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Abstract To what degree are population differences in
resource use caused by competition and the occupation of
adjacent positions along environmental gradients evidence
of competition? Habitat use may be the result of a competi-
tive lottery, or restricted by competition. We tested to what
extent population differences in habitat use of two salmo-
nids, cutthroat trout (Oncorhynchus clarki) and Dolly Var-
den charr (Salvelinus malma) were influenced by
interspecific competition. We hypothesized that the depth
distribution of Dolly Varden charr would be affected by
competition from the more littoral and surface-oriented cut-
throat trout, and that the depth distribution of cutthroat trout
would be little affected by competition from Dolly Varden
charr. Sympatric populations of cutthroat trout and Dolly
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Varden charr were created by reciprocal transfers of previ-
ously allopatric populations in two experimental lakes. We
found evidence of asymmetric competition, as Dolly Var-
den charr were displaced from littoral habitats when sym-
patric with cutthroat trout, whereas cutthroat trout remained
unaffected by the presence of Dolly Varden charr. Evolved
differences between the species, and differences between
experimental lakes, also contributed to population differences
in habitat use, but asymmetric competition remained as the
main driver of different depth distributions in sympatry.
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Introduction

There has been considerable debate to what degree popula-
tion differences in resource use are caused by competition,
and whether occupation of adjacent positions along envi-
ronmental gradients is evidence of competition (Taniguchi
and Nakano 2000; Connolly and Muko 2003). Is it a com-
petitive lottery (Munday 2004) or coexistence where one or
both species are restricted in the presence of the other
(Bghn and Amundsen 2001)? Studying two species of
coral-dwelling goby [Gobiodon histrio (Valenciennes) and
Gobiodon erythrospilus Bleeker] with similar patterns of
habitat use, Munday (2004) demonstrated that there was
a priority effect where the first species to occupy a vacant
coral patch excluded an interspecific intruder of similar
body size. On the other hand, a whitefish [Coregonus lavar-
etus (L.)] population invaded by vendace [Coregonus
albula (L.)] changed its habitat from pelagic to littoral areas
(Bghn and Amundsen 2001). The habitat segregation
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observed was asymmetric, with vendace as the superior
entrant. Such invasions appear to be competition con-
strained and newly established species tend to be competi-
tively dominant over previously established ones, as shown
for fruit flies by Duyck et al. (2000).

In asymmetric competition the loss in fitness of some par-
ticipants is much greater than that of the others, as when
large plants suppress the growth of smaller neighbours
(Schwinning and Weiner 1998; Rajaniemi and Reynolds
2004). In canopy tree competition most pairwise interactions
appear strongly asymmetric, making a clear competitive hier-
archy among shade-tolerant species (Canham et al. 2006). In
anuran larvae such as Bufo bufo (L.) and Bufo calamita
(Laurenti) asymmetric competition was manifested by
reduced survival and growth rates of B. calimita when inter-
acting with the other, but not vice versa (Bardsley and
Beebee 2001). Likewise, competition between island spotted
skunk Spilogale gracilis Merriam and island fox Urocyon
littoralis Blaird affected skunks more than foxes (Crooks and
Vanvuren 1995). Furthermore, culling of Eurasian badgers
[Meles meles (L.)] was associated with increases in sympat-
ric red fox [Vulpes vulpes (L.)] in England (Trewby et al.
2007). Thus, asymmetric competition has been documented
over a large range of species from plants to mammals.

Salmonid fish are an important group used in studies of
species interactions because of their similar morphology
and ecology. Many of these studies have been performed
with trout and charr in Scandinavia (e.g. Nilsson 1963;
Langeland etal. 1991), and on the west coast of North
America (Andrusak and Northcote 1971; Northcote 1995).
Allopatric populations of lake-dwelling trout and charr
have similar niches with the preferred food items being
insect larvae, amphipods and molluscs in the littoral zone,
and adult arthropods on the lake surface. In sympatry, trout
still use the preferred littoral and near-surface resources,
whereas charr usually feed in deeper, offshore habitats
(Hindar and Jonsson 1982; Andrew et al. 1992).

To test if differences in habitat use in allopatric and sym-
patric situations were caused by asymmetric competition
(Weiner 1990; Robertson 1996), evolved differences
(Langeland et al. 1991; Forseth et al. 2003), or prior resi-
dence (Munday 2004), a 30-year removal, reciprocal trans-
fer experiment was initiated with cutthroat trout
[Oncorhynchus clarki (Richardson)] (hereafter trout) and
Dolly Varden charr [Salvelinus malma (Walbaum)] (here-
after charr) in three lakes of the University of British
Columbia Research Forest (Northcote 1995). Such whole-
lake experiments are important because of the ecological
realism of the results (Biro et al. 2007), and the reciprocal
transplant is a strong experimental technique for analysing
factors that limit species distributions (e.g. Krebs 1985;
Martin and Martin 2001). In our case, the trout is an aggres-
sive, territorial species exhibiting behaviours suitable when
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feeding on littoral zoobenthos and surface prey. It domi-
nates Dolly Varden charr in competition for food items
introduced to pairs of similar-sized cutthroat and Dolly
Varden charr at the surface and at the bottom in aquarium
experiments (Schutz and Northcote 1972). Charr, on the
other hand, have better visual capacity under low light
intensity than trout, and thus are able to find food in deeper
and darker waters (Henderson and Northcote 1985). Thus,
evolved differences between the two species may explain
why charr use the deep epibenthic habitat, but not why their
resource uses are more restricted in the presence of trout.

We tested whether the depth distribution of trout and
charr differed between sympatry and allopatry, and between
the natural sympatric situation in Loon Lake and the exper-
imental situations in Eunice and Katherine lakes. In 1974,
charr and trout were transferred from a sympatric situation
in Loon Lake to allopatry in two fishless lakes; charr to
Katherine Lake and trout to Eunice Lake, respectively
(Hume and Northcote 1985). Eight years after the transfers,
allopatric trout exploited near surface waters as in sympa-
try, and the vertical habitat overlap between allopatric and
sympatric trout during summer was approximately 80%
(Hindar et al. 1988). Allopatric charr, on the other hand,
had widened their habitat use to include the shallow littoral
zone in addition to deeper parts of the lake as in sympatry
with trout. The average vertical overlap in distributions
between allopatric and sympatric charr was less than 40%
(Northcote 1995). Thus, this whole-lake experiment sug-
gested that the change in habitat use of charr was due to
competitive release from sympatry in the donor lake to
allopatry in the new experimental lake. We could not, how-
ever, rule out lake differences as an alternative explanation
for widened habitat use of charr (Hindar et al. 1988). To
resolve this dilemma and provide unequivocal evidence for
asymmetric competition, new sympatric stocks were
formed through reciprocal transfers between Katherine and
Eunice Lakes in 1994 (Northcote 1995). In the case of
asymmetric competition, charr should be displaced from
near-surface waters and use the deep areas of both experi-
mental lakes, whereas the superior competitor, trout, should
remain unaffected by the transfer. The results of the reciprocal
transfer experiments are reported here, and thereby complete
a long-term series of whole-lake and laboratory experiments
studying mechanisms and effects of interspecific competition
between cutthroat trout and Dolly Varden charr.

Materials and methods

Study sites

The present study was carried out in three lakes in the Uni-
versity of British Columbia Research Forest (49°19'N,
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Fig. 1 Catch per unit effort [= (number of fish)/(net area x hours
fished)] of cutthroat trout and Dolly Varden charr in Loon, Eunice and
Katherine Lakes during summer 2001. Epibenthic (B) and pelagic (P)
catches are shown for three depth categories within lakes. CPUE from
1982, before the reciprocal transfers (i.e. when Eunice and Katherine
Lakes held one species only), is shown for comparison. Note the differ-
ence in scale between years

122°34"W) about 50 km east of Vancouver, British Colum-
bia (see Fig. 1 in Northcote and Clarotto 1975) in late July
2001. The lakes are situated in the coastal mountain
uplands at elevations between 340 and 505 m. Specific
characteristics of the lakes are presented by Northcote and
Clarotto (1975). Loon Lake (surface areca 48.6 ha, maxi-
mum depth 62 m) supports cohabiting native populations of
trout and charr, but no other fish species. Schnabel popula-
tion estimates of subadult and adult trout and charr in the
lake were respectively 7,300 and 3,100 (Hume and North-
cote 1985). Eunice Lake (surface area 18.2 ha, maximum
depth 42 m) and Katherine Lake (surface area 20.7 ha,
maximum depth 29 m) were both fishless until 1974.
Between October 1974 and June 1976 a total of 1,571
trout and 881 charr were transferred from Loon Lake to
Eunice and Katherine Lakes, respectively (Hume and
Northcote 1985). The sample sizes are sufficient to assume
genetical homogeneity between the donor and transplanted

stocks (Frankham et al. 2002). The transplanted fish of both
species were between 5 and 25 cm in fork length. The
larger individuals probably spawned within a year after
release. When studied in 1982, the transplanted populations
were self-sustaining (Jonsson etal. 1984; Hindar et al.
1988; Andrew et al. 1992).

Between late April and early May 1994, fifty-five charr
from Katherine Lake were transferred to Eunice Lake and
41 trout from Eunice Lake were transferred to Katherine
Lake. These sample sizes are much smaller than the origi-
nal transfers but still sufficient to capture most of the heter-
ozygosity and most of the common alleles in the source
populations (Frankham et al. 2002, p. 426). All fish were in
good condition when released. The trout from Eunice Lake
ranged in length from 10 to 25 cm, whereas the charr from
Katherine Lake ranged in length from 15 to 27 cm. We
investigated the spatial distributions 7 years later when the
released fish had reproduced several times and were well
established in the lakes.

Sampling and treatment of the materials

In July 2001 a total of 284 trout and 145 charr were caught
in Loon Lake, 123 and 54 in Eunice Lake, and 242 and 166
in Katherine Lake. Bottom and pelagic gill nets were set
from the surface to the bottom and emptied during dawn
and dusk. Each depth contour was represented by one night
set and one day set during the sampling period. The bottom
nets were 2 m and the pelagic nets 6 m in vertical dimen-
sion. The bottom nets were placed in gangs with mixed
mesh sizes, from 10 to 45 mm, from the shoreline to the
greatest depth. The pelagic net gangs were set over the
deepest area of each lake (Andrew etal. 1992). We
recorded the depth where each net was set by use of a
Furuno 50 kHz paper recording echo sounder. The depth
where each fish was caught was determined from its posi-
tion in the net. Fork length was measured to a precision of
0.1 cm, with sex and degree of sexual maturity categorized
into sexually immature and mature individuals. The fish
were separated into sexually immature and mature individ-
uals. Ages were determined from scales in trout and from
otoliths in charr (sensu Jonsson et al. 1984).

Statistical analyses

Catch per unit effort (CPUE) was calculated for both
pelagic and epibenthic nets. Depth categories were defined
as in previous reports (Hindar et al. 1988; Andrew et al.
1992): 0-5, 5-10, 10-15, 15-20 and 20-40 m. The depth
distributions of trout (X;) and charr (Y;) catches across depth
categories i=1,...,5 were compared with a numerical
simulation test (see Appendix). Conditioning on
2X; = Nyoy and XY; = N,..» we tested the hypothesis that the
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distribution of X; and Y; is the same provided that the
efforts (4; and w,, respectively) were the same. As test sta-
tistic, we used the standard Xz statistic, which was simu-
lated under the null hypothesis H: o; = cf8;, where «; and
p; are unknown (density) and c is a scaling factor for
different total abundance of the two species (Appendix).
The P-value of the test was determined as the fraction of
the simulated test statistics that were larger than the one
observed.
The test structure applied was as follows:

1. The depth distribution does not differ between trout and
charr.

2. The depth distribution of sympatric populations does
not change over time (1982 versus 2001 data in Loon
Lake).

3. The depth distribution does not differ between natural
sympatry and experimental allopatry (1982 data—
competitive release).

4. The depth distribution does not differ between experi-
mental allopatry (1982) and experimental sympatry
(2001 data—competitive displacement).

This approach was chosen over more standard ways of test-
ing catch and effort data (e.g. Maunder and Punt 2004)
because rejecting specific hypotheses about interactions is
more informative than rejecting an overall hypothesis of
catch variation. Bonferroni correction was applied to multi-
ple tests of the same hypothesis.

Epibenthic and pelagic catches were treated separately.
Comparisons were done between the August sampling of
1982 and the 2001 sampling. The first day and night of
sampling in the 1982 catches were used in the tests, as
CPUE tended to decrease during subsequent catches.

Results
Sympatric populations

Trout and charr had significantly different depth distribu-
tions in Loon, Eunice and Katherine Lakes in summer 2001
(all observed 7> > 49, 2—4 df, all P < 0.001). This was evi-
dent in both pelagic and epibenthic netting (Fig. 1). In all
three lakes, trout were more pelagic and stayed closer to the
surface than charr. CPUE of trout was low deeper than
10 m, whereas the catch of charr was high deeper than 10 m
in all lakes (Fig. 1). These results were similar to the find-
ings for the 1982 sampling of sympatric populations in
Loon Lake. The catch of cutthroat trout has increased espe-
cially in Loon Lake since 1982. This quantitative difference
has not changed the qualitative difference in spatial distri-
bution between trout and charr. Thus, such density differ-
ences appear not to influence the qualitative outcome of the
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interspecific competition between these species, with trout
being closer to the surface than charr.

Sympatry versus experimental allopatry

In our previous study (during summer 1982), we found that
trout did not expand their depth distribution in experimental
allopatry, whereas charr moved into the littoral (shallow
epibenthic) zone when in allopatry. Using the simulation
test statistic, we found no significant difference between the
depth distributions of allopatric trout (Eunice Lake) and
sympatric trout (Loon Lake) in the pelagic zone (observed
y2=4.21,2 df, P=0.11). In the epibenthic zone, we found
a significantly different depth distribution between allopat-
ric and sympatric trout (observed y*=7.41, 1 df,
P =0.006), the difference being that allopatric trout were
more constrained and occurred only in the littoral (0-5 m)
depth category. Experimentally allopatric charr in Kather-
ine Lake exhibited a significantly different epibenthic depth
distribution than sympatric charr in Loon Lake (observed
x> =12.95, 2 df, P =0.003). Pelagic netting caught only a
single charr in Katherine Lake, and no difference was evi-
dent from pelagic charr in Loon Lake (observed > = 0.65,
1 df, P = 0.55). An earlier summer 1982 sample from Kath-
erine Lake (Andrew et al. 1992) gave eight charr in pelagic
netting; their depth distribution was also non-significantly
different from sympatric charr in Loon Lake (observed
¥*=1.17,2df, P = 0.68).

Experimental allopatry versus experimental sympatry

In Eunice Lake, the previously allopatric trout population
seemed little affected by the presence of charr in July 2001
(Fig. 1). No significant change in depth distribution from
1982 was found, either in the pelagic zone (observed
%2 =1.99, 2 df, P=0.41) or in the littoral and epibenthic
zones (observed ;(2 =3.08, 24df, P=0.19).

In Katherine Lake, the previously allopatric charr
changed their habitat distribution in the presence of trout in
the epibenthic zone, but not in the pelagic zone (Fig. 1). No
charr was found in the littoral zone, and its epibenthic depth
distribution was significantly different from that of trout
(observed }52 =77.20, 2 df, P < 0.0001). In the pelagic zone,
only one charr was caught in the August 1982 sampling
near the bottom, and the pelagic depth distribution did not
differ between 1982 and 2001 (observed y>=1.45, 2 df,
P =0.40). Testing against an earlier summer 1982 sample
from Katherine Lake also gave a non-significant result for
the depth distribution of pelagic Dolly Varden from allopa-
try to sympatry (observed y> = 3.53, 2 df, P = 0.18).

The depth distribution of trout in Eunice Lake was not
different from that of trout in Katherine Lake, either in the
epibenthic (observed 3°=1.99, 3 df, P=0.57) or the
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pelagic habitat (observed y*> = 0.205, 1 df, P = 0.65). How-
ever, the depth distribution of charr in Eunice Lake was sig-
nificantly different from charr in Katherine Lake in the
epibenthic zone (observed y*>=17.47, 3 df, P =0.0004);
Eunice charr being more littoral than Katherine charr,
whereas no difference was found in the pelagic zone
(observed y*=1.21, 2 df, P = 0.45). There was no age- or
size-related difference in habitat use between the species in
relation to sympatry and allopatry.

Discussion

Our long-term removal and reciprocal transfer experiments
provide strong evidence of competitive displacement of
charr by trout from littoral habitats in sympatry. The sym-
patric distribution of the experimental charr populations is
significantly different from that of charr before the intro-
duction of trout in Katherine Lake (Hindar et al. 1988;
Andrew et al. 1992). It resembles the distribution of this
species in its original sympatric location in Loon Lake, as
well as in many lakes where they coexist with trout (Andru-
sak and Northcote 1971). This shows that the changed hab-
itat use of charr in sympatry with trout results from
interspecific competition with the introduced trout displac-
ing charr from the littoral zone. It is not a result of prior res-
idence as found for some fishes feeding inside coral reefs
where space is limited (Munday 2004), or in larval anurans of
the species Hyla crucifer Wied-Neuwied and Bufo woodhousii
Girard (Lawler and Morin 1993). In the latter case, earlier
arrival increased the competitive impact of Bufo on Hyla,
but failed to generate a competitive effect of Hyla on Bufo.

Habitat displacement by introduced species has been
observed also in other species pairs. Introduced red shiner
(Cyprinella lutrensis Baird and Girard) displaced the
threatened cyprinid spikedace (Meda fulgida Girard) into
swifter current, probably causing a dramatic decline of this
species (Douglas et al. 1994). Experimental manipulations
of two larval anurans, Pelodytes punctatus Daudin and B.
bufo, showed that Bufo individuals increased their use of
the water column in the presence of the other, while Pelo-
dytes did not change their space use (Richter-Boix et al.
2004). Furthermore, the darter Etheostoma zonale (Cope)
excluded Etheostoma olmstedi Storer from riffle and run
habitats (Grey et al. 2005), and exotic brown trout (Salmo
trutta L.) displaced cutthroat trout from low-flow areas in
streams (McHugh and Budy 2005). Such effects of compe-
tition may be best observed when new species are intro-
duced, as revealed in our transfer experiment.

The difference in depth distribution between the original
sympatric distribution of charr in Loon Lake, and their
experimentally allopatric distribution in Katherine Lake,
can now only be explained as a competitive release. Even

though this shift to more littoral habitats in allopatry was
also interpreted as being a probable result of competitive
release in previous papers (Hindar et al. 1988; Andrew
et al. 1992), that finding alone could not exclude lake differ-
ences as an alternative explanation. This alternative no
longer seems valid.

Similar competitive releases have been found for the
neotropical ants Solenopsis geminate Fabricius and Phei-
dole radoszkowskii (Mayr), where the foraging activity of
Solenopsis geminate increased when it was released from
competition from Pheidole radoszkowskii, but not the other
way round (Perfecto 1994). Likewise, two spiny pocket
mice, Heteromys australis Thomas and Heteromys anoma-
lus (Thompson), in northwestern South America use differ-
ent habitats in sympatry, whereas Heteromys anomalus
inhabits areas ecologically suitable for both species in an
isolated area where Heteromys australis is absent likely for
historical reasons (Anderson et al. 2002). This, and other
examples for rodents (Fasola and Canova 2000) and gulls
(Kildaw 1999), also indicate that both present and past
competition influence habitat use of populations.

In our study, the competitive effect is asymmetrical in
that charr but not trout altered its habitat use in presence of
the other. Effects of asymmetric competition has been dem-
onstrated for a number of species pairs from plants (e.g.
Wedin and Tilman 1993; Weiner and Damgaard 2006) to
invertebrates (Pereira and Do Prado 2005; Yasuda et al.
2004; Fowler-Finn and Hebets 2006) and vertebrates such
as amphibians (Morin and Johnson 1988; Parris and Sem-
litsch 1998; Smith et al. 2004) and fish (Bghn and Amund-
sen 2001; Berec et al. 2006). Bghn and Amundsen (2001)
claimed that vendace, as a specialized zooplanktivore,
reduced zooplankton availability and made this resource
unprofitable for whitefish. In other salmonids, such as
brown trout and Atlantic salmon (Salmo salar L.), habitat
use by juvenile salmon appears restricted through interac-
tive segregation, brown trout being more aggressive and a
better defender of deep pool areas in rivers than salmon
(Heggenes etal. 1999), whereas juvenile coho salmon
(Oncorhynchus kisutch) defend deep, low-velocity pools
and displace steelhead trout (Oncorhynchus mykiss) into
shallow, high-velocity riffles (Young 2004). Likewise,
interference competition gives the Australia swamp rat
(Rattus lutreolus) priority over the bush rat (Rattus fusci-
pes) to the preferred moist habitats containing important
food and shelter resources (Maitz and Dickman 2001).

In our study, the movement of charr to pelagic and pro-
fundal habitats appeared to result from evolved differences
between the species investigated, making profundal areas
relatively more profitable for charr in the presence of trout.
A similar difference is exhibited by Arctic charr [Salvelinus
alpinus (L.)] and brown trout in Scandinavia (Nilsson
1963; Langeland et al. 1991; Jansen et al. 2002), where
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Arctic charr feed more in pelagic and deep, epibenthic hab-
itats in sympatry with brown trout than in allopatric situa-
tions. Such sympatric habitat differences may partly reflect
evolved differences in resource use of the species, also indi-
cated by morphological character displacement being due
to interspecific competition (Forseth et al. 2003; Pfennig
et al. 2006). Evolved differences in habitat preference are
also observed in large catfishes in Lake Texoma, Texas-
Oklahoma (Edds et al. 2002), and in an assemblage of sub-
tidal cottids in the San Juan Islands, Washington (Norton
1991), where present interspecific competition appears to
be of little importance.

Laboratory experiments have shown solitary Dolly Var-
den charr to be more efficient than solitary cutthroat trout
when feeding on both exposed and buried benthic prey
(Schutz and Northcote 1972). During interactive feeding by
similar-sized pairs of the two species, however, trout was
the dominant individual and outcompeted charr even when
only benthic prey was present. The dominant behaviour of
trout functions well when feeding on surface insects and lit-
toral zoobenthos, decreasing the profitability of this zone
for charr. The relative profitability of the alternative deep,
epibenthic habitats may be higher for sympatric charr as
trout chiefly stay in littoral and epilimnic waters. Charr
have better visual capacity under low light intensity than
trout, and thus are able to find food in deeper and darker
waters than the other species (Henderson and Northcote
1985). The minimum quantity of irradiance that maximizes
reaction distance to prey was 2 orders of magnitudes lower
in Dolly Varden charr than cutthroat trout. The continu-
ously moving, unaggressive behaviour of charr may also
make zooplankton feeding in pelagic water more profitable
than for trout. Thus, the interspecific dominance and feed-
ing activity of trout may render the profundal and pelagic
habitats relatively more profitable than the littoral zone for
charr. In this way, their segregation in sympatry is interac-
tive, as charr change their habitat in the presence of the
other. Thus, coexistence is probably maintained by the fact
that the subordinate species has the ability to endure in the
less favourable habitats, similar to earlier findings from, for
instance, desert ants Cataglyphis bicolor Fabricius and
Cataglyphis savignyi (Dufour), where the former forces the
other into inferior habitats (Dietrich and Wehner 2003).

We found some differences between the depth distribu-
tions of the two species in the different experimental lakes,
but these differences did not mask the biological signifi-
cance of interspecific competition. The more littoral distri-
bution of charr in Eunice Lake is similar to the observation
of a more shallow/near-surface distribution of trout after
transfer to this lake in 1982 (Hindar et al. 1988; Andrew
et al. 1992), indicating that profundal waters are less profit-
able in Eunice Lake than in the other lakes. Thus, lake
differences contribute to distributional differences between
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populations, but do not mask the effects of interspecific
competition acting more strongly on charr than on trout.

We conclude that habitat uses of trout and charr are
affected by asymmetric competition as well as other factors
such as evolved differences in resource use and lake differ-
ences. Our study strongly suggests that asymmetric compe-
tition is the main driver causing charr to be displaced from
littoral habitats when sympatric with trout, while trout
remain unaffected by the presence of charr. This accords
with our prediction based on the results of earlier field and
laboratory experiments testing the mechanisms of interspe-
cific competition between these two salmonid species.
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Appendix

“Comparing distributions when observations are weighted”.

References

Anderson RP, Peterson AT, Gomez-Laverde M (2002) Using niche-
based GIS modelling to test geographic predictions of competi-
tive exclusion and competitive release in South American pocket
mice. Oikos 98:3-16

Andrew JH, Jonsson N, Jonsson B, Hindar K, Northcote TG (1992)
Changes in use of lake habitat by experimentally segregated pop-
ulations of cutthroat trout and Dolly Varden char. Ecography
15:245-252

Andrusak H, Northcote TG (1971) Segregation between adult cut-
throat trout (Salmo clarki) and Dolly Varden (Salvelinus malma)
in small coastal British Columbia lakes. J Fish Res Bd Can
28:1259-1268

Bardsley L, Beebee TJC (2001) Non-behavioural interference compe-
tition between anuran larvae under semi-natural conditions. Oec-
ologia 128:360-367

Berec M, Krivan V, Berec L (2006) Asymmetric competition, body
size, and foraging tactics: testing the ideal free distribution in two
competing fish species. Evol Ecol Res 8:929-942

Biro PA, Post JR, Booth DJ (2007) Mechanisms for climate-induced
mortality of fish populations in whole-lake experiments. Proc
Natl Acad Sci USA 104:9715-9719

Bghn T, Amundsen PA (2001) The competitive edge of an invading
specialist. Ecology 82:2150-2163

Canham CD, Papaik MJ, Uriarte M, McWilliams WH, Jenkins JC, Tw-
ery MJ (2006) Neighborhood analyses of canopy tree competition
along environmental gradients in new England forests. Ecol Appl
16:540-554

Connolly SR, Muko S (2003) Space preemption, size dependent com-
petition, and the co-existence of clonal growth forms. Ecology
84:2979-2988



Oecologia (2008) 157:553-560

559

Crooks KR, Vanvuren D (1995) Resource utilization by 2 insular en-
demic mammalian carnivores, the island fox and the island spot-
ted skunk. Oecologia 104:301-307

Dietrich B, Wehner R (2003) Sympatry and allopatry in two desert ant
sister species: how do Cataglyphis bicolor and C. savignyi coex-
ist. Oecologia 136:63-72

Douglas ME, Marsh PC, Minckley WL (1994) Indigenous fishes of
western North America and the hypothesis of competitive dis-
placement: Meda fulgida (Cyprinidae) as a case study. Copeia
1994:9-19

Duyck PF, David P, Junod G, Brunel C, Dupont R, Quilici S (2006)
Importance of competition mechanisms in successive invasions
by polyphagous tephritids in La Reunion. Ecology 87:1770-1780

Edds DR, Matthews WJ, Gelwick FP (2002) Resource use by large
catfishes in a reservoir: is there evidence for interactive segrega-
tion and innate differences? J Fish Biol 60:739-750

Fasola M, Canova L (2000) Asymmetrical competition between the
bank vole and the wood mouse, a removal experiment. Acta The-
riol 45:353-365

Forseth T, Ugedal O, Jonsson B, Fleming IA (2003) Selection on Arc-
tic charr generated by competition from brown trout. Oikos
101:467-478

Fowler-Finn KD, Hebets EA (2006) An examination of agonistic inter-
actions in the whig spider (Phrynus marginemaculatus) (Arach-
nida, Amblypygi). J Arachnol 34:62-76

Frankham R, Ballou JD, Briscoe DA (2002) Introduction to conserva-
tion genetics. Cambridge University Press, Cambridge

Grey EV, Kellogg KA, Stauffer JR (2005) Habitat shift of a native
darter Etheostoma olmstedi (Teleost: Percidae) in sympatry
with a non-native darter Etheostoma zonale. Am Midl Nat
154:166-177

Heggenes J, Bagliniere JL, Cunjak RA (1999) Spatial niche variability
for young Atlantic salmon (Salmo salar) and brown trout (S. fru-
tta) in heterogeneous streams. Ecol Freshwater Fish 8:1-21

Henderson MA, Northcote TG (1985) Visual prey detection and forag-
ing in sympatric cutthroat trout (Salmo clarki clarki) and Dolly
Varden (Salvelinus malma). Can J Fish Aquat Sci 42:785-790

Hindar K, Jonsson B (1982) Habitat and food segregation of dwarf and
normal Arctic charr (Salvelinus alpinus) from Vangsvatnet Lake,
western Norway. Can J Fish Aquat Sci 39:1030-1045

Hindar K, Jonsson B, Andrew JH, Northcote TG (1988) Resource uti-
lization of sympatric and experimentally allopatric cutthroat trout
and Dolly Varden charr. Oecologia 74:481-491

Hume JMB, Northcote TG (1985) Initial changes in use of space and
food by experimentally segregated populations of dolly Varden
(Salvelinus malma) and cutthroat trout (Salmo clarki). Can J Fish
Aquat Sci 42:101-109

Jansen PA, Slettvold H, Finstad AG, Langeland AL (2002) Niche seg-
regation between Arctic char (Salvelinus alpinus) and brown trout
(Salmo trutta): an experimental study of mechanisms. Can J Fish
Aquat Sci 59:6-11

Jonsson B, Hindar K, Northcote TG (1984) Optimal age at sexual
maturity of sympatric and experimentally allopatric cutthroat
trout and Dolly Varden charr. Oecologia 61:319-325

Kildaw SD (1999) Competitive displacement? An experimental
assessment of nest site preferences of cliff-nesting gulls. Ecology
80:576-586

Krebs CJ (1985) Ecology. The experimental analysis of distribution
and abundance, 3rd edn. Harper and Row, New York

Langeland AL, L’Abée-Lund JH, Jonsson B, Jonsson N (1991) Re-
source partitioning and niche shift in Arctic charr, Salvelinus al-
pinus and brown trout, Salmo trutta. ] Anim Ecol 60:895-912

Lawler SP, Morin PJ (1993) Temporal overlap, competition, and pri-
ority effects in larval anurans. Ecology 74:174-182

McHugh P, Budy P (2005) An experimental evaluation of competitive
and thermal effects on brown trout (Salmo trutta) and Bonneville

cutthroat trout (Oncorhynchus clarkii utah) performance along an
altitudinal gradient. Can J Fish Aquat Sci 62:2784-2795

Maitz WE, Dickman CR (2001) Competition and habitat use in native
Australian Rattus: is competition intense, or important? Oecolo-
gia 128:526-538

Martin PR, Martin TE (2001) Ecological and fitness consequences of
species coexistence: a removal experiment with wood warblers.
Ecology 82:189-206

Maunder MN, Punt AE (2004) Standardizing catch and effort data: a
review of recent approaches. Fish Res 70:141-159

Morin PJ, Johnson EA (1988) Experimental studies of asymmetric
competition among anurans. Oikos 53:398—407

Munday PL (2004) Competitive coexistence of coral-dwelling fishes:
the lottery hypothesis revisited. Ecology 85:623-628

Nilsson N-A (1963) Interaction between trout and char in Scandinavia.
Trans Am Fish Soc 92:276-285

Northcote TG (1995) Confessions from a four decade affair with Dolly
Varden: a synthesis and critique of experimental tests for interac-
tive segregation between Dolly Varden char (Salvelinus malma)
and cutthroat trout (Oncorhynchus clarki) in British Columbia.
Nord J Freshwater Res 71:49-67

Northcote TG, Clarotto R (1975) Limnetic macrozooplankton and fish
predation in some coastal British Columbia lakes. Verh Int Ver
Theor Angew Limnol 19:2378-2393

Norton SF (1991) Habitat use and community structure in an assem-
blage of cottid fishes. Ecology 72:2181-2192

Parris MJ, Semlitsch RD (1998) Asymmetric competition in larval
amphibian communities: conservation implications for the northern
crawfish frog, Rana areolata circulosa. Oecologia 116:219-226

Pereira RAS, Do Prado AP (2005) Recognition of competitive asym-
metries reduces the severity of fighting in male /darnes fig wasps.
Anim Behav 70:249-256

Perfecto I (1994) Foraging behavior as a determinant of asymmetric
competitive interaction between 2 ant species in a tropical agro-
ecosystem. Oecologia 98:184-192

Pfennig DW, Rice AM, Martin RA (2006) Ecological opportunity and
phenotypic plasticity interact to promote character displacement
and species coexistence. Ecology 87:769-779

Rajaniemi TK, Reynolds HL (2004) Root foraging for patchy resourc-
es in eight herbaceous plant species. Oecologia 141:519-525

Richter-Boix A, Llorente GA, Montori A (2004) Responses to compe-
tition effects of two anuran tadpoles according to life-history
traits. Oikos 106:39-50

Robertson DR (1996) Interspecific competition controls abundance
and habitat use of territorial Caribbean damselfishes. Ecology
77:885-899

Schutz DC, Northcote TG (1972) An experimental study of feeding
behavior and interaction of coastal cutthroat trout (Salmo clarki
clarki) and Dolly Varden (Salvelinus malma). J Fish Res Bd Can
29:555-565

Schwinning S, Weiner J (1998) Mechanisms determining the degree of
size asymmetry in competition among plants. Oecologia
113:447-455

Smith GR, Dingfelder HA, Vaala DA (2004) Asymmetric competition
between Rana clamitans and Hyla versicolor tadpoles. Oikos
105:626-632

Taniguchi Y, Nakano S (2000) Condition-specific competition: impli-
cations for the altitudinal distribution of stream fishes. Ecology
81:2027-2039

Trewby ID, Wilson GJ, Dalahay RJ, Walker N, Young R, Davidson J,
Cheeseman C, Robertson PA, Gorman ML, McDonald RA
(2007) Experimental evidence of competitive release in sympatric
carnivores. Biol Lett. doi:10.1098/rsbl.2007.0516

Wedin D, Tilman D (1993) Competition among grasses along a nitro-
gen gradient: initial conditions and mechanisms of competition.
Ecol Monogr 63:199-229

@ Springer


http://dx.doi.org/10.1098/rsbl.2007.0516

560

Oecologia (2008) 157:553-560

Weiner J (1990) Asymmetric competition in plant-populations. Trends
Ecol Evol 5:360-364

Weiner J, Damgaard C (2006) Size-asymmetric competition and size-
asymmetric growth in a spatially explicit zone-of-influence model
of plant competition. Ecol Res 21:707-712

@ Springer

Yasuda H, Evans EW, Kajita Y, Urakawa K, Takizzawa T (2004)
Asymmetric larval interactions between introduced and indige-
nous ladybirds in North America. Oecologia 141:722-731

Young KA (2004) Asymmetric competition, habitat selection, and
niche overlap in juvenile salmonids. Ecology 85:134-149



	Asymmetric competition drives lake use of coexisting salmonids
	Abstract
	Introduction
	Materials and methods
	Study sites
	Sampling and treatment of the materials
	Statistical analyses

	Results
	Sympatric populations
	Sympatry versus experimental allopatry
	Experimental allopatry versus experimental sympatry

	Discussion
	Appendix
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


