite apparent niche over-
lap, Atlantic salmon are not a major impediment to
rainbow trout. We predict, however, that these two
species will show spatial segregation from the consid-
erably more dominant brown trout in stream tributar-
ies of Lake Ontario.
In conclusion, although more studies are needed,

particularly over the entire stream residency period
and during other life stages, our data suggest that the
addition of Atlantic salmon to Lake Ontario will not
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negatively impact brown trout or rainbow trout and
the ecological services these fishes provide. Rather,
our data suggest that, if spatial segregation in streams
is not possible, brown trout may need to be managed
to increase the performance and production of rain-
bow trout and Atlantic salmon.

Acknowledgements

Procedures outlined here conform to the Canadian Council on
Animal Care and Ontario Ministry of Natural Resources
(OMNR) Aquatic Research and Development Section Animal
Use Protocol (ARDS ACC #79) and were approved by the
University of Western Ontario Animal Care Subcommittee
(Protocol #2006-062). We gratefully acknowledge the support
of World Wildlife Fund-Canada, Ontario Federation of
Anglers and Hunters, the Toronto Sportsmen’s Show and the
OMNR. The research was also supported by funding from the
Natural Sciences and Engineering Research Council of
Canada through a postgraduate fellowship to JAVZ and a Dis-
covery Grant to BDN. The manuscript was improved by con-
structive comments by K. DeBaeremaeker, B. Fenton, T.
Hain, B. MacDougall-Shackleton, N. Metcalfe, J. Millar, J.
Staples and an anonymous reviewer. We also thank K. DeBa-
eremaeker, A. L. Houde and S. Garner for methodological or
statistical advice and A. Henkel, A. Wojcik, and B. Sutton-
Quaid as well as T. MacDonald, S. Ferguson and E. Scharf at
the Codrington Fisheries Research Facility for assistance in
the field or laboratory.

References

Abbott, J.C. & Dill, L.M. 1989. The relative growth of domi-
nant and subordinate juvenile steelhead trout (Salmo gaird-
neri) fed equal rations. Behaviour 108: 104–113.

Armstrong, J.D., Kemp, P.S., Kennedy, G.J.A., Ladle, M. &
Milner, N.J. 2003. Habitat requirements of Atlantic salmon
and brown trout in rivers and streams. Fisheries Research
62: 143–170.

Bengtsson, J. 1993. Interspecific competition and determinants
of extinction in experimental populations of three rockpool
Daphnia species. Oikos 67: 451–464.

Bernier, N.J., Bedard, N. & Peter, R.E. 2004. Effects of cortisol
on food intake, growth, and forebrain neuropeptide Y and
corticotropin-releasing factor gene expression in goldfish.
General and Comparative Endocrinology 135: 230–240.

Blanchet, S., Loot, G., Bernatchez, L. & Dodson, J.J. 2007.
The disruption of dominance hierarchies by a non-native spe-
cies: an individual-based analysis. Oecologia 152: 569–581.

Blanchet, S., Loot, G., Bernatchez, L. & Dodson, J.J. 2008.
The effects of abiotic factors and intraspecific versus inter-
specific competition on the diel activity patterns of Atlantic
salmon (Salmo salar) fry. Canadian Journal of Fisheries and
Aquatic Sciences 65: 1545–1553.

Brown, G.E. & Brown, J.A. 1996. Does kin-biased territorial
behaviour increase kin-biased foraging in juvenile salmo-
nids? Behavioral Ecology 7: 24–29.

Brown, T. & Connelly, N. 2009. Lake Ontario sportfishing:
trends, analysis, outlook. HDRU Series No 09-3. Ithaca,
New York: Cornell University.

Crawford, S.S. 2001. Salmonine introductions to the Lauren-
tian Great Lakes: an historical review and evaluation of eco-
logical effects. Canadian Special Publication of Fisheries
and Aquatic Sciences No. 132. National Research Council
Canada Monograph Series, Ottawa: NRC Research Press.
205 pp.

Cutts, C.J., Metcalfe, N.B. & Taylor, A.C. 2002. Fish
may fight rather than feed in a novel environment: metabolic
rate and feeding motivation in juvenile Atlantic salmon.
Journal of Fish Biology 61: 1540–1548.

David, H.A. 1988. The method paired comparisons. New
York: Oxford University Press. 200 pp.

Dietrich, J.P., Bowlby, J.N., Morrison, B.J. & Jones, N.E.
2008. The impacts of Atlantic salmon stocking on rainbow
trout in Barnum House Creek, Lake Ontario. Journal of
Great Lakes Research 34: 495–505.

Elliott, J.M. 1990. Mechanisms responsible for population reg-
ulation in young migratory trout, Salmo trutta III. The role
of territorial behaviour. Journal of Animal Ecology 59: 803–
818.

Ewel, J.J. & Putz, F.E. 2004. A place for alien species in eco-
system restoration. Frontiers in Ecology and the Environ-
ment 2: 354–360.

Fausch, K.D. 1998. Interspecific competition and juvenile
Atlantic salmon (Salmo salar): on testing effects and evalu-
ating the evidence across scales. Canadian Journal of Fisher-
ies and Aquatic Sciences 55: 218–231.

Gammell, M.P., De Vries, H., Jennings, D.J., Carlin, C.M. &
Hayden, T.J. 2003. David’s score: a more appropriate domi-
nance ranking method than Clutton-Brock et al.’s index.
Animal Behaviour 66: 601–605.

Gatz Jr, A.J., Sale, M.J. & Loar, J.M. 1987. Habitat shifts in
rainbow trout: competitive influences of brown trout. Oeco-
logia 74: 7–19.

Gibson, R.J. 1973. Interactions of juvenile Atlantic salmon
(Salmo salar) and brook trout (Salvelinus fontinalis). Proc.
Intntl. Atlantic Salmon Symp., St. Andrews, N.B. 1972.
International Atlantic Salmon Foundation Special Publica-
tion Series 4: 181–202.

Good, S.P., Dodson, J.J., Meekan, M.G. & Ryan, D.A.J.
2001. Annual variation in size-selective mortality of Atlantic
salmon (Salmo salar) fry. Canadian Journal of Fisheries and
Aquatic Sciences 58: 1187–1195.

Hamilton, J.G., Holzapfel, C. & Mahall, B.E. 1999. Coexis-
tence and interference between a native perennial grass and
non-native annual grasses in California. Oecologia 121: 518–
526.

Harwood, A.J., Metcalfe, N.B., Armstrong, J.D. & Griffiths,
S.W. 2001. Spatial and temporal effects of interspecific
competition between Atlantic salmon (Salmo salar) and
brown trout (Salmo trutta) in winter. Canadian Journal of
Fisheries and Aquatic Sciences 58: 1133–1140.

Harwood, A.J., Armstrong, J.D., Griffiths, S.W. & Metcalfe,
N.B. 2002. Sympatric association influences within-species
dominance relations among juvenile Atlantic salmon and
brown trout. Animal Behaviour 64: 85–95.

Hearn, W.E. & Kynard, B.E. 1986. Habitat utilization and
behavioural interaction of juvenile Atlantic salmon (Salmo
salar) and rainbow trout (Oncorhynchus mykiss) in tributar-
ies of the White River of Vermont. Canadian Journal of
Fisheries and Aquatic Sciences 43: 1988–1998.

539

Dominance and cortisol levels of juvenile salmonids



Heggenes, J., Bagliniere, J.L. & Cunjak, R.A. 1999. Spatial
niche variability for young Atlantic salmon (Salmo salar)
and brown trout (S. trutta) in heterogeneous streams. Ecol-
ogy of Freshwater Fish 8: 1–21.

Heggenes, J., Saltveit, S.J., Bird, D. & Grew, R. 2002. Static
habitat partitioning and dynamic selection by sympatric
young Atlantic salmon and brown trout in south-west
England streams. Journal of Fish Biology 60: 72–86.

Höjesjö, J., Armstrong, J.D. & Griffiths, S.W. 2005. Sneaky
feeding by salmon in sympatry with dominant brown trout.
Animal Behaviour 69: 1037–1041.

Inouye, R.S., Byers, G.S. & Brown, J.H. 1980. Effects of pre-
dation and competition on survivorship, fecundity, and com-
munity structure of desert animals. Ecology 61: 1344–1351.

Jones, B.E., Scott, D. & Gössling, S. 2006. Lakes and streams.
In: Gössling, S. & Hall, C.M., eds. Tourism and global envi-
ronmental change: ecological, social, economic and political
interrelationships. New York: Routledge, pp. 76–94.

Keenleyside, M.H.A. & Yamamoto, F.T. 1962. Territorial
behaviour of juvenile Atlantic salmon (Salmo salar). Behav-
iour 19: 139–169.

Langeland, A., L’Abée-Lund, J.H., Jonsson, B. & Jonsson, N.
1991. Resource partitioning and niche shift in Arctic charr
Salvelinus alpinus and brown trout Salmo trutta. Journal of
Animal Ecology 60: 895–912.

Lovell, S.J., Stone, S.F. & Fernandez, L. 2006. The economic
impacts of aquatic invasive species: a review of the literature.
Agricultural and Resource Economics Review 35: 195–208.

MacCrimmon, H.R. 1977. Animals, man and change: alien
and extinct wildlife of Ontario. Toronto: McClelland and
Stewart. 160 pp.

MacIsaac, H.J. 1996. Potential abiotic and biotic impacts of
zebra mussels on the inland waters of North America. Amer-
ican Zoologist 36: 287–299.

Martin III, A.L. & Moore, P.A. 2008. The influence of domi-
nance on shelter preference and eviction rates in the cray-
fish, Orconectes rusticus. Ethology 114: 351–360.

Mills, E.L., Casselman, J.M., Dermott, R., Fitzsimons, J.D.,
Gal, G., Holeck, K.T., Hoyle, J.A., Johannsson, O.E., Lan-
try, B.F., Makarewicz, J.C., Millard, E.S., Munawar, I.F.,
Munawar, M., O’Gorman, R., Owens, R.W., Rudstam, L.G.,
Schaner, T. & Stewart, T.J. 2003. Lake Ontario: food web
dynamics in a changing ecosystem (1970–2000). Canadian
Journal of Fisheries and Aquatic Sciences 60: 471–490.

Mittelbach, G.G. 1988. Competition among refuging sunfishes
and effects of fish density on littoral zone invertebrates.
Ecology 69: 614–623.

Monaghan, P. & Metcalfe, N.B. 1985. Group foraging in wild
brown hares: effects of resource distribution and social sta-
tus. Animal Behaviour 33: 993–999.

Morita, K., Tsuboi, J.-I. & Matsuda, H. 2004. The impact of
exotic trout on native charr in a Japanese stream. Journal of
Applied Ecology 41: 962–972.

Nakano, S. 1995. Individual differences in resource use,
growth and emigration under the influence of a dominance

hierarchy in fluvial red-spotted masu salmon in a natural
habitat. Journal of Animal Ecology 64: 75–84.

Race, M.S. 1982. Competitive displacement and predation
between introduced and native mud snails. Oecologia 54:
337–347.

Ryer, C.H. & Olla, B.L. 1996. Growth depensation and
aggression in laboratory reared coho salmon: the effect of
food distribution and ration size. Journal of Fish Biology 48:
686–694.

Scott, R.J., Poos, M.S., Noakes, D.L.G. & Beamish, F.W.H.
2005. Effects of exotic salmonids on juvenile Atlantic sal-
mon behaviour. Ecology of Freshwater Fish 14: 283–288.

Stradmeyer, L., Höjesjö, J., Griffiths, S.W., Gilvear, D.J. &
Armstrong, J.D. 2008. Competition between brown trout
and Atlantic salmon parr over pool refuges during rapid
dewatering. Journal of Fish Biology 72: 848–860.

Toth Jr, J.F. & Brown, R.B. 1997. Racial and gender mean-
ings of why people participate in recreational fishing. Lei-
sure Sciences 19: 129–146.

Van Zwol, J.A., Neff, B. & Wilson, C. 2012a. The effect of
non-native salmonids on social dominance and growth of
juvenile Atlantic salmon (Salmo salar). Transactions of the
American Fisheries Society. In press.

Van Zwol, J.A., Neff, B. & Wilson, C. 2012b. The influence
of non-native salmonids on circulating levels of cortisol and
11-ketotestosterone in juvenile Atlantic salmon. Animal
Behaviour 83: 119–129.

Volpe, J.P., Anholt, B.R. & Glickman, B.W. 2001. Competi-
tion among juvenile Atlantic salmon (Salmo salar) and
steelhead (Oncorhynchus mykiss): relevance to invasion
potential in British Columbia. Canadian Journal of Fisheries
and Aquatic Sciences 58: 197–207.

Werner, E.E. & Hall, D.J. 1977. Competition and habitat shift
in two sunfishes (Centrarchidae). Ecology 58: 869–876.

Yamagishi, H., Maruyama, T. & Mashiko, K. 1974. Social
relation in a small experimental population of Odontobu-
tis obscurus (Temminck et Schlegel). Oecologia 17: 187–
202.

Zhu, B., Fitzgerald, D.G., Mayer, C.M., Rudstam, L.G. &
Mills, E.L. 2006. Alteration of ecosystem function by zebra
mussels in Oneida Lake: impacts on submerged macro-
phytes. Ecosystems 9: 1017–1028.

Supporting Information

Additional Supporting Information may be found in
the online version of this article:
Appendix S1. Summary of body size, behaviour,

and growth of three juvenile salmonids.
Please note: Wiley-Blackwell are not responsible

for the content or functionality of any supporting
materials supplied by the authors. Any queries (other
than missing material) should be directed to the cor-
responding author for the article.

540

Van Zwol et al.


