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Abstract. Translocation is an important management strategy in conservation programs
for endangered or threatened species, including native cutthroat trout (Oncorhynchus clarki)
in the western United States. Most subspecies of cutthroat trout have declined to ,5% of
their historical range, and both historical and translocated populations now persist in small
isolated fragments of habitat. Success rates for translocations of fishes are generally ,50%,
and habitat quality or quantity are frequently cited as the cause of failure. Therefore, we
conducted field surveys of stream-scale habitat and measured basin-scale habitat using a
Geographic Information System for 27 streams where two subspecies of cutthroat trout
were translocated in Colorado and New Mexico, to identify specific habitat attributes that
contribute to the success of translocations.

We used polytomous logistic regression to develop models that predict three categories
of cutthroat trout translocation success (high, low, absent) from habitat attributes at two
spatial scales. Models based on stream-scale habitat attributes indicated that cold summer
water temperature, narrow stream width, and lack of deep pools limited translocations of
cutthroat trout. Cold summer temperatures are known to delay spawning and prolong egg
incubation, which reduces the growth of fry and likely limits their overwinter survival.
Furthermore, small streams with few deep pools may lack the space necessary to permit
overwinter survival of a sufficient number of individuals to sustain a population. Models
based on basin-scale habitat were not as effective as stream-scale habitat models for dis-
tinguishing among translocation sites with high, low, or absent population status but in-
dicated that a minimum watershed area of 14.7 km2 was useful as a coarse filter for separating
sites with high numbers of cutthroat trout from those with low or absent status. Watersheds
larger than this are expected to encompass low-elevation habitat that provides warmer
summer temperatures and to have relatively wide stream channels of sufficient length to
provide an adequate number of deep pools. These results indicate that the appropriate scale
of habitat measurement for predicting cutthroat trout translocation success in fragmented
watersheds is at the patch rather than landscape scale, which is similar to results for other
salmonids and vertebrate taxa in general.

Key words: cutthroat trout; greenback cutthroat trout; habitat fragmentation; information-
theoretic approach; landscape scale; patch scale; polytomous logistic regression; restoration; Rio
Grande cutthroat trout; salmonid habitat; translocation.

INTRODUCTION

Translocation of individuals to establish, reestablish,
or supplement a population is an important manage-
ment strategy in the conservation of endangered or
threatened animals (Griffith et al. 1989). In reviews of
recovery plans for threatened or endangered species,
70% of all recovery programs (Tear et al. 1993), and
over 80% of programs for fish (Williams et al. 1988),
called for translocations. Some highly publicized trans-
location programs have successfully founded self-sus-
taining populations (e.g., American bison [Bison bi-
son], Kleiman 1989; Peregrine Falcon [Falco peregri-
nus], Millsap et al. 1998), establishing translocation as
an effective management tool. However, success rates
for translocations of birds, mammals, and fish are gen-
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erally ,50% (Williams et al. 1988, Griffith et al. 1989,
Simons et al. 1989, Hendrickson and Brooks 1991, Har-
ig et al. 2000a), with habitat quality of the translocation
site, number of individuals released, and the proximity
of the site to the core of the species’ historical distri-
bution cited as the main factors influencing success
(Griffith et al. 1989, Wolf et al. 1996, 1998). Although
these general patterns are useful for identifying re-
search needs, they do not provide specific information
for selecting a translocation site with a high probability
of success. Numbers of individuals needed to establish
self-sustaining populations and factors defining suffi-
cient habitat are specific to particular taxa. Unfortu-
nately, most translocations have been inadequately
studied, monitored, and reported (Minckley 1995, Hod-
der and Bullock 1997), so there is a need for quanti-
tative assessment of specific ecological factors that
contribute to the success or failure of translocations.

Native subspecies of cutthroat trout (Oncorhynchus
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clarki) in the western United States have been reduced
to a small portion of their historical range, nearly all
,5%, primarily due to habitat degradation and inter-
actions with nonnative salmonids (Gresswell 1988,
Behnke 1992, Young 1995a). Of the 14 subspecies rec-
ognized (Behnke 1992, three are undescribed), two are
extinct, three are listed as threatened under the Endan-
gered Species Act, and conservation plans have been
developed for most others. Establishing new cutthroat
trout populations through translocation of genetically
pure trout into fishless waters or those treated with
toxicants to remove nonnative salmonids remains one
of the few management strategies available to increase
their range (Stuber et al. 1988, Young 1995b, USFWS
1998). However, of 37 attempts to establish allopatric
populations of greenback cutthroat trout (O. c. sto-
mias), only 38% were successful, whereas 30% were
reinvaded by nonnative salmonids, 27% apparently had
unsuitable habitat, and 5% were suppressed by other
factors (Harig et al. 2000a). Similarly, 46% of 28 Rio
Grande cutthroat trout (O. c. virginalis) translocations
established naturally reproducing populations, whereas
32% were reinvaded, and 21% had unsuitable habitat
(Harig and Fausch 1996, Alves 1998; A. L. Harig and
K. D. Fausch, unpublished data, New Mexico Depart-
ment of Game and Fish [NMDGF], unpublished data).
Reinvasion by nonnative salmonids results in translo-
cation failure because cutthroat trout readily hybridize
with spring-spawning rainbow trout (O. mykiss), and
are apparently displaced by fall-spawning brook trout
(Salvelinus fontinalis) and brown trout (Salmo trutta,
Wang and White 1994). Isolating barriers, while pro-
tecting some cutthroat trout populations from upstream
migration of nonnative salmonids, restrict them to areas
that may be too small or have insufficient habitat to
support a viable population (Moyle and Sato 1991,
Moyle and Yoshiyama 1994). Therefore, an analysis of
cutthroat trout translocations to identify factors that
promote establishment and persistence of populations
is likely to improve the success of future translocations.

Habitat quality is considered an essential component
of translocation success (IUCN 1987, 1995, Kleiman
1989, Minckley 1995) and was the factor most often
cited as leading to translocation failure (Griffith et al.
1989, Wolf et al. 1996, 1998). Success requires habitat
of sufficient quality to meet the life history require-
ments of the species (Williams et al. 1988) and of suf-
ficient area to support a self-sustaining population de-
spite demographic and environmental stochasticity
(Moyle and Sato 1991). In effect, some conservation
programs for mammals have recommended against
translocations because insufficient habitat was avail-
able (Ruth et al. 1998, Struhsaker and Siex 1998).
Therefore, research on the minimum habitat require-
ments of a species may be necessary to identify suitable
translocation sites, particularly if factors contributing
to translocation failure are unknown (Hodder and Bull-
ock 1997).

There are few empirical data on minimum habitat
requirements for entire salmonid populations because
fish ecologists have historically focused on fine spatial
scales to understand how environmental factors influ-
ence local abundance and dynamics (cf. Gowan et al.
1994, Schlosser and Angermeier 1995). High natural
spatial and temporal variation among sites at fine spa-
tial scales can mask factors that influence stream fish
populations (Hicks et al. 1991, Dunham and Vinyard
1997, Lohr and Fausch 1997), resulting in habitat mod-
els that lack generality beyond the stream or watershed
for which they were developed (Fausch et al. 1988,
Rieman and McIntyre 1995). Moreover, many stream
fishes vary their habitat use during their life cycle,
requiring different temperatures, flow, substrate, and
physical structure at each life history stage (Bisson et
al. 1981, Schlosser 1995). These habitats may be sep-
arated (Schlosser 1991, Schlosser and Angermeier
1995), especially in disturbed watersheds (Fausch et
al. 1995), so fine spatial scales may not capture the
spatial heterogeneity and connectivity of habitat patch-
es needed to maintain persistent populations (Torgersen
et al. 1999, Labbe and Fausch 2000). Therefore, anal-
yses that include coarse-scale processes are likely to
be most appropriate for stream populations of salmo-
nids like cutthroat trout.

The goal of our research was to identify macrohabitat
attributes that promote establishment and persistence
of translocated native cutthroat trout populations iso-
lated in high-elevation headwater streams by fish move-
ment barriers. Based on the literature of stream sal-
monid ecology, we developed a series of a priori hy-
potheses about stream-scale and basin-scale habitat at-
tributes that potentially limit translocated cutthroat
trout populations. At the stream scale, persistent sal-
monid populations require sufficient habitat to support
enough adults to sustain a population, refuge from high
flow during spring snowmelt runoff, sufficient clean
(i.e., silt-free) gravel to construct spawning redds, op-
timum summer temperatures to allow spawning, in-
cubation, and emergence prior to the onset of winter,
and refuge from low temperature and low flow during
winter (Bisson et al. 1981, Behnke 1992). Therefore,
we predicted that cutthroat trout persistence is less like-
ly in streams having short length, few pools, small or
shallow pools, pools with little physical structure pro-
viding refuges from flow, little clean spawning gravel,
or low winter or summer water temperatures.

Stream ecosystems may be viewed as hierarchically
organized physical environments (Frissell et al. 1986),
so theoretically the functional processes that structure
basins at coarser scales (i.e., subbasin and drainage
basin) also influence habitat at the stream scale (Platts
1979, Lanka et al. 1987, Poff 1997). Thus, basin-scale
factors that govern vegetative patterns, drainage net-
works, erosive mechanisms, and fluvial processes
should be useful for predicting potential habitat quality
for stream salmonids (Poff and Ward 1989, Nelson et
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FIG. 1. Approximate historical range of greenback and
Rio Grande cutthroat trout (adapted from Behnke 1992;
Stumpff and Cooper 1996) and location of the 28 study
streams where cutthroat trout were translocated. Stream num-
bers correspond to Table 1.

al. 1992, Rieman and McIntyre 1995). For example,
streams at high elevation and latitude or with a north-
facing aspect may have colder temperature regimes that
cannot support overwintering trout or successful re-
production, and those with high basin relief and steep
channel slope may not have sufficient refuge from high
flow, especially for juveniles. Based on this theory, we
predicted that cutthroat trout persistence is less likely
in sites with small watershed area, short channel length,
high elevation, high basin relief, high latitude, steep
channel slope, or a north-facing aspect.

For study, we chose greenback and Rio Grande cut-
throat trout, two subspecies with nearly identical eco-
logical requirements. We compared habitat attributes
at stream and basin scales in streams where translo-
cations successfully established a naturally reproduc-
ing population to those where translocated populations
were extirpated for reasons apparently related to habitat
size or quality rather than invasion by nonnative sal-
monids. We developed models using habitat attributes
measured at these two scales based on our hypotheses
about salmonid ecology and selected the models that
best predicted probability of translocation success.
These models will be valuable to managers for choos-
ing future restoration sites with a high probability of
establishing a cutthroat trout population through trans-
location and for identifying whether populations in
fragments of historical habitat are likely to persist.

METHODS

Study sites

We selected 27 cutthroat trout translocation streams
(12 greenback and 15 Rio Grande) in Colorado and
New Mexico for study (Fig. 1, Table 1). These sites
represented all but two known stream translocations
not invaded by nonnative salmonids of these cutthroat
trout subspecies made throughout their historical range
through 1995 (Harig and Fausch 1996, Harig et al.
2000a; NMDGF, unpublished data). Streams were sur-
veyed a median of 13 yr after initial translocation
(range 3–31 yr), which we judged to be long enough
for natural reproduction to occur and numbers to in-
crease, or for the population to decline or die out. We
also included one stream where a translocation was
conducted in 1997 as a test site to demonstrate use of
the final model. Translocations into lakes alone were
excluded because lake and stream habitat are not di-
rectly comparable.

Before translocation of wild or hatchery cutthroat
trout, streams were either barren of fish or chemically
treated with a fish toxicant (antimycin or rotenone) to
remove nonnative salmonids. Unpublished data from
natural resource agencies on the frequency, number,
size, and source (hatchery-reared, wild broodstock, or
wild) of translocated cutthroat trout were incomplete
(Harig 2000), but did not suggest that initial stocking
practices influenced success of most cutthroat trout

translocations. In some streams, cutthroat trout popu-
lations were established from introductions of rela-
tively few wild fish (e.g., 182 for San Francisco Creek),
whereas others failed to support high numbers of cut-
throat trout despite repeated stocking of both hatchery
and wild individuals (e.g., five stocking events totaling
.6200 individuals in May Creek). Typically, Rio
Grande cutthroat trout populations were founded from
one to three translocations averaging 30 to 1000 wild
fish ranging from fry to small adults (15 cm). Most
greenback cutthroat trout populations were founded
from two to five introductions of 400 to 5000 hatchery
fry and juveniles (,8 cm), although small adults were
sometimes included.

All translocation sites (Table 1) were streams above
2400 m in elevation with headwaters extending up to
3600 m. Habitat generally alternated between steep,
forested reaches with conifers in riparian zones, and
low-gradient, meandering reaches lined with forbs, wil-
lows (Salix spp.), or cottonwoods (Populus spp.). Mean
channel gradients, measured from digital data using a
Geographic Information System (GIS), ranged from
7.3% to 20.2%, but were likely higher than actual gra-
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TABLE 1. Characteristics of the 28 study streams in Colorado and New Mexico where cutthroat trout were translocated.

Stream Stream Subspecies
Translocation

year

Number of
age-1 and
older trout

Stream length
(km)

Absent status

1
2
3

Benito Creek
Doctor Creek
Hourglass Creek

RG
RG
GB

1985
1995
1965

0
0
0

2.6
3.5
2.8

4
5
6

Mean (SE)

Little Medano Creek
Unknown Creek
West Fork San Francisco Creek

RG
RG
RG

1986
1985
1979

3
1
0

3.1
3.7
4.6

Low numbers of trout

7
8
9

10
11

Cottonwood Creek
Little Ute Creek
May Creek
Ouzel Creek†
Pecos River

GB
RG
GB
GB
RG

1983
1978
1980
1981
1992

67
16
65
36
26

5.3
2.2
4.7
1.0
5.8

12
13
14

Mean (SE)

Rio de los Pinos
Rough Canyon & Rhodes Gulch†
West Creek†

RG
RG
GB

1984
1985
1979

49
40
82

3.1
4.9
5.0

High number of trout

15
16
17
18
19

Cony Creek†
East Middle Creek
Fern Creek†
Greenhorn Creek†
Jacks Creek†

GB
RG
GB
GB
RG

1989
1989
1982
1988
1993

129‡§
117§

61§
173
322\

4.9
3.5
2.4
3.4

11.0
20
21
22
23
24

Medano Creek†
Nabor Creek
North Fork Big Thompson River
Rio Cebolla
Roaring River†

RG
RG
GB
RG
GB

1987
1982
1971
1995
1984

1278
719§
112§
778\
124‡

20.5
5.6
1.8
6.7
6.9

25
26
27

Mean (SE)

San Francisco Creek
Sheep Creek
Williams Gulch

RG
GB
GB

1979
1982
1981

193‡
661
319

12.4
11.6

4.1

Test translocation site

28 Powderhouse Creek RG 1997 4.3

Notes: Characteristics include relative population status, subspecies of cutthroat trout (GB, greenback; RG, Rio Grande),
year of initial translocation (Harig and Fausch 1996, Harig et al. 2000, NMDGF, unpublished data), total number of trout
observed, summer stream length, elevation of the lower terminus, mean stream gradient, and four habitat variables used in
the ‘‘best’’ models to predict probability of translocation success. Group means and standard errors (in parentheses) based
on relative population status are shown for the four habitat variables used in the best models (RD 5 residual depth).

† Waterfalls or steep cascades divided these streams into multiple reaches, but cutthroat trout populations downstream
potentially depended on emigration from upstream reaches.

‡ Minimum abundance of age-1 and older trout was probably underestimated due to deep, turbulent, or turbid water.
§ Minimum abundance of age-1 and older trout was probably underestimated due to a lake or large beaver pond where it

was not possible to make accurate visual counts.
\ Minimum abundance of age-1 and older trout was probably underestimated due to thick riparian or aquatic vegetation.

dients due to greater stream sinuosity (and therefore
greater channel length) on the ground than can be
shown on maps. Length of summer habitat for cutthroat
trout ranged from 1.0 to 20.5 km and was isolated from
encroachment of nonnative salmonids by fish move-
ment barriers including waterfalls, cascades, steep gra-
dients, dry channels, or manmade structures like rock-
filled gabions (Harig 2000). Nine streams also had wa-
terfalls or steep cascades in their middle reaches that
divided them into multiple habitats (Table 1). We con-
sidered them single populations because downstream

reaches potentially depended on emigration of cut-
throat trout from upstream areas.

Field surveys of stream-scale habitat
and cutthroat trout abundance

We conducted field surveys of stream-scale habitat
and cutthroat trout abundance along the entire length
of each translocation stream from the downstream fish
movement barrier upstream to the end of pool habitat,
where the bankfull channel width was ,2.0 m and
wetted width usually #1.0 m. Surveys were conducted
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TABLE 1. Extended.

Minimum
elevation (m)

Mean
gradient (%)

Mean July
daily

temperature (8C)

Mean
bankfull

pool width (m)

No.
deep pools

(RD $ 30 cm)
Watershed
area (km2)

3281
2520
2861

13.3
20.2
12.3

4.8
10.2
4.2

1.8
3.2
3.8

12
22
94

5.1
7.1
9.5

2588
3125
2890

16.5
7.3

14.8

7.1
6.5
9.5
7.1 (1.0)

2.1
1.0
2.8
2.5 (0.4)

35
2

13
30 (14)

16.2
8.5
7.2
8.9 (1.6)

2470
3262
2718
3159
3178

10.8
16.0
12.2
17.3

8.4

7.1
7.8
8.4
6.0
9.2

2.6
4.5
3.3
4.1
2.9

131
22

144
12
61

9.2
8.9

12.5
7.0

11.3
3206
2738
2496

12.8
13.4
17.0

8.7
8.3
7.1
7.8 (0.4)

3.2
2.7
4.1
3.4 (0.3)

36
29

117
69 (19)

9.5
10.3
25.3
11.7 (2.0)

2904
2939
2818
3107
2531

10.5
14.8
17.0
16.6
11.5

9.0
9.7
7.7
8.4
9.8

5.4
3.2
4.5
2.9
3.6

146
46
56

121
197

14.5
14.2

6.8
7.3

18.4
2502
2545
3293
2495
2881

13.2
12.7
13.6

8.8
16.4

10.5
14.5
8.1

14.6
9.9

4.1
3.8
3.1
3.0
4.9

361
74
18
69
21

77.8
11.9

8.3
37.1
14.6

2400
2828
2758

9.1
9.5
7.3

8.8
7.8

10.8
10.0 (0.6)

3.9
4.1
2.3
3.8 (0.2)

88
318
105
125 (30)

42.5
36.1

9.0
22.9 (5.7)

2928 10.6 10.0 2.2 5 10.0

during June through October 1996 through 1998. Dur-
ing the first two years, we randomly selected streams
from among 29 sites in Colorado where either cutthroat
trout subspecies had been translocated and managers
reported that nonnative salmonids had not invaded.
However, we found that brook trout had invaded six
of them, so in 1998 we randomly selected five addi-
tional translocation streams (of seven known, NMDGF,
unpublished data) from the rest of the range of Rio
Grande cutthroat trout in New Mexico. One of these
later proved to have been translocated after 1995, and
so is used as a test of the final model.

We counted the number of fish observed in each pool
and fast-water channel unit (i.e., riffle, run, or cascade,
Hawkins et al. 1993) to determine the minimum num-
ber of trout. These visual fish counts were not intended
as population estimates, but as measures of minimum
trout abundance for classifying relative translocation
success and developing models. The number, species,
and approximate size of each fish were determined us-
ing polarized glasses by carefully approaching channel

units from downstream. Cutthroat trout generally hold
positions in open water near the surface (Griffith 1972,
Young 1996, Nakano et al. 1998), so are highly visible.
Afterwards, we also used a depth staff to sweep beneath
undercut banks, large woody debris, and boulders to
detect any additional fish. Usually, none were found.
We recorded water transparency to assess whether the
fish count was hindered by turbidity, turbulence, deep
water, low light levels, or thick vegetation, and thereby
underestimated relative to other streams. However,
most streams were small and clear with open pools that
lacked complex habitat, so cutthroat trout were easily
observed.

We surveyed stream-scale habitat at each pool, de-
fined as a channel unit that was at least one-half channel
width long, relatively deep (residual depth $18 cm)
and slow flowing, with a gentle water surface slope (cf.
Hawkins et al. 1993). We measured bankfull pool
width, residual depth, presence of sediment-free sub-
strate, and physical habitat structure for trout (Table
2). The number of variables we could include in a
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TABLE 2. Habitat factors included in stream-scale models calculated from variables measured during basin-wide field surveys
of translocation streams.

Habitat variable Definition

Stream length Length (km) of stream surveyed from the fish movement barrier upstream to the end of pool
habitat (,2.0 m bankfull width), measured from a 1:24,000 USGS topographic quadrangle.

Number of pools Total number of pools at least one-half channel width long with residual depths $ 18 cm.
Pools were identified according to Hawkins et al. (1993) as channel geomorphic units
formed by interactions among discharge, sediment load, and channel resistance to flow.

Bankfull pool width Grand mean bankfull width (m) of all pools, calculated from measures at the downstream,
center, and upstream ends of each pool, at the height where the water surface is level with
the floodplain (Dunne and Leopold 1978).

Deep pools Number of pools with residual depth $30 cm, calculated from the maximum depth minus the
maximum tail crest depth measured at the downstream hydraulic control that forms the pool
(Lisle 1987). This depth criterion was based on the median residual depth of all pools sur-
veyed in all streams.

Large woody debris Number of pools with at least one piece of large woody debris, which was at least 15 cm in
diameter for 3 m of length (adapted from Richmond and Fausch 1995) and at least partially
in or suspended over the bankfull channel (including pieces forming pools).

Boulders Number of pools with at least one boulder, which was .50 cm in diameter in all dimensions
and within the bankfull channel, including those forming the stream bank if they protruded
into the pool.

Undercut bank Number of pools with at least 0.2 m of undercut bank, which was at least 10 cm undercut, no
more than 15 cm above the water surface, and had a minimum water depth of 10 cm
(adapted from Fausch and Northcote 1992).

Clean gravel Number of pools with at least 25% area as clean gravel (6–63 mm in diameter, free from silt)
in the downstream quarter of the pool, estimated visually.

model of translocation success was limited by the mod-
est sample of streams available, so we calculated the
geometric mean of the number of pools that had large
woody debris, boulders, or $0.2 m of undercut bank
to create one variable indicating the number of pools
with physical structure.

Stream temperatures were measured (60.28C) for
each translocation stream at least every 96 min for a
minimum of one year using either an Optic StowAway
or TidbiT thermograph (Onset Computer Corporation,
Pocasset, Massachusetts) placed in the largest pool.
Thermographs were placed in each stream when first
surveyed and replaced each year. Thermal regimes were
measured for three years (1996–1999) in 8 streams, at
least two years in 16 streams, and at least one year in
all 28 streams. We analyzed four thermal characteris-
tics; mean daily temperature for each month from June
through August to encompass periods of egg incubation
and emergence of cutthroat trout fry, and for the 3-mo
period from December through February to measure
mean overwinter temperatures. Daily temperatures
were averaged for four translocation streams that con-
tained more than one thermograph.

Measurement of basin-scale habitat
using digital data

A Geographic Information System and digital map
data were used to measure basin-scale habitat attributes
for the 28 cutthroat trout translocation streams sur-
veyed in the field and all 70 known remnant, historical
stream populations not invaded by nonnative salmonids
(7 greenback and 63 Rio Grande). Digital elevation
models (DEMs) corresponding to 1:24 000 scale to-
pographic quadrangles were provided by the U.S. For-

est Service (USFS) Geometronics Unit in Salt Lake
City, Utah or purchased from the U.S. Geological Sur-
vey (USGS). These 7.5-min grids were in raster format
with 30 3 30 m resolution.

We used the hydrological modeling tools in the
GRID module of Arc/Info (ESRI 1995, specific com-
mands are listed in uppercase letters) to quantify basin
attributes (Table 3) from the DEMs using a series of
functions that set up proper DEM conditions and de-
lineated basin boundaries and stream networks. The
DEMs were first converted to elevation grids (DEM-
LATTICE), sinks were filled using appropriate proce-
dures in GRID (FLOWDIRECTION, SINK, WATER-
SHED, ZONALFILL, ZONALMIN, FILL), and adja-
cent quadrangles were joined (MOSAIC). Sinks, which
are areas surrounded by higher elevations, are usually
data errors resulting from the spatial interpolation pro-
cedure used to create the DEM and can create false
stream networks. Lakes were also filled even though
they are natural sinks because they were part of cut-
throat trout stream habitat and not modeled as separate
basins.

Stream networks were identified from the depres-
sionless grids using the commands FLOWDIRECTION
to find the steepest descent from each cell, and FLOW-
ACCUMULATION to calculate the number of upslope
cells contributing flow to each cell. Cells that accu-
mulated flow from at least 1000 other cells (CON) were
used to delineate stream channels because this value
most closely matched the smallest flowing channels in
field surveys. Cells with no flow accumulation were
used to identify drainage basin boundaries. We set the
downstream end of cutthroat trout basins at the fish
movement barrier (SNAPPOUR) to delineate the wa-
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TABLE 3. Basin-scale habitat factors measured for each translocation stream using a Geographic Information System and
digital data derived from USGS digital elevation models. (Specific commands from the Arc/Info hydrological modeling
tools (ESRI 1995) are given in uppercase letters.)

Habitat variable Definition

Watershed area Total upslope area (km2) contributing flow to the basin outlet, calculated as planimetric water-
shed area (ZONALGEOMETRY).

Main channel length Surface length (km) measured along the main channel (excluding tributaries) from the basin
outlet to the headwaters. The GIS defined channels in cells where flow accumulation ex-
ceeded 1000 upslope cells and incorporated changes in elevation in its calculation (SUR-
FACELENGTH).

Total channel length Surface length (km) computed by summing the length of all stream segments within the drain-
age basin, including tributary streams, which may also provide trout habitat. Channels were
defined as for main channel length (SURFACELENGTH).

Drainage density The total length of stream channels per unit basin area (km/km2), calculated as total channel
length divided by watershed area.

Latitude The latitude of the basin outlet in Universal Transverse Mercator coordinates (m; CELLVAL-
UE).

Elevation Minimum elevation above sea level (m), measured at the basin outlet.
Basin relief The difference between the highest and lowest elevations occurring within a basin (m;

SLOPE).
Basin slope The percentage change in elevation quantified for each basin as mean percentage rise

(SLOPE).
Stream slope The percentage change in elevation quantified for each stream network as mean percentage

rise (SLOPE).
Stream aspect The mean direction of the stream network measured as compass degrees either clockwise or

counterclockwise from north (FLOWDIRECTION, SETMASK). Data were restricted to val-
ues between 08 and 1808, which correspond to a north and south aspect, respectively (RE-
CLASS). Streams with an east- or west-facing aspect have intermediate values.

tershed (WATERSHED). Other data layers, including
elevation, stream network, flow direction, and slope
(SLOPE), were then cropped to calculate watershed
area, channel length, latitude, stream aspect, and to-
pographic relief (Table 3).

Statistical models of translocation success

We used the hypotheses described in the Introduction
to develop four sets of formal a priori statistical models
predicting cutthroat trout translocation success: one
from summer water temperatures (number of models
[R] 5 5), a second from water temperature and stream-
scale habitat attributes (R 5 19), a third from basin-
scale habitat attributes (R 5 19), and a fourth from a
combination of the variables in the ‘‘best’’ models of
the previous model sets (R 5 15). Each group of models
was a nested set that represented formal hypotheses
about attributes that potentially limit persistence of
translocated cutthroat trout populations (Burnham and
Anderson 1998). Summer water temperatures were an-
alyzed as a separate model set to determine which
month was the best measure to include in models of
stream-scale habitat attributes. For all analyses, the 27
streams were assumed to be a random sample of all
streams where managers might attempt translocations
of these cutthroat trout subspecies. Given this, the re-
sulting models can be used to predict success of future
translocations into streams having habitat attributes
within the data ranges of the streams we measured.

Response variables for the models were based on
ranked categories of translocation success (absent, low,
high) determined from our visual estimates of cutthroat
trout minimum abundance. We assumed that streams

supporting relatively high numbers of cutthroat trout
had minimally sufficient habitat to support at least
short-term persistence, streams supporting relatively
low numbers had marginal habitat, and streams absent
cutthroat trout had insufficient habitat. Number of in-
dependent variables in each model was limited to three
in all but the combination model set because too many
variables can result in a statistically unstable model for
small data sets (i.e., over-fitting; Burnham and Ander-
son 1998). Therefore, interaction and quadratic terms
were excluded except for the interaction between lat-
itude and elevation in models of basin-scale habitat.
All pairwise correlations of independent variables were
evaluated to assess multicollinearity.

Models were fit using ordinal polytomous logistic
regression (PLR; Agresti 1996, SAS Institute 1996).
Ordinal PLR directly incorporates ordering of response
categories, which results in models with simpler in-
terpretations and potentially greater power than ordi-
nary multicategory logit models (Agresti 1996). Model
diagnostics included the Score Test for Proportional
Odds Assumption to determine the validity of choosing
ordinal over nominal PLR, and Deviance and Pearson
goodness-of-fit statistics to examine model fit (SAS
Institute 1996). For specific habitat models where the
difference between predicted values for two or more
status categories was negligible, binary logistic re-
gression was used for pairwise comparison of these
subsets of the data.

One or more ‘‘best approximating’’ models were se-
lected from each set of candidate models using Akai-
ke’s Information Criterion corrected for small-sample
bias (AICc; Burnham and Anderson 1998). Models
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were ranked using AICc weights, which is a measure
of the weight of evidence in favor of a model given
the data. Only models with a reasonable level of sup-
port are presented (i.e., weights $1/10 of that for the
highest ranking model; D. R. Anderson, personal com-
munication). The model with the highest weight was
considered the best model. However, if no one model
was clearly best, then models within two AICc points
of the highest weighted model were considered com-
peting models. Results from averaging competing mod-
els based on AICc weights provide a more precise, sta-
ble inference than using only one best model (Burnham
and Anderson 1998). Model selection based on an in-
formation-theoretic approach such as this is superior
to traditional hypothesis testing for this data set be-
cause it allowed comparison of more than two models
at once, balanced precision and bias in selecting an
appropriate model, and did not require that the data
were collected from a formal designed experiment
(Burnham and Anderson 1998). It has been success-
fully used in similar ecological research to define op-
timal habitat for Northern Spotted Owl (Strix occiden-
talis caurina) juvenile survival (Franklin et al. 2000).

RESULTS

Relative population status

The 27 study streams were classified based on their
relative population status to compare habitat variables
and develop models of translocation success. Popula-
tion status was based on minimum number of age-1
and older cutthroat trout observed during the visual
survey (Table 1). If less than four trout were observed,
then it was assumed that the stream was unable to sup-
port a cutthroat trout population and assigned a rating
of absent. In no streams in this category did other fac-
tors like turbidity reduce visibility of trout. Streams
where less than 100 trout were observed supported rel-
atively low numbers of cutthroat trout and were rated
low. Streams with more than 100 cutthroat trout were
rated high. In this category, counts less than 200 trout
were likely underestimates relative to other surveys
because all but one of these streams had lakes or large
beaver ponds, habitats where accurate visual counts
were not possible. All other streams with such complex
habitats had counts greater than 200 cutthroat trout and
were ranked as high, so we ranked the streams with
counts between 100 and 200 trout as high also.

We assessed the accuracy of our categories by com-
paring our basin-wide visual counts and subsequent
status rating to estimates of standing stock (kilograms
per hectare) made by two-pass removal electrofishing
(cf. Otis et al. 1978) in shorter reaches of 22 streams
for which data were available from natural resource
management agencies. Our visual estimates of mini-
mum trout density (no. per kilometer) were positively
correlated with agency standing stock estimates (ki-
lograms per hectare, r 5 0.70, P 5 0.003, n 5 22),

and in 21 of 22 cases yielded similar status ratings to
those designated by fisheries managers (i.e., unstable,
potentially stable, stable; Alves 1998, USFWS 1998).
The discrepancy in estimates by the two methods may
be attributed primarily to differences in the length and
habitat of reaches sampled. Our visual sample included
the entire stream whereas electrofishing estimates were
for shorter reaches (typically 50–200 m; cf. Harig and
Fausch 1996), usually near the downstream terminus,
that are often not representative of all habitat.

Models of translocation success based on
summer water temperature

The mean daily water temperature for June through
August, which encompasses the period of spawning,
egg incubation, and fry emergence for cutthroat trout,
ranged from 2.08 to 12.98C among study streams in
June, 4.28 to 14.68C in July (Table 1), and 4.98 to 13.98C
in August. Streams classified as absent had colder tem-
peratures than streams with low numbers of cutthroat
trout, and both had colder temperatures than streams
with high numbers of cutthroat trout for all months and
combinations of consecutive months except for June.
Examination of the AICc values and their weights
ranked the model based on mean daily water temper-
ature for July and August combined the highest (AICc

5 51.420, w 5 0.289), followed by July (AICc 5
51.656, w 5 0.256), then August (AICc 5 52.416, w
5 0.175). Other months and combinations of months
had AICc values .55.0 and weights #0.040. July tem-
peratures were chosen to represent summer tempera-
tures in all subsequent models because they predicted
translocation success nearly as well as July–August
temperatures, and because a thermograph malfunc-
tioned in August in one stream where temperatures
were measured for only one year. There was no sig-
nificant difference in stream temperatures among years
(P 5 0.15 for year effect for 16 streams measured two
years or more by two-way ANOVA), and the average
difference among years was only 0.68C (SE 5 0.08),
so temperatures measured the year after the habitat sur-
vey were used in models.

Models of translocation success based on water
temperature and stream-scale habitat

The AICc values and their weights for 19 nested can-
didate models based on mean July water temperature,
mean overwinter temperature, and stream-scale habitat
data collected during field surveys indicated that the
model including summer temperature, bankfull pool
width, and number of deep pools was the ‘‘best’’ model
for predicting success of cutthroat trout translocations
(Tables 4 and 5):
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TABLE 4. Statistical models predicting cutthroat trout translocation success from water temperature and stream-scale habitat
data collected during field surveys, basin-scale habitat measured from digital data, and a combination of stream- and basin-
scale attributes from the best models.

Model 22 (lnL) K AICc w

A) Water temperature and stream-scale habitat

Summer temperature, pool width, number of deep pools
Summer temperature, pool width
Summer temperature, pool width, number of all pools
Summer temperature, pool width, number of pools with structure
Summer temperature, pool width, stream length
Summer temperature, pool width, number of pools with clean gravel
Summer temperature, number of deep pools

32.661
36.860
34.140
34.441
35.374
35.497
38.908

5
4
5
5
5
5
4

45.518
46.678
46.997
47.298
48.231
48.354
48.726

0.289
0.162
0.138
0.118
0.074
0.070
0.058

B) Basin-scale habitat

Watershed area
Watershed area, basin relief

49.394
47.211

3
4

56.437
57.029

0.212
0.158

Watershed area, latitude
Watershed area, basin relief, latitude
Watershed area, stream aspect
Watershed area, elevation
Main channel length

48.228
45.949
49.006
49.076
51.864

4
5
4
4
3

58.046
58.806
58.824
58.894
58.907

0.095
0.065
0.064
0.062
0.062

Watershed area, main channel length
Watershed area, basin slope
Main channel length, stream aspect
Watershed area, elevation, latitude
Main channel length, elevation

49.268
49.306
50.717
47.948
51.141

4
4
4
5
4

59.086
59.124
60.535
60.805
60.959

0.056
0.055
0.027
0.024
0.022

C) Stream- and basin-scale habitat

Summer temperature, pool width, number of deep pools
Summer temperature, pool width
Summer temperature, pool width, watershed area
Summer temperature, number of deep pools
Summer temperature, pool width, number of deep pools, watershed area

32.661
36.860
35.563
38.908
32.647

5
4
5
4
6

45.518
46.678
48.420
48.726
48.847

0.413
0.231
0.097
0.083
0.078

Notes: Akaike’s Information Criterion corrected for small sample size (AICc), calculated from the log likelihood (22[lnL],
number of parameters (K), and sample size (n527), and AIC weights (w) were used to select the ‘‘best approximating’’
models from each set of a priori candidate models. Only models with weights $1/10 of that for the highest ranking model
are presented.

TABLE 5. Maximum-likelihood estimates of intercept and slope parameters from ordinal polytomous logistic regression for
the four ‘‘best approximating’’ models predicting cutthroat trout translocation success from water temperature and stream-
scale habitat collected during field surveys.

Model Intercept 1 Intercept 2
Mean July

temperature Pool width
Number of

pools†

Summer temperature, pool width, number of deep
pools‡

11.454
(4.460)

14.077
(4.868)

20.891
(0.355)

21.451
(0.713)

20.017
(0.010)

Summer temperature, pool width 10.345
(3.853)

12.688
(4.179)

20.889
(0.336)

21.460
(0.646)

···
···

Summer temperature, pool width, number of all pools 10.369
(4.052)

12.846
(4.398)

20.765
(0.334)

21.433
(0.676)

20.008
(0.006)

Summer temperature, pool width, number of pools with
structure§

10.277
(3.970)

12.749
(4.327)

20.816
(0.330)

21.352
(0.668)

20.012
(0.009)

Note: Standard errors are in parentheses.
† Three models included number of pools that met specific criteria.
‡ Deep pools were all pools with a residual depth $30 cm.
§ Pools with structure refer to the geometric mean of the number of pools with large woody debris, the number of pools

with boulders, and those with $0.2 m of undercut bank.

P(‘‘absent’’)

exp(11.454 2 0.891t 2 1.451w 2 0.017d)
5

1 1 exp(11.454 2 0.891t 2 1.451w 2 0.017d)

P(‘‘low 1 absent’’)

exp(14.077 2 0.891t 2 1.451w 2 0.017d)
5

1 1 exp(14.077 2 0.891t 2 1.451w 2 0.017d)

where P 5 probability of a stream having a population
status of absent, or low and absent combined, t 5 mean
daily water temperature (degrees Centigrade) for July,
w 5 mean bankfull width of pools (meters), and d 5
total number of deep pools. Point estimates for prob-
ability of a stream being in the low and high categories
were calculated as P(low) 5 P(low 1 absent) 2
P(absent) and P(high) 5 1 2 P(low 1 absent) (Fig.
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FIG. 2. The ‘‘best’’ model for predicting success of translocated cutthroat trout populations from stream-scale habitat
attributes. Curves show the predicted probability of translocation success based on a polytomous logistic regression function
(shown on the abscissa) of mean daily water temperature for July (8C), mean bankfull pool width (m), and total number of
deep pools (residual depth $30 cm). This model predicts that the translocation to Powderhouse Creek has only a 13%
probability of supporting high numbers of cutthroat trout, 54% of supporting low numbers, and 33% of supporting no cutthroat
trout (shown by the arrow).

TABLE 6. Maximum-likelihood estimates of intercept and slope parameters from ordinal polytomous logistic regression for
the three ‘‘best approximating’’ models predicting cutthroat trout translocation success from basin-scale habitat measured
from digital data.

Model Intercept 1 Intercept 2
Watershed

area Basin relief Latitude

Watershed area 0.251
(0.869)

1.804
(0.916)

20.123
(0.069)

···
···

···
···

Watershed area, basin relief 21.177
(1.366)

0.478
(1.337)

20.176
(0.096)

0.002
(0.002)

···
···

Watershed area, latitude 9.901
(9.184)

11.529
(9.265)

20.125
(0.068)

···
···

20.000002
(0.000002)

Note: Standard errors are in parentheses.

2). Translocation streams with a high or low abundance
of cutthroat trout had warmer July water temperatures,
greater bankfull widths, and more deep pools than
streams with fewer cutthroat trout (i.e., high . low .
absent, Table 1).

The AICc weight for this model was relatively low
(0.286) and only about twice as likely as the next best
model (0.162), so the next three models within two
AICc points were considered competing models (Burn-
ham and Anderson 1998). In this case, a weighted av-
erage of the responses from all four models can be used
to predict cutthroat trout translocation success, provid-
ing a more precise prediction than using the best model
alone (Burnham and Anderson 1998). However, all four
models contained summer water temperature and bank-
full pool width (Table 5), and the third variable in three
of the models was a measure of the number of pools,
all of which were highly correlated (r $ 0.95, P 5
0.001). Moreover, predicted values for the best model
and those from a weighted average of the four com-
peting models differed by only 3%, on average (SE 5

0.4, range 0–12%). Therefore, to simplify application
by managers, we recommend using only the best model
to predict cutthroat trout translocation success, rec-
ognizing that the variance will be greater than esti-
mated because of the closely weighted competing mod-
els.

Models of translocation success based on
basin-scale habitat

The AICc values and their weights for the 19 nested
candidate models based on basin-scale habitat mea-
sured from digital data using a GIS indicated that the
model including watershed area alone was the ‘‘best’’
model for predicting success of cutthroat trout trans-
locations (Table 4). Two additional models within two
AICc points were considered competing models (Table
6), so a weighted average of their responses could be
used to predict cutthroat trout translocation success.
However, none of the three top models detected dif-
ferences between absent and low status categories (P
$ 0.24 for test of independence by binary logistic re-



April 2002 545MINIMUM HABITAT FOR TRANSLOCATIONS

FIG. 3. The ‘‘best’’ model for predicting success of translocated cutthroat trout populations from basin-scale habitat
attributes. Curves show the predicted probability of translocation success as a function of watershed area (km2). Translocations
have greater than a 50% chance of establishing high numbers of cutthroat trout in watersheds .14.7 km2 (shown by the
arrow).

gression). Nevertheless, they were able to detect dif-
ferences between translocation streams in the high vs.
absent or low categories.

The three top models all included watershed area as
a critical habitat factor, and basin relief was correlated
with watershed area (r 5 0.42, P 5 0.03), so watershed
area alone may prove most useful as a coarse filter for
predicting translocation success (Table 6):

exp(0.251 2 0.123a)
P(‘‘absent’’) 5

1 1 exp(0.251 2 0.123a)

exp(1.804 2 0.123a)
P(‘‘low 1 absent’’) 5

1 1 exp(1.804 2 0.123a)

where P 5 probability of a stream having a cutthroat
trout population status of absent, or low and absent
combined, and a 5 planimetric watershed area (square
kilometers). Although this model cannot detect differ-
ences between absent and low population status, the
point estimates can be used to identify a minimum
watershed area that has a high probability of supporting
high numbers of cutthroat trout (Fig. 3). Thus, trans-
locations into watersheds .14.7 km2 have greater than
a 50% chance of establishing high numbers of cutthroat
trout.

Models of translocation success based on stream-
and basin-scale habitat

The AICc values and their weights for 15 nested can-
didate models developed from combinations of habitat
variables used in the best models with stream- and
basin-scale habitat (i.e., July water temperature, bank-
full pool width, number of deep pools, and watershed
area) indicated that the stream-scale habitat models de-
scribed previously explained the data better than mod-
els also using basin-scale habitat attributes (Table 4).

Models that included watershed area were not within
two AICc points of the best model so were not consid-
ered competing models.

DISCUSSION

Stream habitat attributes limiting cutthroat trout

Greenback and Rio Grande cutthroat trout were orig-
inally distributed throughout the large river systems
within their historical range (Fig. 1, Behnke 1992), but
the streams available for translocations have primarily
been small, isolated, headwater sites that provide only
marginal habitat at best. Many of these streams failed
to sustain robust cutthroat trout populations despite re-
peated stocking of genetically pure fish. Although a
true experiment would be required to establish a direct
cause-and-effect relationship between habitat and
translocation success, our field surveys of stream-scale
habitat indicated that low summer water temperature
and habitat size are critical factors limiting populations
of translocated cutthroat trout.

Many greenback and Rio Grande cutthroat trout
translocation sites apparently have temperatures that
are too cold to support natural reproduction. Cutthroat
trout spawn during the spring and are stimulated by
rising water temperatures (Behnke 1992), but cold wa-
ter temperatures can delay spawning into late summer
and prolong egg incubation, resulting in low embryo
survival or increased time to fry emergence (Hubert et
al. 1994, Stonecypher et al. 1994, Hubert and Gern
1995). Late-hatching fry may be unable to acclimate
to a rapid decrease in water temperature or may starve
during winter, so survival may depend on their ability
to grow large enough to withstand metabolic deficits
(Hunt 1969, Cunjak and Power 1987, Shuter and Post
1990). Therefore, in streams that support low numbers
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of cutthroat trout, cold temperatures (#7.88C mean dai-
ly temperature for July) likely prevent successful re-
production and recruitment during most years, whereas
in streams ranked as high, summer water temperatures
are probably warm enough (mean 5 10.08C, SE 5 0.6)
to allow successful reproduction.

Our stream-scale habitat model also indicated that
habitat size and abundance, as measured by mean bank-
full pool width and number of deep pools, are factors
limiting translocated cutthroat trout populations. Other
studies have found similar positive relationships be-
tween stream width and trout presence or abundance
(Nelson et al. 1992, Clarkson and Wilson 1995, Kruse
et al. 1997, Dunham and Rieman 1999), and a manip-
ulative experiment that increased the number of deep
pools caused increased abundance of adult trout in six
northern Colorado streams (Gowan and Fausch 1996a).
Larger streams can support larger populations, which
are less vulnerable to environmental and demographic
stochasticity (Lande 1993), and are more likely to pro-
vide enough habitat heterogeneity to meet the diverse
habitat needs of salmonids. For example, although ju-
veniles may be able to overwinter in relatively shallow
pools or runs in low-elevation streams (e.g., Griffith
and Smith 1993), adult trout are believed to need large
pools to survive the winter (Cunjak and Power 1986,
Chisholm et al. 1987). Therefore, translocation streams
ranked absent or low probably lacked sufficient or ap-
propriate habitat to promote survival of enough indi-
viduals to sustain a population.

Our data also supported three other models of trans-
location success with similar variables, indicating that
total number of pools and pools with physical structure
(large woody debris, boulders, undercut banks) also
limit cutthroat trout populations. Salmonids favor pools
created by large woody debris, boulders, or lateral
scour beneath stream banks (Bisson et al. 1981, Griffith
and Smith 1993, Flebbe and Dolloff 1995) probably
because they provide cover through high habitat com-
plexity (Fausch and Northcote 1992, Richmond and
Fausch 1995) and abundant food through invertebrate
habitat (Angermeier and Karr 1984, Benke et al. 1985).
Nelson et al. (1992) and Young (1996) also reported
that abundance of all pools and those with physical
structure were associated with presence of trout, cor-
roborating our models. Although a weighted average
from all four models could be used to predict trans-
location success with slightly greater precision (3%,
on average), it is unlikely that this increase is worth
the extra time, effort, and money needed to measure
physical structure in large numbers of pools (n 5 24–
571 for our streams).

Appropriate spatial scales for isolated
trout populations

Studying species distributions over multiple spatial
scales to identify the appropriate scale for management
has become prevalent in stream ecology (e.g., Allan et

al. 1997, Torgersen et al. 1999, Labbe and Fausch
2000), partly due to the emergence of landscape ecol-
ogy (Wiens 1995). Investigations of resident stream
salmonids have also expanded in spatial scale since the
discovery that many fish in these populations move
substantial distances (Gowan et al. 1994, Gowan and
Fausch 1996b, Young 1996). Traditional habitat studies
at the microhabitat scale (see Fausch et al. [1988] for
review) have failed to develop general principles to
guide management of fishes, so a coarser scale ap-
proach has been proposed (Schlosser and Angermeier
1995).

We studied habitat for cutthroat trout at two scales,
stream and basin scale, which roughly correspond to
patch (i.e., local habitat characteristics) and landscape
scales in the ecological literature. Stream-scale models
indicated that summer water temperature, pool width,
and deep pools were critical factors limiting translo-
cated cutthroat trout populations, but models of basin-
scale habitat were not as effective for distinguishing
between successful and unsuccessful translocations. In
a review of studies on a wide array of taxa that con-
sidered both patch and landscape scales for detecting
species presence and abundance, Mazerolle and Villard
(1999) found that landscape variables were significant
predictors in more than half the studies (59%), but
patch characteristics were significant in nearly all stud-
ies (93%). Similarly, coarse-scale geomorphic vari-
ables are often good predictors of presence or abun-
dance of salmonids when measured at the reach level,
which approximates the patch scale (e.g., Lanka et al.
1987, Fausch 1989, Clarkson and Wilson 1995). For
example, channel slope was a significant predictor of
trout occurrence in stream reaches of the central Rocky
Mountains (Chisholm and Hubert 1986, Kruse et al.
1997), but mean slope of the entire stream was not an
important predictor of cutthroat trout translocation suc-
cess in our models of basin-scale habitat.

Watershed area was the one basin-scale habitat at-
tribute found to be useful as a coarse filter for pre-
dicting translocation success. Based on model results,
watersheds larger than 14.7 km2 are predicted to have
.50% probability of supporting high numbers of cut-
throat trout. This is not surprising considering the
wealth of studies, most recently on metapopulation dy-
namics (Thomas et al. 1992, Wenny et al. 1993, Rieman
and McIntyre 1995, Dunham and Rieman 1999), that
support the species–area relationship; i.e., the proba-
bility that a species will be present in a habitat patch
increases with increasing area (MacArthur and Wilson
1967, Diamond 1975). Large watersheds encompass
lower-elevation habitats that probably provide warm
summer water temperatures for cutthroat trout, and
have relatively wide stream channels of sufficient
length to provide an adequate number of deep pools.
Large watersheds are also likely to have sufficient input
of large woody debris and boulders to create physical
structure in pools. Only 1 of 6 streams where trans-
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locations failed had watersheds .14.7 km2, but 8 of
13 streams with high populations had basins #14.7
km2, so estimating the probability of translocation suc-
cess in watersheds #14.7 km2 will require measuring
stream-scale habitat throughout the basin. For example,
five of the eight latter streams had lakes or large beaver
ponds, which likely increase the probability of sup-
porting high numbers of cutthroat trout. Beaver ponds
are ephemeral and not usually marked on maps, so
attributes measured strictly at the basin scale would not
be useful for predicting persistence of cutthroat trout
populations in small watersheds.

Landscape-scale habitat variables have been useful
for predicting presence or abundance of some species
with large spatial habitat requirements such as mam-
mals with large home ranges (Mladenoff et al. 1999)
and birds with high dispersal capabilities (Ganey et al.
1990, Bellamy et al. 1998), but the landscape scale
must be carefully defined for each taxon (Mazerolle
and Villard 1999). The appropriate scale for predicting
habitat attributes limiting cutthroat trout translocation
success is determined by interactions between ecolog-
ical processes and the organism’s life history (Schlos-
ser and Angermeier 1995). Greenback and Rio Grande
cutthroat trout historically occupied connected water-
sheds with high habitat heterogeneity that were large
enough to support their movements and sustained the
diverse habitat required by different life stages (Young
1995a). However, most populations of these subspecies
are now isolated in small watersheds (5–78 km2) and
cannot emigrate if their habitat needs are not met. This
habitat fragmentation has presumably eliminated the
mobile life history component from many cutthroat
trout populations and reduced their spatial habitat use.
Therefore, basin-scale analyses may be too coarse to
identify whether an isolated habitat can support cut-
throat trout, particularly if many critical habitat attri-
butes are locally controlled. For example, water tem-
peratures in small, mountain streams are difficult to
predict without site-specific data on factors such as
stream aspect, riparian canopy, air temperature, stream
discharge, and meteorology (e.g., Morse 1970, Smith
and Lavis 1975, Bartholow 1993). We found weak cor-
relations between basin-scale measures of stream as-
pect, elevation, and latitude vs. July water temperature
measured in the field (r 5 0.44, 20.42, 20.41, re-
spectively, P # 0.03), but these variables did not im-
prove the model based on watershed area alone. There-
fore, measuring accurate site-specific surrogate vari-
ables for stream temperature would require much more
effort than simply measuring temperature directly us-
ing thermographs.

Management implications

This research identified critical habitat attributes that
allow successful translocation and at least short-term
persistence of cutthroat trout populations in isolated
headwater streams. Managers can use these models to

evaluate potential translocation sites and identify cur-
rent populations at greatest risk from extirpation (Harig
et al. 2000b). For example, stream habitat was mea-
sured in Powderhouse Creek, a site where the trans-
location was too recent (1997) to assess success. The
watershed is only 10 km2, so our basin-scale model is
not useful as a coarse filter. However, the stream-scale
model for Powderhouse Creek, which has 10.08C mean
daily July water temperature, 2.2 m mean bankfull pool
width, and five deep pools, predicts a 33% probability
of supporting no trout, a 54% probability of supporting
low numbers, and only a 13% chance of high numbers
of cutthroat trout (Fig. 2). Given this, managers will
need to decide whether establishing a small population
of cutthroat trout by translocation is worth the time,
money, and effort, considering that it may not achieve
long-term persistence.

The short-term (3–31 yr) success of a translocation,
judged from the minimum abundance of cutthroat trout
during our surveys, does not necessarily ensure long-
term population persistence (e.g., .100 yr, Rieman and
McIntyre 1993). It is assumed that populations estab-
lished through translocation will be long lasting, but
this may not be true for streams supporting low num-
bers of cutthroat trout. Small populations are at greater
risk from demographic and environmental stochasticity
(Propst et al. 1992, Reiman and McIntyre 1993), so it
is likely that the trout population will eventually be
extirpated in many streams ranked as low. Furthermore,
basin-scale models of cutthroat trout translocation suc-
cess were unable to detect differences in streams with
no trout vs. those with low numbers, which suggests
that these streams are geomorphically more similar to
one another than to streams with high numbers of trout.
As such, we suspect that cutthroat trout populations in
streams ranked as low are more likely to dwindle than
increase toward the high status category.

The basin-scale model of translocation success also
may be useful for identifying historical populations at
the greatest risk of extirpation. Although the habitat
attributes necessary to establish a translocated popu-
lation may not be identical to those that have sustained
historical populations, managers have limited time and
budgets to devote to stream surveys so a coarse filter
such as minimum watershed area could be used to pri-
oritize streams. At last count, there were 50 streams in
New Mexico with remnant historical populations of Rio
Grande cutthroat trout that remained free from non-
native salmonids (NMDGF, unpublished data). Almost
half of these (24) are in watersheds #14.7 km2 and may
warrant first attention (Fig. 4). Populations in many
streams have not been surveyed in 10 or more years
and may be at risk of extirpation, particularly if in-
vading nonnative salmonids are reducing their avail-
able habitat. Similarly in Colorado, 4 of 13 historical
populations of Rio Grande cutthroat trout and 4 of 7
historical populations of greenback cutthroat trout also
persist in small watersheds #14.7 km2 and may be at
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FIG. 4. The distribution of watershed area (km2) for 70 historical stream populations of greenback and Rio Grande
cutthroat trout. Thirty-two populations in watersheds ,14.7 km2 (shown by the arrow) may be at greater risk from extirpation
due to insufficient habitat (see Discussion: Management implications).

risk. None of these small watersheds include lakes,
which may reduce probability of extirpation, so field
surveys of stream-scale habitat could identify if they
have appropriate summer water temperatures, are wide
enough, and have a sufficient number of deep pools to
support high numbers of cutthroat trout.

Despite the low success rates for translocations of
fishes (e.g., Simons et al. 1989, Harig et al. 2000a),
our research is one of the few attempts to determine
specific factors influencing their translocation success
(cf. Williams et al. 1988). It demonstrates that mea-
suring attributes of local habitat over a whole water-
shed scale that matches the life history of the organism
can be highly useful for identifying critical habitat fac-
tors (Torgersen et al. 1999, Labbe and Fausch 2000).
A multi-scale analysis such as this could also identify
minimum habitat requirements for other threatened or
endangered taxa, thereby improving translocation suc-
cess. The models we developed from stream- and basin-
scale habitat attributes will be valuable tools for fish-
eries managers concerned with the conservation of Rio
Grande and greenback cutthroat trout (Harig et al.
2000b), particularly if included in an active manage-
ment program that tests and refines these models with
data from recent and future translocation sites. More-
over, these results may also be applicable to other close-
ly related subspecies of cutthroat trout in central and
southern Rocky Mountain streams (e.g., Colorado Riv-
er cutthroat trout, O. c. pleuriticus) because similar
habitat attributes probably limit their populations.
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