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Summary. We comparad habitat use by rainbow trout sym-
patric (threg swreams) and allopatric (two streams) with
brown trout to determine whether competition occurred

berween these two species in the southerm Appalachian

Mountains. We measured water depth. water velocity, sub-
strate. distance to overhead vegetation. sunlight, and sur-
face turbulence both where we collected trout and for the
streams in general. This enabled us to sepurate the effects
of habitat availubility from possibie competitive effects. The
results provided strong evidence for asymmetrical interspe-
cific competition. Habitat use varied significantly between
allopatric and sympatric rainbow trout in 68% of the com-
parisons made. Portions of some differences reflected differ-
ences in habitats available in the several streams. However,
for all habitat variables measured except sunlight. rainbow
trout used their prek bit: r59 in. sympatry with
own frout than in allopatry i preferred>
the same habitats. Multivadate analysis indicated
water velocity and its correlates (substrate particle size and
surface turbulence) were the most critical habitat variables
in the interaction between the species, cover in the form
of shade and close overhead vegetation was second most
umportant, and water depth was least important.

Ke__\- words: Habitat use — Inteructive segregation - Niche
shift ~ Stream — Trout

Our research was a comparative field study or natural snap-
shot experiment (sensu Diamond 1986) of interspecific com-
petition berween rainbow trout (Salmo  guirdneri) and
brown trout (Salmo trurtay in streams of the southern Appa-
lachiun Mountains. The autecologies of these species are
“.le”. known. but not their synecology. The species huave
similar food habits (Maciolek and Needham 1952 ; Jenkins
19692, b; Elliott 1973; Kaeding and Kaya 1978) and habi-
Wt preferences (Hartman 1963: Butler and Hawthorne
1968 Baldes and Vincent 1969: Jenkins 19690 Lewis 1969;
L& Cren 1973; Devore and White 1978:; Horton and Coch-
Rauer 1978; Binns and Eiserman 1979 Gosse and Helm
1981; Helm et al. 1981: Buchman 1982; Shirvell and Dun-
gev 1983: Baliz and Moyle 1984; Fausch 1984). Hence.

Interspecific competition might be expected if either food

or habitat were in short supply. Research by Shirvell and
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Dungeyv (1983) and Lewis (1969) led them to suggest that
the microhabitats occupied by brown trout and rainbow
trout, respectively, may retlect competitive effects with a
congener, but ncither study permits definitive statements
to be made about competition betwesn these two species
in nature. Vincent (1987) reported that stocking hatchery
rainbow trout in previously uastocked sticam reuches in
Montana led to decreased numbers and biomass of brown
trout >25 cm long but not of smaller fish. whereas cessa-
tion of stocking led to increased numbers and biomass of
both wild rainbow trout and wild brown trout.

Reduced population size. growth. or production of a
species in the presence of another indicates competition by
definition. In lieu of information of this sort, two other
major lines of evidence are often-used to show the existence
of interspecific competition: (1) coexistence of two species
with a high overlap in resource use: and (2) a reduction
of the realized niche (Hutchinson 1957) or actual niche
(Colwell and Futuyma 1971) of one species when in the
presence of another (also termed an ecological shift by Mae-
Arthur and Wilson (1967). a niche shift by various authors
(e.g. Wemer and Hall 1976), and interactive segregation
by Nilsson (1967)). Resource overlap alone does not neces-
sarilv mean that two species are competing (e.g. Wiens
1977; Sale 1979: Tinkle 1982; Wisc 1981), but resource
overlap together with niche shifts in sympatry are consid-
ered to be sufficient evidence of competition by some (e.g.,
Colwell and Futuyma 1971; Diamond 1978) but not all
(e.g.. Thomson 1980; MacNally 1983). We agree with Col-
well and Futuyma (1971) and Diamond (1978) and. hence.
compared habitat availability and use between streams in-
habitated by both rainbow and brown trout (svmpatric
strenms) and streams inhabited by rainbow trout alone (al
lopatric streams). )

We emphasized habitat use because of thg known im-
portance of habitat on population. size for tranr, Habitat
fiiprovements in trout streams usually result in increased
numbers of trout (e.g., Boussu 1934: Saunders and Smith
1962: Hunt 1976) and 1emoval of good habitat results in
decreased numbers of trout (c.g., Boussu 1934 ; Elser 1963:
Elwood and Waters 1969; Mortensen 1977; Chapman and
Knudsen 1930). Although exceptions to these resulis exist
(e.¢.. Hartzler 19383), the results are frequent enough that
competition for microhabitats was a realistic expectation
for the streams used in this study. Population limitation
by some factor other than habitat scemed much less likely.

The literature provides both general and specific expec-

tatons for our study. Brown trout are both more aggressive
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than other salmonid species and larger on the average thun
other stream dwelling touts (Killeoerg [958 Nilsson 19635
Vincent and Miiler 1969: Nyman 1970: Gard and Scegrist
1972: Fausch and White 1981; Waters 1983). Hence, brown
trout should dominate uny potentially competitive situation
with a confamilial species (Newmuan 1936). Findings by
Fuusch and White (1981) who reported that brown trout
excluded brook trout from their preferred resting arcas.
and by Shirveil and Dungey (1983) who found that brown
trout occupied the same microhabitats whether or a0t rain-
bow trout were present, both support this inference. Bused
on this presumed competitive dominance of brown trout
over rainbow troul and competition theory in general. we
expected that rainbow trout sympatric with brown trout
should show niche shifts away from habitats preferred by
brown trout. Based on the data in Bovee (1978) and Butler
and Hawthome (1968), the specific niche shifts we expected
were that rainbow trout should move to deeper. faster water
with more surfuce turbulence and into more open arcas
with less close overniead vegetation and shade,

Our use of a comparatve study or natural snapshot
experiment (given that we ourselves did not make the spe-
cies intraductions) offered some advantages and some dis-
advantages relative 10 manipulative fleld expenments in the
study of niche shifts. Manipulative field experiments offer
the advantage that the mvestigator can ensure that the pres-
ence or absence of the suspected competitor is the only
variable; strong evidence for competition results (Connell
1983; Schoener 1983). In contrast. any features that vary
among study arcas used in a comparative study besides
the presence or absence of the suspected competitor (e.g..
availability of resources, level of predation or parasitism,
etc.), must form the basis of alternative hypotheses to be
rejected before a hypothesis of competition can be consid-
ered corroborated (e.g., Schmitt and Coyer 1983). Further-
more. field manipulation can sometimes provide evidence
for a niche shift not seen in a comparative study (e.g., Salz-
burg 1984). Potential advantages of a comparative study,
however, are that information is gained about possible vari-
ations in resource use with differences in resource availabili-
tv or predation pressure, and that the time required to ob-
tain results can be substantally less than the years required
by some but not all manipulative field studies (cf Vincent
1987, Werner and Hall 1976). Diamond (1983, 1986) and
Schoener and Spiller (1987) offer further comments on the
relative merits of these different experimental approaches.

Materials and methods

Swudy streams

We studied 150-400 m sections of one third-order and four
fourth-order streams in the mountains of eastern Tennessee
and western North Carolina. The streams are described in
detail in Loar (1983). Rainbow trout were allopatric [rom
brown troul in two streams. Abrams Creek (AC) and Miil
Creek (MC) in Cades Cove, Great Smoky Mountains Na-
tional Park, Tennessee. We captured only two adult brown
trout at AC and two Age 0 brown trout at MC over a
two-year sampling pedod (Loar 1983). Rainbow trout were
syimpatric with brown trout in the other three streams.
Bradley Creek (BC =combined BC1 and BCZ in Loar 1983)
in Henderson County. North Carlina, Lost Cove Creek
(LCCY in Avery County, Nouth Carolina, and the Nanta-

hala River (NR=NR3 in Loar 1983). Ounly BC and LCC
supporied populations of Age O brown trout. but aduit
brown trout occurred in all three sympatric streams (BC,
LCC. NR). Populations of other species of salmonids were
lacking in all streams: only a single brook trout (Suivelinus
Sontinalis) was caputred at LCC in a two-year sampling

period.

Sumpiing methods

We collected ail data on habitat use and habitat avaiiability
in late summer and early fall, 1983 (23 August-9 No-
vember). Stream flows were low (average=31%6 mezn an-
nual discharge) and hence hatitat bmitadon likely. Chi-
square tests showed no significant differsnces in habitat
use over ume. s0 we combined all data for subsequant anal-
vses.

We coilected trout with a Smith-Root Model XV elee-
troshocker that produced pulsed DC output. One person
operated the shocker and a second person used a dip net
to cateh stunned trout. Both individuals worked slowly up-
stream and normally sampled a single [ish at a time. We
marked the position at which we first saw each trout with
a aumbered oat attached by cord to a 84-g weight, We
marked the point of first sighting rather than the point
of collection to minimize the effects of galvanetaxis
(=movement of fish toward the anode). We recorded the
total length (TL) and species of euach trout, and then re-
leased it downstream from the point of collection. Scale
analyses in Loar (1983) indicared that trout <11c¢m TL
were Age 0 and trout >11cm TL were Age =1. We did
not use block nets because we did not want to trap any
trout that managed to swim away from the electrie field.

Electrofishing has been criticized as a means of collect-
ing trout for microhabitat use data (¢.g.. Gosse and Ielm
1981). We considered the primary difficulties associated
with electrofishing — frightening fish and galvanotaxis —
led to conservative errors in our study of niche shifts. Our
procedures probably frightened a number of trout nto ref-
uge sites from the feeding sites they might be expected to
occupy most of the day (Bachman 1932). Because these
tvpes of sites differ physically for at least these fish Age =1
(Helm et al. 1981), our data likely described characteristics
of both teeding and refuge sites. Additionally, some galvan-
otaxis likely occurred before we noticed the fish. so the
positions we characterized were unlikely the exact locations
the trout occupicd originally. Both difficulties undoubtably
increased heterogeneity within species and age groups. High
heterogeneity would have increased the difficulty of finding
sienificant differences in habitat use between allopatric and
sympatric rainbow trout and led to Type Il statistical er-
rors. We recognized that a distorting effect was possible
for between-species or between-age comparisons if the dif-
ferent species or age groups differed greatly in responses
or response thresholds to electrofishing. But these possibili-
ties would have had no effect on our comparisons within
a species or age group.

We note that any ather techniquebesides electrofishing
that we might have chosen to identify trout positions would
have suffered from similar difficulties. For example, visual
observation of fish underwater can also produce fright re-
sponses, and visual observations from land can be biased
by missing trout in such locations uas in deep water, under
high surface turbulenee. or under overhunging cover. As



Orth etal. (1981) and Bain et al. (1982) indicated. cach tech-
nigue for describing microhabitat use by fish can vield a
unique resuit. We reemphasize our use of the same methods
in both allopatric and sympatrc streams: whatever types
of sites we characterized. they were the same in all streams
so our conciusions relative 10 competiuve effects were
sound.

We guantified habitat use by measuring six variables
(depth. veloginv, subsirate. overhead vegetation. suniight.
and surizce tursulencey at the posidon of cach float. We
measured watar depth and velocity as continuous variabies
using a wading rod and a Prce pvemy flow meter. We
measured velocity bath at 0.6 depth (1.e.. mean water col-
umn velocity) and at 2 cm above the bottom (i.e.. a depth
that mav mor2 accurately reflect the location of the fish
(Kallebera 1953: Baldes and Vincent 1969; Chapman and
Biormn 1969: Jenkins 19690 LeCran 1973: Gosse and
Heim 1981: Bachman 1982: Shirvell and Dungey 1983)).
We clussified substrate visuaily into the single dominant
category in the modifled Wentworth particle size scale (Bo-
vee and Cochnauer 1977). We included small boulders with
small and large cobble in the rubbie catezory. We measured
distunce {rom the surtace of the stream to any vegetauon
directly overhead with a meter stick for heights up 1o 3m
and estimated greater heights. We categorized sunlight as
full, pardal. or shade (following Fuusch and White [1981])
and catesorized surface turbulence as moderate to high,
low. or absent. One of us (AJG) collected all habitat mea-
surcments. so individual difTerences in classilication of care-
gorical data or in esumating distances were eliminated.

We estimated habitat availability using both grid and
transect sampling. At three streams (AC, MC, and NR),
we recorded depth. substrate, overheud vegetation. sunlight.
and surface turbulence for a 1-m grid over the entire portion
of each stream from which we collected trout and measured
velocity at 0.6 depth ar | m intervals along transects spaced
5 m apart along the same portion of cuch stream. We col-
lected trout from longer portions of the other two streams
(BC and LCC) and measured all six habitat variables at
1 m intervals along transects spaced 3 m apart in these
streams. Sample sizes for habitat availability estimates
ranged {rom 137 to 514,

Experimental design

Nawral snapshot experiments seldom permit perfect site
matching and preclude the regulation of independent varni-
ables. Hence. we had 10 perform a series of analyses to
interpret our results relative to possible competiuve interne-
tions.

We first analyzed whether or not habitat avuilability
differed among streams. If the sites had matched perfectly,
we could have ignored availability in all subsequent analy-
ses: because the sites differed. we had to consider avatlabili-
ty in interpreting all vur resuls. We did not test site martch-
ing relative to water quality or levels of predation and puara-
sitism. Instead. we assumed that none of these features was
impornt in the preseat study. Water quality was virtually
identical in all streams except one (AC, Loar 1983), and
we never observed any etfects of parasitism. Most predatory
effects varied little among streams, We assumed that poten-
tial natural mammalian and avian predators were similar
at all streams and did not consider them to be a major
source of mortaiity. Fishing pressure was extremely low

in all strecams. The major predatory difference among
streams was the presence or absence of the only piscivorous
fish 1n the streams, large brown trout. Thus the major possi-
ble predatory influences on habitat use by rainbow trout
were entwined with competitive effects of symputry with
brown trout.

We next anaivzed whether or not habitat use varied
with habitzt availapiility among either ailopatric or sympat-
ric popuiations. When no such differences occurred. we
pooled the data on habitat use in ail strezams inhabited
by the same species of trout. When such differences existed.
we continued to conmsider habitat avarlabilitv in further
analyses and did not pool the data.

We next analyzed whnether or not habitat use by rainbow
trout vaned betwesn areas of svmpatry and allopatry. We
interpreted our results of these analyses according to he
resuits of poth of the preceding analyses. For example. 1f
differences mn habitar use berween allopatric and sympatne
strecams paralleled differcnces in habitar avatiabiiity be-
tween the two sets of streams. we mude the parsimonious
interpretation that the differcnces in habitat use were due
to availability differences and not to interaction with a con-
gener. In contrast. if availability and use varied in opposite
direcuons, and if the sympatric rammbow trout were [ess
like brown trout in their habitat use than were allopatric
ranbow trout, then we concluded that a niche shift had
occurred and inferred interspecific competition existed. A
final complicating factor was the possibility of species-spe-
cific preferences that could be accentuared by difference
in availability between the sympatric and allopatric streams.
We therefore examined our results for this possibility, also.

Duata analysis

We treated Age 0 and Age =1 trout of each species sepa-
rately in all analyses. This eliminated 98% of the correla-
tions of habitat use with lenath of fish.

We used nonpuarametric analysis of the data. None of
the series of power transformations recommended by Sokal
and Rohlf (1981) for positively skewed variables con-
sistently removed both the skewness and kurtosis from the
distributions of the vanables. For compansons among
streams in habitat availability and comparisons at a single
stream between habitat use and habitat availability, we used
contingency tables and X2 tests. For comparisons between
streams of habitar use of continuous vanables within a spe-
cies and age group. we used Kruskal-Wallis analysis of vari-
ance ol ranks followed by Dunn’s multiple comparisons
test for locution, setting the experimentwise error level at
a=0.13 (Hollander and Wolfe 1973), and Kolmogorov-
Smirnov two-sample tests (Sokal and Rohlf 1981) for distri-
bution. We made analogous comparisons for categornal
variables using contingency tables and X7 tests. For com-
parisons of habitat use between allopatric and sympatric
populations of rainbow trout for continuous variables, we
used both normal approximations to the Wilcoxon-Mann-
Whitney test with corrections for contnuity (Zar 1974) and
Kolmogorov-Smirnoy two-sample tests. For the analogous
analyses of categorical variabies, we used contingency ta-
bles. We used u=0.03 throughout except for the Dunn’s
tests where the equivalent was used.

To detect pairwise associations of habitat variables
avatlable in the streams and habitat used by trout, we used
contingeney tables and .\ tests. Compansons of these anal-
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Fig. 1. Habitat availability in each of the streams. Lines beneath letter codes [or streams connect streams not significantly different

(X* tests, P>0.03) from each other in availability

vses indicated which overall associations of variables in the
streams were also shown by the trout and whether or not
trout showed additional associations between varables in
habitat use that were not shown in the streams.

We used principal components analysis on the correla-
tion matrix for all habitat variables and vanmax rotiation
to illustrate similarities and differences in habitat use by
the various populations of trout. Following Feeley and Hill
(1983), we used mean values for cuch species and age group
at each stream. This analvsis also gave information about
which varabies tended to be associated with cuch other
and the relative importance of the several habitat variables
in the separarion of the species.

Results

Hubitar availubility

Habitar availability varied significantly among the streams
for all six variables measured (Fig. 1). Each stream had

1

a unique distribution of depths and overhead vegetation.
Distributions of velocities, substratas. sunlight, and surface
turbulence differed significantly among most but not all
streams.

Hubirar use relative to availability

Both species of trout showed habitat preferences, ie.. non-
random use relative to availability. Preferences were statisti-
cally significant for 70% of the comparisons made (Tables 1
and 2). Hubitat use vuried only carcly with availability for
either species in the sympatric streums, whereas habitat use
varied with availability for rainbow trout in the allopatric
streams.

The preferences shown by brown trout Age =1 were
for deep. slowly moving water without surface turbulence
over a sund substrate where the overhead vegetation was
very close and thus provided shade (Table 1). The only siz-
nificant differences in preferences among streams for brown
trout Age =1 were the vccupuncy of more positions with



Table 1. Hubitat use by brown trout compared with habitat avaii-

able in the several streams. Results of Y* tests are significant it

entrics other than all 0 or * appear: entries of + indicale moderate
(cell X* =1 and + + sirong (cell Y7 > 3) concentration on a given
category, eatries of 0 indicate use in approximule proportion 19
availabtiity, and entries of — indicate moderate und — — stronyg
avoidance, Exntnes of * indicate that expected values <2 precivded
X*unalvsis, n =~.1mpl. slazg

Habitat Agezl] Auc i)

variabie
B8C LCC NR BC LCC
(n=34 (n=3hH (=N (n=218) {(n=10,

<30 - - - - 0

0 - = - FINES + 0

=30 - - - N 0 0

Velocity iem-s ™)

<3 0 + = + + + v}

3-14 ~ = n 0 0 +
15-29 0 0 0 0 +
=30 - - — — - -
Substrate

< Sand + + - = + + + 0

Gravel 0 + 0 0 0

Rubble 0 - - 0 0

= Boulder - - 1] — 0

Overhead vegetation (m)

<10 - = 0 ++ ++ 0

1.1-3.0 0 - = 0 0 0

3.1-10 - 0 0 0 0

> 10 - - - - 0

Sunlight

Full - * * -— -

Partial - . * 0 *

Shade + + - - + + -

Surtace turbulence

Moderate-high 0 R 0 — -

Low 0 0 0 0 -

Absent 0 + + 0 + -

overhead vegetation> 1 m above the stream at LCC than
at either BC (Kolmogorov-Smirnov two-sample test. D=
0.336, P~0.01) or NR (D=0.389, P<0.01) and the less
frequent vecurrence of trout in the shade at LCC than at
BC (17 =3.394.dl=1. P<0.025). These differences paral-
leled major differences in habitat availability at the streams
(Fig. 1): LCC had less vegetation =1 m above the surface
of the water and more at the 1.1- to 3.0-m level than either
of the other two sympatric streams: LCC also had the least
shade while BC had the most. Age 0 brown trout showed
preterences similar to their older conspecilics wherever sum-
ples sizes were sulticiently large to permit statistical analy-
sis. We idenutied no significant diterences i the habitat
used by Age 0 brown trout between the two streams in
which they were found.

Habitat availability had no effect on habitat use by rain-
bow trout in these same streams. We found no significant
differences in habitar use for either age group. Svmpatric
rainbow trout Age =1 showed preferences similur o those
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of brown trout Age =1 for depth. substrate. overhead vege-
tation. and suniight but different preferences for velocity
(Faster warer) and surface wurbulence (moderate o high).
Age 0 rainbow trout only showed preferences for intermedi-
ate depths and for moderate to high surfuce turbulenze:
no other deviations from random use occurred consistentiy.
Because | _mlml use varied so little with habiwar avatiabiiity
tfor cim.:r species of lroul i sympatry. we poofed daia with-
in species and age groups for further anaivsts of habimt
use v these populations.

Thie situaton in allopatric streams was markedly diffor-
ent. Numerous stenificant differences existed between the
habitats used by riinbow trout in these two streams. Rain-
bow rout Ave =1 used Qu.:pcr water tDunn’s test. P<0.023)
over frer substrate (YF=2193351. ¢f =2, P<0.001)
closer overhead vezetaton (Dunn’s test. P <0.003) moerz
in the shude (X2 =315 df =2, P<0.0035) and less in turzu-
leat water (Y7 =18.293, df=2, P<0.001) at AC than at
MC. Oniy the veloaity of water occupied by the trout did
not differ betwesn the two sucams (Dunn’s test. P=0.2)
despite the grear differences in availabiiity at the o
streams (Fig. 1), All other between-stream diferences in
habitat use p.xmlh.kd the betwesn-stream differences in
availabilites except tor the use of shade (which did not differ
in avaiiability between the streams). Availability had much
less intluence on habitat use by Age 0 allopatrne rainbow
trout. The only significant difference (Y* =15.068, df*2, P<
0.001) was that Age 0 trout were above fine substrates more

“often at AC where these substrates were more availuble

(Fig. 1) thun at MC.

Hubitar use refative to the presence of a potential comperitor

Because habitat use varied with availability in the allopatric
streams. we had to interpret all possible niche shifts careful-
ly. We present these interpretations for each habitat van-
able seriatim,

Deptir Stgnificant differences in use occurred between allo-
patric and svmpatrne rainbow trout of both age groups.
The differences for fish Age > 1 (Fig. 2) are consistent with
the differences in availabilities (Fig. 1); there is no reuson
to invoke competition. This is not true for Age 0 fish. Con-
trary to the difference in habirtat availubility (we pooled
the availability data for the allopatric streams because use
did not vary with availability in these two populations),
Age 0 runbow trout occupied deep water more frequently
n sympatric than in allopatric streams (z=3.904. P<0.001)
and thereby also occupied deep water more frequently than
the Ave 0 brown trout with which they occurred (2= 1.932,
P=0.03). We interpreted these results to mean Age 0 brown
trout displaced Age 0 rainbow trour from shallow water
in the sympatric streams. Allopatric Age 0 rainbow trout
occupied water of the same depths as Age 0 brown trout
(z=1.397. P=0.10).

Velocity. Svimpatric and allopatric rainbow trout ditfered
1n the velocity of water they occupied whether we measured
velocity mud-water (MVEL) or at the bottom (BVEL),
hence the precise location of trout in the water column
matters little in our analysis of habitat shifts. Sympatric
rainbow trout Age =1 occupied faster water than both
therr allopatric cons‘pcciﬁcs Agze = (MVEL: -=5.034. P<
0.001: BVCL: 4953, P<0.001) and sympatric brown
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Table 2. Hubitat use by rainbow trout sompared with habitat available. See Tubie | for key Lo svmbols

Agel” Age o

AC BC LCC MC NR AC BC LCC MC NR

(n=45) (n=+41) (=33 (=73 (nr=2%) (=37 (n=31 (#n=200 (n=+H (n=40)
Depth o
<0 —— - — —— - — - — + = 0 — 0 —
3010 0 - = + - + = - — 0 - 0 - -
Veloay (cm s)
<3 - - = - 0 0 -— 0 0 0 0
T—id - = - — V] - N 0 0 0 0 o]
1329 - = - 4 - 0 + = 0 + + 0 0
=20 0 _— - — 0 N + + 0 - 0 0
Subsirate
< Sand - - - - - 0 b} 0 0 0 + -
Gravel — 0 0 0 ] 0 0 0 0 0
Rubble —-— 0 0 - — 0 0 0 0 0 0
Zz Boulder 0 — — - 0 0 0 0 0 -
Overhead vegetation (m)
= 1.0 - 9 - - = + 0 0 0 + 5 0
1.1-30 - — 0 + 0 T+ 0 0 0 0 + =
3.1-10 - 0 - —— - 0 0 0 - — 0
=10 -— 0 -— Q - 0 0 + -
Sunlight
Full - - = - . - 0 . * *
Parual - 0 - 0 * 0 0 * * *
Shade + 4+ + + . + + * 0 0 - - -
Surrace wrbulence
Moderate to high 0 + + 0 0 + + + + + + 0 + + + +
Low 0 0 0 0 0 + = 0 0 0 —
Abscnt 0 - 0 0 - -— — 0 - —

trout Age >1 (VEL: z=2.036. P<0.05: BVEL: z=2.347,
P<0.02). Similarly, sympatric Age 0 rainbow trout occu-
pied significantly faster water than either allopatric Age 0
rainbow trout or sympatric Age 0 brown trout (all z's > 3.0,
all P's <<0.005). Becausc availability laucked an influence
on the velocity of water occupied within either allopatric
or sympatric streams, we rejected availability as the factor
accvunting for the allopatric-sympatric differences. Instead.
we interpreted the significant differences just noted as indi-
cating that. in both age groups. brown trout displaced sym-
pauic ainbow trout to areas of faster water than they
would have occupied otherwise.

Substrare. Habitat use varied between sympatric and allo-
patric rainbow trout of both age groups. For Age =1 fish.
we attributed the differences to the combined effects of
differences in habitat availability and competituon, whereas
for Age 0 fish, availability alone explained the differences.
Consistent with the differences in availabiliues, allopatric
rainbow trout Age =1 occurred signilicaniy more often
over fine substrates than their sympatnc counterparts (AC
vs. sympatric: X*=57.083, df =2, P<0.001; MC vs. sym-
patric: X7 =7.700, df=2, P<0.025). In spite of the avail-
ability differences, however. allopatric rainbow trout Age
> 1 at MC did not differ from the brown trout in substrate
use (Y2 =1.339, df=2, P>0.5), whereas the sympatric rain-

bow trout Age =1 did: they occupred water over coarser
substrates than the brown trout Age > 1 with which they
coexisted (Y =38.232.df=2, P«<0.025). Weinterpreted this
latter difference in habitat use, despite the same habitat
availubility, as a niche shift of rainbow trout. For Age0
rainbow trout. the only significant difference was their more
frequent occurrence over fine substratas in AC than in any
other stream (all ¥¥'s =11, all P's «0.003). Because AC
had the highest availability of fine substrates of any stream
(Fig. 1). we attributed all differences in use among Age 0
fish 1o differences in avatlabihity.

Overhead vegetation. Rainbow trout Age > | occupied more
positions with close overheud vegetation in allopatry than
in sympatry. although the differences were not always sig-
nificant (AC vs. sympatric rainbow trout; ==6.701. P<
0.001. MC vs_ sympatric rainbow trout: z —0.921, P> 0.23).
The direction of the differences ran counter to the dilfer-
ences in availability (Fig. 1), hence better [it an explanation
based on competiton thun one bused ou availability. We
interpreted the significant difference to mean that brown
trout Age > 1 competitively displaced sympatne rambow
trout Age =1 from areas with close overhead vegetation
(Fig. 2). Age 0 rainbow trout showed no significant difter-
ences in their positions relative to overhead vegetation in
ailopatry and sympatry (2=0.816. P>023), and Agel
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brown trout occupied more positions under close overhead erences. Significantly more brown trout i euch age-group

vegetation than either group ol rainbow trout (s> 3.4 occupied areas of shade than did like-aged rainbow trout

P52 0.001). We interpreted the results for Age 0 rout to in either allopatric or sympatric streams (XY*'s=5.213-

indicate species-specific habitat preferences unrelated to ei- 18.897. df = 1. P'5<0.025-0.001).
ther availubility or competition.

Surfuce turbulence. Innate species preferences, habitat asyail-

Sunfigir. Allopatric and sympatric rainbow trout did not ability, and competition all seemed to atfect habitat use
ditfer in habitt use relative to amount of sunlight (Fig, 2). ol this variable. Innure species preferences occurred in that

We attribured all differences found w species-specitic pref- crown rout of both age groups more often occupied water
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Table 3. Bivariate associations of avatlable habitat. Entries indicate
streams where the pair of variables showed significant nonrandom
associations as identifjed by conungency tables and A7 tests

Habtrat Velocity  Sub- Over- Sun- Surtace
variabie at sirule head light turbu-
0.6 depth vege- lenee
tation
Depth NR ~NR
Veioeity at AC AC BC AC
U.6 depth BC BC NR BC
LCC MC LCC
NR NR MC
NR
Substrate BC BC AC
BC
LCC
NR
Overnead AC BC
vezetation BC MO
NR NR
Sunlight BC

lackiny surface turbulence than either allopatric or sympal-
ric rainbow trout of the same age (Fig. 2). Habitat availabil-
ity effects existed in that rainbow trout Age =1 occupicd
more water with a turbulent surface at one allopatnc stream
(MC) than the other (AC): the significant difference (Y* =
18.368. df=2. P<0.001) paralleled the difference in avail-
abilitv. A further availability effect was the even greater
difference in the occupancy of water with a turbulent sur-
face between sympatric rainbow trout Age =1 and conspe-
cifics of the same age at AC, the allopatric stream with
the lesser availability of turbulent water (Y2 =352.123. df =2,
P<«0.001). Competitive displacement of ruinbow trout
Age =1 by like-aged brown trout occurred as shown by
the lesser use of turbulent water in one allopatric stream
(MQ) than in the sympatric streams (Y*=12312, df=2.
P <0.001) despite the similarity in availabilities among all
these streams (Fig. 1). Allopatric and symparric Age 0 rain-
bow trout also differed in use of this habitat variable (X* =
9.534, df=2. P<0.01), but a scparation of causes similar
to that just given for fish Age =1 was less clear for these
fish. Allopatric Age 0 rainbow trout more often occupicd
water lacking surface turbulence than their sympatric Age 0
conspecifics which corresponded to the ditference in availa-
bilities (Fig. 1). However, an even greater difference in avai-
labilities between the two allopatric streams did not result
in significant differences in habitat use between the two
allopatric populations of Age 0 rainbow trout. Thus, we
felt it inappropriate to attribute the entire allopatric-sym-
patric difference to differences in availabilities but rather
considered a portion of the ditference represeated competi-
uve effects.

In summary then, rainbow trout Age 2 1 occupied more
areas with moderate to high velocity, coarser substrates.
further from overhead vegetation. and offering less shade
when in sympatry than in allopatry (Fig. 2). Age 0 rainbow
trout also occurred i more areas of moderate velocity and
moderate to high surface wrbulence in sympatry than in
allopatey. Addidonally, Age d fish shirted to more areas

Table 4. Bivariate associations of habitat used by brown trout Age
= 1. Entries indicate streams at which associations were signiiicant
as detined in Table 3. Associations not also seea in habitat avail-
abiiity are murked by an asterisk

Hubitat Veloeity  Sub- Over- Sun- Surfiace
vartadie at strate head light turbu-
0.6 depth vere- lencs
tation
Depth BC™ BC* BC*
NR
Velocity at BC BC BC BC
0.6 depth NR LCC
~R
Substrate BC BC
LCC
Overhead BC
vegetation LCcCr
Suniizht BC

Tahble 3. Bivariate associutions of habitat wsed by rainhow trout
Age 2 1. Entrics indicate streams at which associations were signiii-
cant as defined in Table 3. Bold face type indiciates sympatric
streams; asterisks as in Table 4

Habitst Veloaty  Sub- Over- Sun- Surface
variable at strate head light turbu-
0.6 depth veye- lence
taton
Depth MC* MC*
Veloelty at AC AC MC* AC
0.6 depth BC MC LCC
MC* MC
Substrate MC* MO* RC
MC*
Overheuad BC
vegetation . LCC
Sunlight BC
MCH

of intermediate to deep water. Species-specific preferences
occurred for areas occupied retative to sunlight (both age
groups) and to overhead vegetarion (Age 0 only).

Association of habitat variables

Only six of the 15 possible pairwise associations between
variables for habitat availability were significant at three
or more streams (Table 3). These associations were amonyg
slow velocities, fine substrates, close overhead vegetation.
and low surface tubulence.

Lurge numbers of between-variable associations in habi-
tat use oceurred for trout in both age groups (Tables 4-7).
The existence of such associations, especially associations
that did not exist in habitat availability, indicated that trout
selected particular combinations of hubiat variables. For
example. brown trout Age > 1 in one stream (BC) avoided
shullow water with 2 sund substrate. but used shallow water



Table 6, Bivanuate associations of habitat used by brown trout
Age 0. Entnes indicate streams at which associations were signifl-
cant as Jetined i Tuble 3. Associations not also sesn in habitat
availadility ars marked by an asterisk. Note: sampie $ize was too
smail at LCC to permit analyvsis

Ll

Table 8. Facior loadings and vartance expiained by principal com-
ponent analysis toilowed by orthogonal rotation (varimax ¢riten-
on). Variabics with loadings > 0.33 were considered 1o have con-
tibuted significanty ™ 1o principal components (PC) and were
marked by an asterisk

Habitat Velocity  Sub- Over- Sun- Suraee
variatie at strate hezd light turbu-
1.6 depth veue- lenee
tation
Depth BC™
Veloeiy at BC BC
0.6 denth
Substrate BC BC

Overnead
vegeanon

Suniight

Table 7. Bivariate associations of habitat used by rainbow trout
Age 0. Entries indicate streams at which associations were sigmi-
cant as Jdefined in Table 3. Bold fuce tyvpe indicates sympatric
streams; usterisks us in Table 4. Notes: samples size was 100 small
at LCC to permit statisttcal analvsis: NR was allopatric stream
for Age 0 rainbow trout

Habitat Veloeity  Sub- Over-  Sun- Surtace
variable at strare head light urbu-
0.6 deoth vege- lence
tation
Depth AC™ ACT AC* AC™
NR*
Velocity at AC BC BC AC
0.6 depth MC MC MC
NR NR NR
Substrate AC
BC
Ovcrhmd BC BC
vegetation NR MC
Sunlight BC

with a rubble substrate and deep water with a sand sub-
strate (Table 4). These associations of habitat varuables
were not present m the avaitlabilities of depth and substrate
in the stream as a whole (Table 3). so sclection relative
to the combination of depth and substrate was shown. As
a further example, three other populations (Age 0 rainbow
trout at AC, Age > 1 rainbow trout at MC, and Age =1
brown trout at BC) occupied water with moderate 1o high
surface turbulence where the water was shallow. but not
where it was deep.
For fish Age = L. signiticant associations between var-
ibles for habitat use (Tables 4 and 3) occurred signiticanty
more frequently in populutions of brown trout and allopat-
ric rainbow trout than in populitions of sympatric rainbow
trour (V7 ~ 5807, df=1, P<0.025). This difference in-
cluded associations scen in both availability and use. and
assoctations unigue o habitat use. Specincally, brown trout
Age =1 showed between-variable associations in habiic

Hubttat variabie PC PCII PC 111
(61" (227, (9°%
varianes) viarinees) varianee)

Water depth -0 0.39 .59~

Velocy at 0.6 depth 0.96* =0.12 0.13

Bottam veloctty 0.4 —.41 —0.01

Subdstriate 0.86* 0.14 —0.39

Overhead vegetation 0.53 —0.73 —0.16

Suailzht =003 0.88* G4

Surriaee turbulenc —0.36* 0.=2 0.09

use for 3974 of the assoctations in habitat availability that
extsted in the sympatric streams (cf., Tables 3 and 4) and
aliopatric rainbow trout Age = 1 showed 62%% of the analo-
gous associations in the allopatric streams . (cf., Tables 3
and 3) In contrast. svmpatne ronbow trout Age =1
showed fewer than halfas many (2394) of the ceorresponding
associations (Table 5). For between-variable associations
sexn only in habitt use and not seen in habitat availability,
the difference was even greater. Age > 1 allopatrc rainbow
trout and brown trout showed 92% (12 out of 13) of such
associations. Overall. sympatric rainbow trout Age =1
showed only 17% of the significant between-variable associ-
ations in habitat use for fish in that age group.

The sitwaton for Agze 0 fish was somewhat differe.
Here. the hypothesis of equal proportions of between-vari-
able associations in habitat use occurring in sympatric rain-
bow rtrout populations as in brown trout and allopatric
rainbow trout populations was not rgjected (Y2 =0.002.
df=1. P>0.9). However, all seven associations unigue to
habitat use (Tables 6 and 7) occurred among the populi-
tions of allopatne rainbow trout and brown trout.

Principal component unulysis

Principal component analysis identified water velocity and
s correlates (substrate and surface turbulence) as the most
important habitat variables separating the several popula-
uons (Table 8). Two vartables related to cover were of see-
ondary importance, and water depth was of quite minor
importance (Table 8). Populations of the same species, age,
and distribution (allopatric or sympatric) tended to be
grouped in multvariate space with only minimal disper-
sion (Fig. 3). We attributed this dispersion to differences
in habitat availabilittes in the streams (e.g.. greater occur-
rence of Ave 0 rainbow trout in the shade in one sympatric
stream {NR] than i the other two [BC, LCC). or greater
occupianey of areas of slow veloetty, fine substrate. and
water lacking surface turbulence by rainbow trout in one
allopatric stream {AC] than the other [MC]). The relative
positions of the species and age groups were as expected
based on the univarate analysis of habitat use. Positions
of the allopatric ranbow trout populations were similar
tw those of brown trout, although Age 0 allopatri¢ rainbow
trout occupied fewer areas of ¢lose overhead vegetation
and shade than did the brown trout in the svmpatric
SUTCRNIS.
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Discussion

Cuvear

The patterns of habitat use we described in this paper
should not be used as descriptions of microhabitat prefer-
ences for either species. Fright response and galvanotaxis
undoubtably occurred. although these phenomena clearly
did not render the study worthless. If these phenomena
had been severe, then the locations we considered to be
trout positions would not have differed fTom a series of
rundom points in the streams, and we would never have
found the nonrandom use relative to availability that we
did for nearly all habitat variables and groups of trout.
Stll, our data likely reflected some mixture of feeding and
refuge sites and perhaps some locations intermediate be-
tween these two. Jenkins (19694) reported that refuge sites
were different between brown tout and rainbow trout but
that feeding sites were not. Because we found differences
in habitat use between these species. refuge sites may have
predominated in our measurements of habitat use. This in-
terpretation 15 supported by the facts that refuge sites for
trout Age 2| arc in slower. deeper water and in closer
association with cover than feeding sites (Kualleberg 1938
Helm et al. 1981) and that slow water close to cover was
preferred by most of the Age =1 trout that we studied.
An alternative interpretation, that the differences we found
between species represented only differences in fright and
¢lectroshocking responses. is untenable because the differ-
ences existed only for sympatric trout: allopatric rainbow
trout and brown trout showed the same habitat preferences.
Sull. we advocate the use of our data only for the purposes
for which they were originally gathered.

Flubitar use

All of the-hubitat variables that we measured were impor-
tant to the trout. The mujorty of populations of each spe-
cics uscd cuch \';u'inbk nonrandomly rcLui\'t. to .1\'.1ii 1biiiu

on llu lm.mturg. For example. reports in thc. literature indi-
cate depth s either unimportant because trout occupy waler
of dittereat depths in proporion w availability, or at least

less important than velocity in habitat choice (Jenkins
19694, Lewis 1969, Gosse and Helm 1981, Shirvell and
Dungey 1983). Similarly, substrate is generally considercd
unimportant to nonspawning trouts (Fausch and White
1981, Gusse and Helm 1981, Shirvell and Dungev 1983).
In contrast to these two variables. numerous reports indi-
cate that cover is generally important to trout (e.z.. Newed-
ham and Jones 1939, MucCrimmon and Kwain 1966, Butier
ard Hawthorne 1968, Elser 1968, Allen 1969, Baides and
Vincent 1969, Chapman and Bjornn 1969, Elwood and
Waters 1969, Kwain and MacCammon 1969, Lawis 1969,
Devore and White 1978, Wilev and Dufek 1930, Gusse and
Helm 1981, Wesche et al. 1987) although some suggest thar
cover mutters to only portions of the population (Morten-
sen 1977, Buchman 1982, Bisson et al. 1981) or in particular
situations (Kalleberg 1938; Jenkins 19694, Gitson and
Power 1975, Helm et al. 1981, Huarwier 1983). Given these
latter restrictions, we had not necessarily expected near uni-
versal nonrandom use of cover. 1.e.. overnead vezetation.
shade. and surfice turbulence.

The differences we found in the relative importance of
the habitat variables corresponded to published reports. Ve-
locity is generally recognized as the most critcal variable
in microhabitat selection by lotic trout (e.g.. Jenking 19690
Bachman 1984, Fuusch 1984, de Graafand Bain 1986) and.
according to Lewis (1969), cover is the second key variable
affecting distribution of trout. In our study. velocity and
two associated variables [substrate and surfuce turbulence]
formed PC I and two measures of cover [distance 1o over-
head vegetation and shade] formed PC IT (Table 8, Fig, 3),
In contrast, depth of water accounted for only 9% of the
variunce in the principal component analvsis (PC [II, Ta-
ble 8) and was important only in separating Age 0 and Age
=1 brown trout. The importance of velocity was further
shown in that avajlabilities had no influence on what veloci-
ty of water was occupied by any species or age group of
trout. Shirvell and Dungey (1983) similarly reported that
avarability had no influence on what velocities of water
were occupied by brown trout.

Our finding of bivariate (Tables 4-7), if not multivariate
(Table 3), selectiod of habitat variables was contrary to
what Gosse and Helm (1981) reported, but in accord with
Gibson and Power (1975). The lutter workers found that
small brook trout and also juvenile Atluntic salmon when
alone. seek shade in shallow water. but not in deep water.
Wlhen both species occurred together, Gibson and Power
(1975) found that the trout displaced the salmon from the
shade, Our results parallel those of Gibson and Power
(1975) on both points. First. we found bhivariate selection
of habitat variables tncluding trout having selected arcas
of surface turbulence and shallow water in several popula-
tions. We interpreted this joint selection to mean that when
water depths alone were insufficient to provide cover, trout
sought other forms of cover such as surface turbulence.
Second. we found that the presence of a second species
had an intluence on whether or not bivariate selection of
habitat variables occurred.

Specifically, our results indicated that brown trout and
allopatric rainbow trout selected habitat variables in a bi-
variate manner (Tables 4-7) whereas sympatric rainbow
trout much more often selected one critical variable (e.g..
velocity) without regard to other aspects of the habitat
This result was especially clear for trout Age > 1. Brown
trout and allopatric rainbow trout averaged three times the
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number of berween-variable associations per populauon as
did sympatric rainbow trout. However. for both age groups
of sympatri¢ rainbow trout. 929 (11 or 12) of the between-
variable associations werz for pairs of variables that also
were associated strongly in habitat availability. Hence. even
these few associations that did exist could have been aru-
facts of sclection for just one of the variables rather thun
bivariate selection. Competitive dispiacement of’ sympaltric
rainbow trout to water of nigh wvelocity would ulso have
produced shilts to course substrate, distant overhead vege-
tation. and high surface turbulence merely because of the
associutions in the enviroament.

Interspecific comperition

The two species we studied had allopatric recent evolution-
ary histones (ralnbow trout in western North America and
brown trout in Europe) until their widespread introductions
into the same streams over the last cenwury. Althoueh the
compettive exclusion principle would indicate that there
must be some differences in resource use between the species
for them to coexist following the introductions. this same
principle provides no guidance as to whether coexistence
is achieved through interactive or sclective segregation (i.e..
niche shifts or different genetic preferences). If the recent
evoluuon of both species was in similir environments. then
the genetic preferences of the species might also be similar.
Niche shifts would be necessary to permit coexistence. QOver
evolutionary time. however. the ¢o-occurring specics should
evolve complementary preferences (i.c., evolve selective seg-
rezaticn) and niche shifts no longer exist. The rate of such
evolution would vary with the intensities of selective pres-
surcs. '

Literature on sulinonids offers limited support for these
ideas. For salmonids sharing an extensive evolutionary his-
tory. two species pairs show selective habitat segresation
(Everest and Chapman 1972, Schutz and Northcote 1972),
but three other pairs of species show interactive habitat
segregation (Hurtman 1963, Gibson and Power 1973,
Bisson et al. 1981). For salmonids more recently introduce
10 the same waters, two species pairs show interactive habi-
tat segregation (Nilsson 1963, 1967; Fausch and White
19381) while a third pair shows both selective habitat segre-
gaun (Griffith 1972) and interactive food segregation (Gnf-
fith 1974). Thus. although selective segregation is relatively
less. frequent in the latter situation, it apparently evolves
quite slowly. Both theory and the slow rate of evolution
shown by the confuamilial comparisons indicate the likeli-
hood of niche shifts for the species pair we studied. Niche
shifts would indicate ongoing competition and should be
accompanied by reduced growth and production: selective
segregation would not.

Our results showed niche shifts were common for sym-
patric rainbow trout whereas selective segrepation between
the species was not (Fig. 2). Shifts occurred for hubitat use
relative to depth (Age 0 only). velocity (both age groups),
substrate (Age =1 only). overhead vegetation (Age =1
only). and surface turbulence (both age groups). The niche
shifts were away from the preferences of brown trout based
on the literature (Butler and Hawthorne 1968, Boves 1978)
and our own measures of habitat preference of brown trout.
Selective segregation between the species occurred only for

arcas occupied relative tw sunhizht (both age groups) and
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overhead vegewation (Age 0 only). We have no basis for
speculating whether the latter species-specific preference
evolved recently or during an allopatric period in the history
of the two species.,

The results presented here indicated that interspecific
competition existed betwesn symputric rainbow and brown
trout tn the streams and time period of our study. We do
not known if niche shifts would be seen at different seasons
when habitat availabiiities would differ. In lute summer and
fall. overiap in hubitar use was high (Fig. 2) and preferences
rejative 1o what was availiaole (Tables 1 and 2) were simiiar
for the two spectes. Wiche shifts by rainbow trout away
from the preferences of brown trout were common. Thus
strong evidence for interspecific competition ol the two
types derived from niche theory — resource overlup and
niche shiit in sympatry — existed.

Evidence of the third type required by MacNalily (19830,
reduced population deasity or growth in at least one of
the species undergoing interspeciiic competiton, is found
in Louar (1983). Biomass of Age 0 rainbow trout averagss
onily 23% as high in sympatric as allopatric streams and
production only 21%% as high. Compuarisons for rainbow
trout Age =1 show biomass and production average 48%%
and 42°% as high. respectively. in svmpatric as alloputric
streams. We interpreted the reduced biomass and produc-
tion in the sympatric streams to be evidence for ongoing
interspecific competition. Food availability, water quality,
and interacuons with nonsalmonids unlikely differ greatly
among the streams (Loar 1985), and hence were inviable
as alternative explanations.

We can only speculate about the precise mechanism of
competition between brown trout and rainbow trout. A
reasonable working hvpothesis. based on the results pre-
sented here, Was that interference competition occurred in
which behaviorally dominant brown trout induced habitat
shifts by rainbow frout. Brown trout would have forcad
Tainbow troul INto areds having some combination of the
following deficiencies: higher water velocity, greater dis-
tance from cover. and lower food availability. The overall
result would have been an increased net expendiwre of ener-
gy per unit ume. Even if food availability were not involved
and feeding rates by rainbow trout were the same in allo-
patry and sympatry, the other two fuctors alone would re-
duce rainbow trout production in sympatry due to the high-
er metabolic costs associated with maintaining position (see
Fausch 1984) and sceking refuge when disturbed. -

The experimental work necessary to support this scen-
erio would include at least two types of observations. First.
direct observations of interspecific interactions between
fishes of both species and of various sizes are needed. They
have not been made. Brown trout are competitively domi-
nant over brook trout (Nyman 1970. Shetter and Alexander
1970. Fuusch and White 1981) and brook trout are beha-
viorally dominant over rainbow trout ol equal size (INew-
man 1936}, so interference competition due to behavioral
dominance of brown trout is a reasonable prediction.
Second. metabolic measurements on rainbow trout of the
sort obtained by Li and Brocksen (1977) in their study
of intraspecific competition would be desirable to see if
the hypothesized subordinance of cuinbow trout to brown
trout would decrease growth. The moechanism we proposc
here ts analogous to that demonstrated by Werner and Hall
(1979) for the asymmetrical competition between bluegill
sunfish and green suntish.
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