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ABSTRACT: We used the Instream Flow Incremental Methodology (IFIM) and
Physical Habitat Simulation system (PHABSIM) to investigate the influence of
stream discharge and the concomitant variation in habitat on wild rainbow
{Oncorhynchus mykiss) and brown (Salmo trutta) trout populations in 11 Colorado
streams. We identified critical salmonid habitat limitations on 10 of the 11
streams studied over a 13-year period. The 2-4-week-old fry, egg incubation,
and spawning life stages were most sensitive to critical habitat “bottlenecks.”
Linear regression analyses revealed statistically significant correlations (P =
0.05) between weighted usable area (WUA), an index of physical habitat quality
and quantity (determined using PHABSIM), and density (n/ha) of age-1 or -2
rainbow and brown trout in 10 of 11 streams studied. Correlations between
WTUA (based on mean monthly flow) and density were superior in both accuracy
and precision in properly identifying population-limiting events compared to
correlations between mean monthly stream discharge (during the critical time
period) and trout density.

KEY WORDS: Brown trout, habitat limitations, instream flow, rainbow trout, 1FlM .
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INTRODUCTION

B iologists have attempted modeling
[ stream habitat for decades (Fausch et
al. 1988). However, few stream habitat
models have generated more controversy
than the Instream Flow Incremental Meth-
odology (IFIM). In particular, the Physical
Habitat Simulation system (PHABSIM) has
been a focus of the debate. An early paper
by Orth and Maughan (1982) discussing
the relative merits of PHABSIM focused
the attention. Subsequent papers either
criticized the IFIM approach (Mathur et al.
1985, 1986; Shirvell 1986, 1989; Scott and

Shirvell 1987), or supported it (Anderson
and Nehring 1985; Mosley and Jowett 1985;
Orth and Maughan 1986; Irvine et al. 1987).
Despite the controversy, the IFIM is still
used for stream habitat studies in North
America (Reiser et al. 1989) and other parts
of the world (Jowett 1992).

The IFIM, developed by the U.S. Fish
and Wildlife Service in Fort Collins, Col-
orado, uses hydraulic simulation tech-
niques to predict changes in water depth,
velocity, substrate, and cover on an area
basis at different levels of streamflow.
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Model output, when fed into the PHAB-
SIM, transforms hydraulic information at
various lows into units of physical habitat
called weighted usable area (WUA). Quan-
tification of WIJA is usually based on fish
habitat preferences for water depth and
velocity, substrate, and cover. However,
other factors (e.g., water temperature, wa-
ter quality, suspended silt) can be incor-
porated. Field techniques, theory, and data
handling have been descritod in various
publications (Bovee and Cochnauer 1977
Bovee 1978, 1982; Bovee and Milhous 1978;
Milhous et al. 1984). .
Although PHABSIM is a complex mod-
eling system {Jowett 1992), we believe it is
unique among habitat models in its ability
toconvert stream hvdraulic data (measures
of energy gain and loss} into habitet units
for a variety of fish species and life stages.
Several studies have shown that trowut in-
nately select feeding and resting positions
to maximize energy gain (Jenkins 1969;
Bachman 1984; Fausch 1984} They indicate
that trout feeding and resting site selection
isbased primarily ondepth, water velocity,

and proximity to cover. Ottaway and Clarke
(1981) and Ottaway and Forrest (1983)
showed that water velocity (a measure of
energy) is an important factor negatively
affecting salmonid fry survival.

Although the IFIM concept has existed
since the 1970% (Stalnaker and Arnette
1976), we believe that the study by Jowett
(1992} is the only published account of a
rigorous attempt at field validation of the
PHABSIM models on many streams. The
overall goal of our study was to measure
trout population response to tempora! and
spatial variation in stream habitat {WUA)
as quantified by the PHABSIM models.
Specific study objectives were to: {I) de-
termine if mean monthly discharge (MMD)
or trout habitat units {(WUA) were more
reliable indicators of trout density over
long periods of time {3 vears or more) for
a wide range of streams and flow condj-
tions (Table 1), and (2) determine if the
PHABSIM models could reveal at what life
stage habitat perturbations were most lim-
iting to stream trout populations in Cole-
rado.

METHODS

Study Areas

Eieven PHABSIM study sites ard 21 pop-
ulation estimation study areas were located
on 1l streams of varving size, discharge,
and elevations throughout the mountain-
ous regions of Colorado (Figure 1, Table
1}. Impoundments, diversions, and flow
augmentation (in some instances) affected
study stream discharge hydrographs to
some degree.

Species composition and diversity var-
ied among study streams. The salmonid
populations of the Arkansas, Blue, Rio
Grande, South Fork of the Rio Grande, Gt.
Vrain, and Tavlor rivers were allopatric
brown trout (Salmo trutfa). Sympatric pop-
ulations of rainbow (Oncorliynckus mykiss)
and brown trout comprised the salmonid
community in the Cache la Poudre, Colo-
rado, Fryingpan, Gunnison, and South
Platte rivers. Salmonids accounted for most
of the fish biomass, and species diversity
was low in all study streams. Nongame
species of the families Catostomidae, Cy-
prinidae, and Cottidae accounted for most
of the remaining density and biomass.

Study streams contained from two to six
nongame species, including white (Caitos-
tomus commersoni), longnose (C. catostomus),
bluehead (C. discabolis), and flannelmouth
(C. lafipinnisysuckers, longnose (Rh i
cataracisc} and speckied (R, pscudus) dace
and motiled sculpin {Cottus bairdi).

On most streams (such as the Arkansas
River), the PHABSIM study site was con-
tained within (but not coincident to)a pop-
ulation study reach. The PHABSIM study
site and population study reach were co-
incident on the Fryingpan, South Platte,
and 5t. Vrain rivers. On the Cache la Pon-
dre, Colorade, Gunnison, Rio Grande, and
South Fork of the Rio Grande rivers, we
used a single PHABSIM study site {contig-
ucus with one population study area) to
characterize habitat {WITA) availability for
iwo to five population study reaches. In
some instances, PHABSIM sites and pop-
ulation study reaches were separated by
30-50 km of river. However, channel con-
figuration and geomorphology were sim-
ilar within study streams, and fow regime
among population study sites was highl
colinear within years. The PHABSIM study
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TABLE1 ] o
Study stream names, trout population study siles, elevation, and discharge characteristics.
No.
popula-  Study Discharge {m?/sec}
tion site -
Time period  study elev.  Mean Minimum Maximum
River {years) sites {m) annual monthly monthly
7 5 1311
Arkansas 1579-1985 1 2,098 10.9 663
Blruean 1880-1984 3 2,671 5.87 .88 51.4
Cache la Poudre 1980-1986 5 1,591 113 0.48 135 .
Colorado 1979-1986 2 2,338 2]3..8 2.64 3/ :
Frvingpan 1978-1986 6 2,278 5.38 D?é _\_E.,
Gunnison 1980-1986 2 1,583 3:9,7 6.33 227
Rie Grande 1930-1991 3 2,?3} 239 1.70 160 i}
South Fork of Rio Grande 1976-1982 3 2,507 §.06 0,:’:9 495
St. Vrain 1980-1954 2 1,61(:3 3.66 0.32 2%.9
Seuth Platte 1477-1986 3 2,015 479 .68 279
Tavior 197 2-19867 3 2,796 5.67 1.36 215

#Inciudes data from 11 of 15 vesrs.

sites on the Blue and Tayvlor rivers were
separate from the trout populetion study
areas.

With the exception of the Tavlor River,
no flow control or modification of stream
discharge was undertaken to facilitate hab-
itat alteration or trout population response
as part of this study. On the Taylor River,
discharge was tightly controlled by a large
headwater impoundment. Water stored in
Tavior Park Reservoir was released down-
stream for hvdropower, irrigation, indus-
triaj, and domestic water necds. Pefore
1976, the discharge was maintained at un-
usuaily high levels (11-17 m*/sec) from
QOctober to mid-December, vacating stor-
age capacity to facilitate capture of spring
run-off water the next vear. Once adequate
reservoir storage space had been vacated,
reservoir discharge was reduced to 0.3-1.4
mi/sec. A study by Burkhard tested the
hypothesis that this distorted fali-winter
discharge pattern was negatively affecting
the Tayler River brown trout population
(W. T. Burkhard, unpublished data). )

Spring and fall trout pepulation esti-
mates were compieted at five stations on
the Taylor River in 1974 and 1975 under
the high fall-low winter discharge regime.
Beginning in 1976, fall-winter discharge
patterns were stabilized before the onset
of brown trout spawning. A 3-vear waiting
period (1976~1978) allowed the trout pop-
ulation to restabilize under the new flow

regime. Trout population estimation pro-
cedures were again initiated from 1979
through 1982 to evaluate the effect of fall-
winter flow stabilization on brown trout
population density. Although the flow
moedification study began before our in-
vestigation, the results are germane and
are included here.

Study Design and Methodology

Field validation of the PHABSIM model
involved four phases. First, we set up
PHABSIM study sites on 11 streams (Tabie
1, Figure 1) between 1978 and 1985, Six to
ten transects were used to characterize each
study site, which varied in length from 100
m to more than 700 m. Field data mea-
surements (water velocity, depth, substrate
type, and discharge measurements) were
taken at least three different times at each
site over one hydrologic cycle as outiined
by Bovee and Milhous {1978), and entered
into the PHABSIM model for calibration.

Second, we ran calibrated data decks
through the PHABSIM model using Hab-
itat Suitability Criteria (HSC) curves for
rainbow and brown trout taken from Bo-
vee (1978} and Raleigh et al. (1986} (except
for the fry life stage) to produce WUA val-
ues by species and life stage for the appro-
priate range of flows for each study stream.
Field observations indicated that the depth
and velocity preference curves for newly

R. B. Nehring and R. M. Anderson
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FIGURE 1.

Drainage map of the mountsinous

approximate location of the Physical Habitat Simul,

bars denote the approxi

emerged rainbow and brown t ’
should be more narrowly deﬁnzcc)lutthfa?l
those shown in Bovee (1§78). Therefore,
we developed depth and velocity HSC
curves for 2-4-week-old fry based on hab-

. TABLE 2

Nermalized (0.0-1.0} frequency distribution

of deptit and velocity prcferer}’ces for 2-4-
week-old rainbow and brown frout Fry.

Depth  Normalized Velocity Normalized

{cm) frequency (cm/sec) frequency
0.00 0.00 0.0 1.00
3.05 046 305 0.45
6.10 1.00 6.10 037
915 1.00 9.15 0.28
1219 1.00 1219 0.10
15.24 1.00 15.24 0.04
18.29 0.30 18.20 .03
2134 0.20 21.34 0.02
22.38 014 2438 0,01
27.43 0.04 2723 200
30.48 0.00 30.48 0.00

region of Calorado. Numbered trizngles dencte the
i : ation (PHABSIM) study si
mate boundaries of the frout popuiati, :

tes on eack stream. Verii,
s k d . Vertical
an estimation studv greas.

itat preferences of more than 350 rainbow
and brown trout fry observed over two field
seasons (Table 2). For 2-4-week-pld fry, all
substrates were rated at unity. Our de’pth
and velocity HSC curves for trout frv were
very similar to those developed in Mon-
tana by Sando (1981 Y. Inour studv, any use
of the term “fry WUA” refers to the habitat
of 2-4-week-old trout fry. Weighted usable
area for all life stages was calculated using
df.-pth, velocity, and substrate preferences
We classified substrate uging the modiﬁec’;
Bmsx_’en Index reported by Bovee (1982)
Th}rd, _trout population data (specie:-s
density, biomass, and population age struc-
ture) were collected for 5 or more vears on
each‘smdy stream in the fall and oceasion-
ally in the spring. This data base was the
source for the age-specific estimates of
rainbow and brown trout density, the de-
pendent variables to be paired with the
independent variables of MMD and WUA
Fourth, simpie Iinear regression anai_y-
ses and Pearson correlation coefficients (r)

I
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TABLE 3
Approximate time and duration of spauning, and the critical early developmental iife stages
for brown and rainbow trout in 11 Physical Habitat Simulation (PHABSIM) sfudy streams.

e s ir e e

Time period (month/{day)

Adult Egg Egg Fry
River Species spawning incubation hatching  emergence
Arkansas Brown 10/15-11/15 10/13-4/1 3/1-5/1 4/1-6/1
Biue Brown 10/15-331/15  10/15-6/1 4/1-6/1 5/15-7(1
Cache la Poudre Brown 10/13-11/13  10/15-6/1 4/1-6/1 515771
Cache la Poudre Rainbow 4/15-5730 4/15-7/15 6/15-7/13 7/1-8/1
Colorado Brown 10/15-11/15 10/15-4/1 47/1-6/1 5/15-6/13
Colorade Rainbow  4/15-4{30 4/15-6/15 6/1-711 6/15-7/15
Brown 10/15-311/15  30/15-5/1 4/1-671 5/15-6/13
Rainbow 471-5/1 4/1-6513 &i1-7il 67313-7/15
Brown 18/15-11115 10715-471 3/15-5113 3/1-6/13
Gunnison Rainbow 4/1-5/1 4/1-6/15 G{1-7/1 6/15-7 {15
Rio Grande Brown 10/15-11/15  10/15-3/1 4/3-611 5/15-6/13
South Fork of Rio Grande Brown 10/15-11/15  30/15-671 5/1-7/1 611-7[15
South Platte Brown 10/13-31/15  30/15-5/1 4/1-6/1 5/1-6715
South Platte Rainbow 4/1-5/15 4/1-6/1 6/1-7i1 6/35-7/13
St. Vyain Brown 10715-11/3153  10/15-5/ 4/1-6/1 5i13-7/1
Tavlor Brown 10/15-10430  10715-5/1 4/1-6/1 5£15-711

were used to check for linear association
between dependent {irout population den-
sity) and independent (WUA and MMD)
varizbles over the time span for which trout
population data and discharge records were
zvailable. For consistency, and to limit het-
erogeneity of the data, we used natural log-
arithmic transformations of x and y vari-
ables. The Statistical Analysis System (SAS)
was used for all analyses (SAS Institute
19852, 1985b). All references to statistical
significance refer to the 5% level or less.

During the time of fry emergence, age-1
and -2 trout population density {(n/ha) and
trout frv WUA were positively correlated
and density and mean monthly discharge
{MMD) were negatively correlated. There-
fore, we used a one-tailed i-test to deter-
mine the level of significance. For each
study stream, we used U.S. Geological Sur-
vey monthly gaging data to determine
MMD and the corresponding habitat units
(WUA).

Data sets for regression analysis were
created in the following manner: for the
early life stages (spawning, egg incuba-
tion, hatching, and frv) we paired age-spe-
cific (age-1 or -2) trout density {the depen-
dent variable) in year n with MMD or WUA
{(independent variables) for z life stage-
specific ctitical period (in year n — lorn
— 2), commespondent with the dependent

variable age factor. Similar pairings for all
years that trout population density data
were available created a data set for re-
gression analysis, For the adult life stages,
the dependent variable (trout density =
age 2} in vear n was paired with the in-
dependent variables in year n. Incepen-
dent variables for the adult life stage were
average summer (April-Cctober) MMD or
WUA.

For the fry life stage, significant corre-
lations were considered valid only when
corroborated by time (month) and site-spe-
cific collections of newly emerged (20-40-
mm-total length) trout fry. Significant cor-
relations between trout density and fry
WUA or MMD that were not synchronous
with the fry emergence period were con-
sidered spurious. However, we report spu-
rious significant correlations to determine
whether WUA or MMD more accurately
and precisely defined the critical habitat
“bottlenecks.”

The approximate times and durations of
the four early developmental life stages for
rainbow and brown trout in the 11 study
streams are given in Table 3. We collected
rainbow and brown trout fry for ail study
streams to document the fry emergence pe-
riod. At a minimum, each study stream was
visited monthly between 1 April and 15
July 1988 to document the time of fry emer-

lj. B. Nehring and R. M. Anderson
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gence. On some streams fry sampling was
conducted over several years. When pres-
ent, at least 10 fry were collected. A stereo
zoom binocular Mmicroscope was used to
identify trout fry (Martinez 1984) and then
measure total length (TL) to the nearest
millimeter. The date of collecti on, number
of fry (by species), mean size (mm TL), and
size range of fry in the sample(s) were used
to estimate critical time periods for each
species and stream, : )

Because each stream tfrout population was
evaluated for 5-11 years, each Tregression
analysis has a minimum of five data points.
Exclusive of the aduylt life stage, correla-
tions were usually calculated between age-1
density and WUA {or MMD) because the
effects of angler harvest were negligible,
but the fish were large enough (120-200
mm TL) to be efficiently sampled by elec-
trofishing. Ina few streams with slow trout
growth rates, third summer (age-2) trout
density was used because these fish were
still below the minimum size (200 mm TL)
generally harvested by anglers.

Population estimation procedures and
electrofishing techniques varied among
streams but were constant within streams
and study sites between vears. We used
two pass removal estimators (Seber and
LeCren 1967) on small streams <15-m av-
erage width. Station length ranged from
183 to 335 m among streams. Elapsed time
between passes was usually 1-2 hr.

On streams averaging 15-29 m wide the
Petersen (mark-and-recapl-ure) method was
employed. Study station length ranged

from 183 to 355 m. Twenty-four- to 48-hr
time elapse between Ppasses allowed cap-
tured fish to recover normal body function
{Schreck et al. 1976; Mesa and Schreck 1989)
and redistribute within the study site,

On large unwadeable rivers (=30-m ay-
erage width) we used a Jon boat for elec-
trofishing. Populations were estimated us-
ing the Schnabel (multiple mark-and-
recapture) method. Sample stations ranged
from 3 to 11 km in length, and three or
four mark-and-recapture runs were re-
quired to obtain reliable population esti-
mates (Robson and Regier 1968). A minj-
mum of 72 hr was allowed between
elecrroﬁshing Passes. Nine to 14 days were
required to complete the Schnabel popu-
lation estimates.

Due to size selectivity of the electrofish-

ing equipment, Population estimates were
computed for each 5-cm size group. All
trout captured were measured to the near-
est centimeter. Scale samples (five trout per
species per centimeter length group at each
study site) were aged each year. We used
length and age distributions to divide the
Population estimate into age-specific den-
sity estimates; for example, the number of
age-1 trout/ha, Density estimates by spe-
cies for each study stream for a serjec of
Years were then paired with the mean
monthly WUA and MMD for the critical
time periods and tested using linear re-
gression analysis. Because data sets for all
study streams have been reported previ-
ously (Nehring 1988), they will not be in-
cluded here.

RESULTS

General Results

Across all study streams and sites, trout
density was significantly correlated with
habitat (WUA) or discharge (MMD) in 112
instances (Table 4). In 77 instances (Table
4), we found the timing, magnitude, and
Vvariation in fry WUA or MMD during the
fry emergence Period to be significant fac.
tors constraining rainbow and brown trout
recruitment among 10 of 11 study streams
and 20 of 22 study sites. Fluctuations in
Sspawning habitat or discharge (AWUA,
AMMD) between egg deposition and
hatching during the winter months were
identified as critical habitat limitations at

2
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three sites. Spawning habitat (WUA) or
discharge (MMD) limited trout density at
two sites (Table 4). We found a positive
association between brown trout densi
and January incubation discharge (MMD)
and habitat (WUA) at two of three study
sites on the Taylor River. On the Colorado
River, brown trout hatching flows (April
MMD) were identified as a habitat “bottle-
neck” at one study site (Table 4). There
were 19 instances of Spurious correlation
between trout density and fry WUA or dis-
charge (during the fry emergence) that
were not validated by on-site fry collec-
tions (Table 4).

We found no significant correlations be-

s fd s

o e ekl

verage (33.3 mm TL), with the widest
::n;e ingsizg (23-46 mm TL), than fry col-
lected from any of the 11 study streams;l.
Mean length of brown trout fry collectz :
during June and July 1990-1992 was
mm TL, ranging in size from 35 to 61 mm
TL, indicating that brown trout fry en}:er-
gence occurs during April and M_ay V\lf e_I;
high discharge and reduced habitat limi
fry survival. Therefore, the significant cor-
relations between age-2 density arlc:i June
and July MMD are considered spurious.

out density and spawning flows
E&iirtl))t,rspawningt{\’UA, average summer
adult WUA, or average summer dxschagge
for the Arkansas, Blue, fiache la Pou rn;,
Fryingpan, Gunnison, Rio Grande, Soutd
Fork of the Rio Grande, South Platte, an
St. Vrain rivers. We found no significant
correlations between trout den_sny and ?v—
erage summer adult WUA or discharge fr
the Colorado and Taylor rivers (Table d)‘
The Fryingpan River was the only study
stream where mitigating f_actors. anﬁ_ r::r—t
cumstances preciuded ﬁ:}dmg s:gmﬁcal:l
relationships between rambcf’w or brown
trout density and ha‘r})itat (WUA) or dis-
Nehring 1991).
ché‘rc?rf\p(aared to %he density and MMD cor-
relations, the correlations between .tro_L;t
density and WUA resulted in more signif-
icant correlations, fewer instances of non-
significance where the paralle] correlation
was significant, more instancgs of strongler
correlation, and fewer spurious correla-
tions (Table 5). These results indicate thzit;
compared to MMD, WUA more accurate )[
and precisely identified periods of physica
habitat limitations to trout de_ns;_ty_. Ex-
amination of the results ‘f(?r individual
streams demonstrates the utility and adapt-
ability of the PHABSIM methodology for
eluci&aiing the trout popu‘iation r_espon]sje
to flow-induced variations in physical hab-
itat (WUA).

e River. Age-2brown trout denysuywas
fél;related wi;gh MMD and fry WUA for
May, June, and July 1984_ (Table .4). F}l:ly
coliections on the Blue River during ;93
spring-summer months of 1988, and 1 )
through 1992, revealed th{at brown troud
fry emergence commenced in late May a;ls
continued into late July. On 23 May 19 4
we collected newly emerged brown trou
fry averaging 20.7 mm TL, ranging f;:)md
18 to 23 mm, indicating fry emergence ha
only begun. Additional collections during
1990, 1991, and 1992 revealed the presence
of brown trout fry (<26 mm 'I_‘L) in Ix;}ni
and July, but not in August, md:catmg; a
the correlations between brown trout den-
sity and fry WUA and MMD for May, June,
and July 1980-1984 are valid.

Poudre River. Age-1 brown trout
gg;t?t? was significantly correlated with
brown trout fry WUA and MMD f(:r ]unﬁ
at five population study sites even .hougso
the most upstream sites were more th"?nbl
km from the PHABSIM study area ( la ;
4). Rainbow trout density was cmjre gte
with July MMD and fry WUA at two S]t(lés.
One site had restrictive angling regu a_:
tions (artificial lures only, 406-mm mini
mum size limit) and the other site was
closed to the public (Table 4). Fry sampling
efforts from April through July 1988 ;e-
vealed that brown and raix'xbow trout fry
emergence occurred primarily during June
and July, respectively.

Colorado River. The PHABSIM mo:_iel_ ‘.rec;

vealed that four early life stages limite

rainbow and brown trout populations ("I.’a-

ble 4). At site 1, age-1brown trout density

was correlated with the dlgerer;::ii;lg
i s

i itting the 1983 data pair. spawning flow (ALMDgnar(x)do%er ting

Sl %88 brown trout fry col- habitat (AWUA) ‘betwe e and

1 Ct)nd isor :}{elArk;nsas River were larger March. Although it seems counteri

ected fr

7 I

River-specific Results

River. During 6 years of sfudy,
fgrzflnssrsown trout density was negatn:;ly
correlated with July mean rqonthly is-
charge (MMD) and age-2 density wasTneb%—
atively correlated with June MMD (Ta Ej
4). Brown trout fry WUA was not corre
lated with density. However, by averagflng
fry WUA (and MMD) for April and May
and omitting the 1983 data (as an out%:e}z:)
we found that WUA and MMD were h(;g -
ly correlated with age-2 brown t_roxg enr:
sity (Table 4). In April 198_3, v.vhlle TOW.
trout sac fry were immobile in the mter:
stitial spaces in the gravel, flows were re_
duced 66% below the October 1982 _spawnf
ing flows, probably resulting in f@iuirg o
the 1983 year class. This was the justifica-

R. B. Nehring and R. M. Anderson




Significant (

TABLE 4
P = 0.05) correlations by time
variable} versus mean nmonthly discha
(independent variabies) far the critical I
streams. Dashes (—) in the MMD
nonsignificant. No significant

e

period between trout density af age (dependent

ke 78¢ (MMD) and weighted usable area {WUA)
ife 5

fages of brown and rainbow freut in 10 Colorade

and WUA columns indicate the correlation woas
relationships were found for the Fryingpan River.

Correlation

o Age Life Years  Site cocfficients {1}

Decies  (year) stage data na. Time period MMD  wua
. Arkansas River

Town 1 Fry 6 )] July 5

¢ Y ¥ —~0.85% -
E:S:r;‘: i ;:;_ § 1 June —0.847 —
Ty 3 1 april-May ={d.o0 5.9z
. Blue River

W 2 Fry 3 1 Mav

o v 5 Moy -085 095
g’g:\g ; ?’t 5 1 June ~0.84 0.9;‘

ba! 5 i July —-0.81 .87
. Cache 1a Poudre River )

:z\r:‘g i ?} z 1 June —0.73 0.71
provn ! Fr}’ 7 2 June —0.79 071
o ! }:r}- 7 3 June —0.86 0.86
prown X F?\ ; g June ~0.84 0.82
Rafnbow 1 Fr‘;' 7 3 }IE?\E e ‘9§§
Reinbow 3 Fry 7 5 Tune o8 ok

ainbow 1 Fry 7 50 July -077 077

Colorado River
Brown i 3 1 —0.94 2
Brown 2 & 2 vy .
Brown 2 6 2 Tor C
Brown 1 & 1 o 5
Erown 2 6 2 = 0%

. . Y bt L5
1§:2:§:- _1J 5 1 Tune 15-July 15 -0.90 0.98

2 & 2 April 15230 - 076
. Gunnjson River

TOWn 3 Fry 7 1 May
Brovn 1 Fr 7 1 June - 088
B‘O“ i 1 Ery 7 h; July - 5"9"
TOWn b] Fry 7 2 Ma'y Ggé
Br{_an 1 Fry 7 2 June -~0.71 0—81
Rainbow 1  Fry 7 1 May - 0.73¢
Rambow 1 Fry 7 i June ~G.67 0.'
Ra_mbow 1 Ty 7 1 Fuly - Oig
Reimbow 1 Fy 7 2 May - 0.0
Reinbow 1 Fry 7 2 Jume -0735 092

inbow 1 Fry 7 2 July ' 0.74
. Rio Grande River
rown 1 Fry 5 ] Ma
Brown 1 Fry 11 2 v 0. oss

’ . May -

gmw’n 1 Fry i1 2 June —ggg 014

Brov\vn 1 Fry 11 2 July ~0.78 0.71

Brown 2 Fry 6 3 May -080  —

Brcc:‘\;xr: i Fry [ 3 June —0.96 0.83
Fry 6 3 July —0.98 0.83

2] :
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TABLE 2
Continued.
Correlation
Age Life Years  Site coefficients (r)
Species  (year) stage data no. Time period MMD  WUA
South Fork of the Rio Grande River
Brown i Frv 7 1 April ~ .74 —
Brown i Fry 7 i July ~{0.75 0.83
Browit 1 Fry 7 2 April 0.85% -
Brown 1 Fry 7 2 May —(.84% 0.75%
Brown 1 Fry 7 2 June =077 0.74
Brown 1 Frv 7 2 ~{.88 0.89
1 Frv 7 3 —0.78% —
i Fov 7 3 AN 0.687
1 Frv 7 3 —0.73 -
1 Frv 7 3 ~{.91 0.67
St. Vrain River
Brown 1 Fry 5 1 April - 082
South Platte River
Brown 0 Fry 9 1 May ~0.88 0.89
Brown 0 Fry 1 fune —{.54 0.89
Brown 0 Frv 9 1 tuly - 0.697 0.74¢
FOWT 1 Fry 9 1 Tune =090 (.84
Brown 1 Fry 9 1 Juiy —0.69° G.r7e
Rainbow G Fry 10 1 May — G.677
Rainbow ¢ Fry 10 1 June -Q.77 .54
Rainbow G Fry 10 1 July 0.71
Rai 1 e 10 i June 0.75
1 Fry 10 i fuly {78
Taylor River
Brown 1 Spawning 7 1 October —05C —
Brown 2 Spawning 7 1 October —0.89 —
Brown 1 AMMD, AWUAY 7 1 October-March -0.71 —
Brown 2 AMMD, AWLAP 7 1 October-March -092  -092
Brown 1 incubation 7 2 January .83 (.84
Brown 2 Fry 7 2 June -0.81 -
rown 2 Fry 7 2 July -0.76 e
Brown 2 Incubation 7 3 january 0.68 0.69
Brown 1 AMMD, AlUAb 5 3 October-March - -0.65
Brown 2 Fry 8 3 June ~0.78 e
Brown 2 Fry 8 3 Tuly —-0.72 —_

“ Field sampling failed to corroberate the presence of trout fry during the time period indicated
by the correlation between habitat {MMD and/or WUA) and trout density; thus, the correlation

is considered spurious.

“ Net change in discharge (MMD) and spawning habitat (WUA) between egg deposition and
hatching due to discharge decreases during the winter months.

{see Discussion), November MMD and
spawring WUA as well as April MMD
{hatching flows) were negatively correlat-
ed with age-2 brown trout density at site
2 (Table 4). At site 2, age-2 rainbow trout
density was correlated with rainbow
spawning WUA (but not with spawning

flows) for the period of 15-30 April 1979-
1984 (Table 4).

Rainbow and brown trout fry WUA lim-
ited trout populations in the Colorado Riv-
er (Table 4). At site 1, age-1 rainbow trout
density was correlated with fry WUA and
MMD for the period 15 June-15 july 1982-

R. B. Nehring and R. M. Anderson
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correlations occurred when feld sampling failed to yield trout fry

during a period of significant correlation

= 30 mm total lengfh
between mean monthly discharge (MMD) or

weighted usable area (WUA) and trout density.

Description of comparison

TABLE 6

i i it tud
al and critical monthly discharge levels in the Gunnison Rmeif;)r t::;)p;;ogsog:ar:sy
A?;T;BO-IQSG) and in parentheses ranking (from 1= highest fo 21 = low

(1964-1986) of record.

Density versus MMD Density versus WUA

Significant correlations at P = 0.05

Instances of nonsignificance where the
parallé! correlation was significant

Instances of stronger correlation

Instances of stronger correlation (fry only)

Spurious correlations (for £y only)

45,71 46/71
12771 11/71
21471 29471
13760 25160

9/60 8/60

1986. Similarly, age-1 brown trout density
and WUA were correlated for June 1981-
1986 at site 1. Downstream at site 2, age-2
brown trout density was correlated wit
fry WUA for May 1979-1984, Fry coltec-
tions during Mav-June 1988 verified dif-
ferences in emergence times between the
two sites. On 23 May 1988, brown trout fry
collected at site 2 averaged 24.4 mm TL.
No brown trout fry were observed at site
1 on that date. On 10 June 1988, brown
trout fry were callected at both sites. On
22 June at site 1, newly emerged rainbow
tout fry ranged from 22 to 26 mm TL {mean
23.3 mm TL) compared to an average of
40.5 mm TL for brown trout fry.

For the 1982 rainbow trout year class,
density was approximately 2.2 times stron-
ger than that of brown trout at site 1 even
though fry WUA was better for brown trout
than for rainbows. However, spawning
WUA was 7.9 times greater for rainbow
trout. Both 1983 and 1984 were extremely
high water vears and fry habitat was se-
verely limited for both species, resulting
in a decline in age-1 density. In 1985 and
1985, fry habitat conditions were good for
both species, yet age-1 rainbow trout were
more abundant than age-1 brown trout.
Again, the rainbow trout spawning WUA
wastwo- to three-fold greater durirg those
years.

In contrast, age-1 brown trout density at
site 1 was the highestin 1982, when brown
trout spawning WUA was the lowest for
the 8 years of study. However, the winter
of 1981-1982 was the only year when mig-
winter flows did not drop below the Oc-
tober spawning flows and June had the

highest level of brown trout fry WUA for
the B-year study. The result was the strong-
est age-1 brown trout year-class (1982} at
site I during the 6 years of population eval.
uation. .
From 1979 through 1985, population es-

timates at both study sites revealed that
Tainbow trout was the dotminant species.
A paired t-test comparison of the within-
Year rainbow and brown trout densities
indicated that rainbow trout were signifi-
cantly more abundant (P = 0.01) for an
8-year period. Similarly, 2 paired t-test
analvsis of within-vear spawning WUA in-

dicated rainbow trout had a significant (P

= 0.605) advantage over brown trout in

spawrning habitat. A two- to four-fold ad-

vantage in spawning flows translated into
2 two- to eleven-fold advantage in spawn-

ing WUA. Within years, age-1 and -2 rain-
bow density was one to four times greater
than that of brown trout.

Gunnisan River. During a F-year study,
stream discharge was highty variable (Ta-
bie 6), providing an oppertunity to test rig-
orously the capability of the PHABSIM
models to assess the biological impacts of
extreme variations in Physical habitat on
a trout population. At site 1, age-1 rainbow
and brown trout densities were correlated
with fry WUA for May, June, and July 1980-
1986 (Table 4). Similar] 7, rainbow trout fry
WUA was correlated with age-1 rainbow
trout density for May, June, and July 1980-
1986 at site 2 (Table 4), and age-1 brown
trout density was correlated with fry Wia
for May and June. June MMD was signif-
icantly correlated with age-1 rainbow trout

2D
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Average

annual Mean monthly flow for critical months (m3/sec)
discharge uly

Year (:;%Iseg) April May June !
! - s 07 (8
1980 400 (9) 45.20) 60.2(7) 22 (2}1) s E}é}
g 238 (1%) 6.6 {21) 6.2 (21) 5 (15} 216 (12)
1985 223 (17) 12.8 (14} 11.9 (15) 21-; (3 119.0 (3
T 542 (1) 24.3 (13) 52.5 (10} 318, (1) 1280 (2)
1982 i 0 651 (4) 127.0 (2} 227.0(1) 96 (6)
1984 655 (2 89.6 (1) 85.6 (4) e 855 (4)
e %4 420) 676 (5 B0 g
1956 33.

density at both sites and with age-1 brown
trout éensity at site 2 (Tabie_ 43, )

In 1986 and 1967, samapling of brown
trout frv on the Gunnison River mdu:atec}
that emergence began the last week od
April, peaked in May, and was compie;e
by mid-June. Rainbow fry emergence .eé
gan the first week in June, peaked the thiz
week, and continued intoe July. The fry
sampling efforts indicated that the corre-
lations between May fry WUA and age-1
rainbow trout density at sites 1 and 2, and
between July frv WUA and age-1 brown
ireal density at site 1 {Table 4) were spu-
rious.

io Grande River. Age-1 brown trout den-
i'tf; at site 1 was correlated with fry WUA
but not with MMD for May 1981-1985 ('i‘"a-
ble 4). At site 2, age-1 brown trout density
was correlated with fry WUA for May and
July 1980-1990 and with MMD for May,
jur;e, and July. Atsite 3, age—Z brovfn trout
density was corzelated with fry WUA for
june and July 1980-1986 and with MMD
for May, June, and July. Brown trout fry

collections overa 5-vear period_(1_988~19_92}
verified these months as the critical period

for brown trout fry emergence.

South Fork of the Rie Grande River.  Age-1
brown trout density was corre]nated with
July fry WUA for three study sites over a
7-year period (1976-1982) (Table 4). At sﬁ:g
2, density was correlated with May an

- = _as iod
May through August over a 3-vear perio L
198%—1992)grevealed that brown trout gr}
emergence began in mid-june and contin-
ued into July.

t. Vrain River. Age-1brown trout density
fvas correlated with fry WUA but not MMD
for April 1979-1983 (Table 4). Brown fr%ut
fry collected on 25 May 1988 averaged 2,i2
mm TL, ranging in size up to 34 mm an,
strongly indicating that emergence began
in April.

South Platie River.  Age-Obrown trf)dt de_f’.?
sity was correlated with fry W UA a;;‘c

MMD for May, June, and July 19761956
on the South Platte River. Age-0 ram}fov.
trout density was correlated with fry W[{A
and MMD for June and July. Age-1 brcgv:n
trout density was correlated with fry WA
and MMD for June and July 197 8—198?,_;5

was rainbow trout density and fry WUA

for 1977 through 1986 (Table 4‘}. Folle:

tions of brown trout fry averaged 244 mm

TL on 12 May 1988, but few were pres?nt.

On 25 May 1988, no rainbow trout fry were

present but brown trout fry were abun-

dant, averaging 26.2 mm TL. Onl_2l} }um_f

1988, both rainbow and brown frout fry

were abundant; the former averaged 26_:1

mm TL, ané ranged in size from %'2 to 33

mm TL, and the latter averaged 37.7 mm

TL, and 1anged from 34 to 46 mm TL. These

data indicate that brown trout fry emerge

in May and June and ;ainbow trout fry
emerge in june and July in the South Platte

, v t density .
June fry WUA. Age-1 brown trout « River.
X i MD for April, May, ) . Tow i-
?3:860;523?3%'\;;;};3\/;982 at iwf of three  Taylor River. Two years of preflow stabi
une, ¥

population study sites. Fry sampling from

lization and four or more years of postflow

R. B. Nehring and R. M. Anderson
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TABLE 7
Number of brown trout = 12 cmr tofal length
per kilometer in the Taylor River in October
1874 and 19735 (prefiow stabilization) and
October 1979-1982 {postflow stabilization),

Average
1974
and
Station 1975 197% 3980 1981 1982

b

1 1629 2975 2,823 2,728 4,656
2z 1,572 2460 2,331 2,013 2,228
3 1917 3641 3741 2784 2,904
4 1,654 2825 3665 4,031 3211
Average 1693 2075 3,190 2880 3,230

stabilization brown trout population esti-
mates were available for investigating the
trout density-habitat (WA} flow (MMD}
relationships. With no significant differ
ence between the prestabilization years, the
1974 and 1975 populetion data were av-
eraged and compared to the postflow sta-
bilization years {1979-1982). A one-way
ANOVA (Student-Newman~Keuls test)
revealed that all postfiow stabilization vears
density estimates were significantly differ-
ent from the prestabilization (1974 and
1973} estimates {Tahle 7} .
Next, we used lineer regression o de-
iermine if spawning, egg incubation, or
fry habitat (and the associated stream dis-

charges} were correlated with brown trout
population density (Table 4). At site 1, age-i
and -2 brown trout densities were corre-
lated with the differences in spawning Sow
(AMMD) and spawning habitat (AWA)
between October and March. Although it
seems counterintuitive (see Discuss§0:~),
October MMD and spawning WUA were
negatively correlated with age-2 brown
trout density at site 1. At site 2, age-1brown
trout density was positively correlated with
Jarwary incubdation flows and age-2 density
was negatively correlated with MMD for
June and July over a 7-year period, Simj-
larly, age-2 brown trout density was pos-
tively correlated with Jarumary incubation
flews and negatjvely correlated with MMD
for June and July at site 3 over an 8-year
period. Age-l brown trout density was
negatively correlated with the difference
in spawning habitat (AWUA) between Oc-
tober and March at site 3 (Table 4). At site
3, age-1 brown trout density was correlated
(r=0.74) with June fry WUA (but not June
MMD) when regression analysis was per-
formed on nontransformed data for the
8-year period. Natural log transformation
of the data pairs reversed the significance
of the correlations with june WUA and
MMD. Sampling from Mav through Au-
gust 1988-1992 indicated that brown trout
fry emergence occurs during June and July
on the Taylor River. ’

DISCUSSION

After working intensively with PHAB-
5IM models for more than a decade, we
believe that this unigue technology, when
properly used and applied, has tremen-
dous potential for determining minimum
and optimum streamflow requirements for
fotic ecosysterns downstream from large
scale impoundments. Although widely
used for instream flow modeling (Reiser ot
al. 1989), relatively few studies attempted
field validation of the methodology during
the 1950's (Orth and Maughan 1982; Shir
vell 1989). Our investigation and the work
of Jowett (1992) in New Zealand are the
two most extensive PHABSIM feld vali-
dation studies krown to us. Based on our
results and those of Jowett (1992), we dis-
agree with the suggestion of Mathur et al.
(1986} . . . that application of the Instream
Flow Incremental Methodology {IFIM) in

its present form should be abandoned.” In
our study and the New Zealand investi-
gation (fowett 1992}, WU A and trout den-
sity were highly correlated in a positive
manner, as Mathur et al. (1986) suggested
15 an essential result for a successful vali-
dation study.

Accounting for Intervening
Variables

In three instances in our studv, a data
pair (WUA versus trout density)'was dis-
carded 25 a statistical outlier, which dra-
matically improved 2 correlation between
habitat (WUA) and trout density, In all
three instances, a logical biologicat expla-
na?ion existed for considering the data
Points as statistical outliers.

First, on the Arkansas River, when the
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1983 data pair was eliminated, the corre-
lation coefficient between age-2 brown
trout density and April-May fry WUA in-
creased from .32 to 0.92. Minimum daily
flows in April 1983 were 66% lower than
the October 1982 spawning flows, the pe-
riod of intragravel existence for Arkansas
River brown trout alevins. We believe the
near failure of the 1983 brown trout vear

- class resuited from meortality of sac fry dur-

ing the April 1983 low-flow period.

Second, on the South Platte River, we
treated 1951 data as an outlier. Adeguate
intragravel flow of water is critically im-
portant {0 szlmonid embryonic develop-
ment (Reiser and White 1983; Neitzel and
Becker 1983). In one study (Becker et al.
1982), 2 L-hour daily dewatering of redds
containing salmonid alevins resulted in
97% mortzality of the sac fry. Another study
(Becker et al. 1983} demonstrated that a
one-time dewatering of salmonid redds for
& hours resulted in 99% mortality of intra-
gravel alevins. We suspect the same phe-
nomenon led to the near failure of the 1981
vear class of rainbow trout on the South
Platte River. Here stream discharge
dropped 21% between 23 May and 10 june
1981, compared to the April spawning
fiows, On 20 June 1988, rainbow i1y sam-
ples were coilected at the PHABSIM study
site, indicating a late May to early June
intragravel existence for rainbow trout sac
fry. We believe the May 1981 flow reduc-
tion accounted for the differences in the
density of age-1 rainbow trout between
1981 and 1982 {72f/ha in 1981 versus 801/
hain 1982). Rainbow trout spawning flows
and frv WUA in both vears were near the
maximum levels observed during the 10-
year study. Again, this is adequate justifi-
cation ta consider the 1981 data pair as a
statistical outlier.

Third, on the Colorado River, both rain-
bow trout spawning WUA and fry WUA
were significantly correlated with rainbow
trout density. Although spawning WUA in
April 1963 was high, fry WUA was low,
leading to low fry survivai and low re-
cruitment of juvenile rainbow trout to the
1983 year class. Elimination of the 1983
data point from the spawning regression
analysis dramaticaily increased the corre-
latior coefficient and level of significance.

Viewed simplistically, it seems counter-
intuitive that spawning (or incubation)

MMD and WUA for November as wel} as
April MMD (hatching discharge) would be
negatively correlated with age-2 brown
trout density atsite 2 on the Colorado River
{Table 4). However, these data actually in-
dicate that flow stability from egg depo-
sition (in October-November) through
hatching {April) is critical to brown trout
vear class recruitment. When the absolute
differences in spawning flows (AMMD) and
spawning habitat (AWUA) between Octo-
ber and March were regressed against age-1
brown trout density at site I, the correla-
tions were highly negative in both in-
stances (Table 4), thus supporting the flow-
stabilitv hvpothesis. We observed similar
interactions between fall spawning flows
and mid-winter flow reductions that af-
fected brown trout recruitment on the Tay-
lor River as well (Table 4).

Effectiveness of PHABSIM

Impoundments and massive transmoun-
tain diversions in the headwaters of the
Colorado River result in severe seasonal
distortion of the annual discharge hvdro-
graph, eliciting unexpected responses in
rainbow and brown trout population dv-
namics. Stream trout pepulations in Col-
orado managed with an eight trout per day
bag limit and no terminal tackle restric-
tions are normally dominated by brown
trout due to the much greater vulnerability
of rainbow trout to angler harvest (An-
derson and Nehring 1984). However, rain-
bow trout dominated the Colorado River
trout population without the protection of
minimum size angling regulations.

The PHABSIM model was an efective
tool in elucidating this unusual relation-
ship. Over an 8-year peried (1979-1986},
the model indicated that within-year dif-
ferences in rainbow and brown trout fry
WUA were small and each species had a
slight advantage in fry WUA in 4 of S years.
Thus, the value of fry WUA (forexplaining
rainbow trout dominance in the Colorado
River} was equivecal. However, the mode]
indicated rainbow trout spawning WUA
was 2 to 11 times greater than that of brown
trout for 6 of 8 years. Correspondingly.
rainbow trout year class density was one
to four times greater than that of brown
trout.

R. B. Nehring and R. M. Anderson
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Some users of PHABSIM models (Ma-
thur et al. 1986) suggest that simple cor-
relation of streamflow with population
abundance or biomass might adequately
describe the negative or positive impacts
of flow variation on fish. Indeed, in our
early work with PHABSIM on the South
Fork of the Rio Grande River it appeared
that this approach worked quite well.
However, after studying 11 streams over a
10-year period, we conclude that this sim-
plistic approach is not satisfactory. Al-
though our results demonstrated that trout
density was correlated with both WUA and
MMD in 10 of the 11 streams we studied,
the relationship between habitat (WUA)
and trout density was more often highly
correlated, which significantly improved
our ability to explain variations in trout
density. This was especially true for the
fry life stage, which accounted for 67% of
the significant correlations. The correla-
tion between fry habitat (WUA) and den-
sity provided a stronger correlation coef-
ficient twice as often as the fry MMD-
density relationship (Tables 4 and 5). The
density-fry WUA correlations more accu-
rately and precisely defined the critical
habitat “bottlenecks.”

On 7 of 11 streams, we found that a sin-
gle, well-placed representative PHABSIM
study site provided significant correlations
between habitat (WUA) and trout density
for other population study sites many ki-
lometers distant. Even in the face of con-
siderable flow augmentation from tribu-
tary streams, habitat and trout density
correlations remained strong as long as
there were no dramatic differences in
channel morphology between the PHAB-
SIM and the population study sites.

The utility and adaptability of the
PHABSIM model was well demonstrated.
It proved useful in explaining the unusual
relationship between the rainbow and
brown trout populations of the Colorado
River where rainbow trout dominance was
largely the result of a significant advantage
in the spawning arena. The PHABSIM
model also indicated that a difference of
2-4 weeks existed in the emergence time
of brown trout between sites 1 and 2 on
the Colorado River, even though the sites

were no more than a few kilometers apart.
This difference was verified with collec-
tions of brown trout fry at both sites. On

streams where impoundment seriously
modified the discharge hydrograph (i.e.,
the Colorado, South Platte, and Taylor riv-
ers), the PHABSIM results demonstrated
that there are often two habitat “bottle-
necks” that must be circumvented for suc-

cessful recruitment of a year class (zee Ta-
ble 4).

Simplifying Factors

In Colorado and much of western North
America, snow melt predictably augments
stream discharge during the spring, which
is the period of rainbow and brown trout
fry emergence. Large scale impoundment
of stream ecosystems, an ongoing phenom-
enon fora <entury or more, controls stream
discharge patterns. Temporal and spatial
predictability of seasonal stream discharge
facilitated the strong correlations of trout
density with habitat (WUA) and discharge
(MMD) in this study.

Other factors simplified our study as well.
Our fish species assemblages were quite
simple compared to those in the eastern
United States. Random catastrophic flood
events that often affect stream ecosystems
and trout populations in other areas of the
United States (Elwood and Waters 1969;
Seegrist and Gard 1972; Hanson and Wa-
ters 1974} are uncommon in Colorado,

where large impoundments ameliorate the
effects of stochastic flood events.

Symposia and books have been devoted
to the impact of impoundments on lotic
ecosystems (Lillehammer and Saltveit 1984;
Petts 1984). Conventional wisdom might
suggest that observation of the biological
responses of lotic species to ecosystem per-
turbation is all that is needed to under-
stand how to rectify the situation. How-
ever, simplistic solutions are rarely
adequate for explaining the nuances of
complex interactions in aquatic ecology.

Much evidence documenting salmonid
species interactions with habitat variables
(Bachman 1984; Rimmer 1985), intraspe-
cific and interspecific competition for food
and living space (Fausch and White 1981;
Bachman 1984), and the bioenergetics and
strategies associated with the search and
pursuit of forage (Fausch 1984; Puckett and
Dill 1985) exists in the scientific literature.
Ottaway and Clarke (1981) and Ottaway
and Forest (1983) found that high water
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velocity greatly impacted the abil_ity of
newly emergent brown trout alevins to
maintain position in anartificial stream en-
vironment. Anderson and Nehring (1985)
further elucidated the detrimental effects
of high volume stream discharge and as-
sociated high water velocities, and fry hab-
itat limitations on recruitment and surviv-
al of rainbow and brown trout in the South
Platte River.in Colorado. Shirvell (1990)
found that chinook, coho, and steelhead
salmonid fry preferred low-velocity (= 10
c¢m/sec) habitats downstream from in-
stream rootwads.

Such investigations increase our under-
standing of the growth, survi\:al, and suc-
cess of a given species facing intraspecific
or interspecific competition. However,
controlled experiments, no matter how vf'ell
they attempt to mimic the natural ph)’s?cal
environment, invariably place constraints
on some environmental variables (Butler
and Hawthorne 1968; Baldes and Vincent
1969; Jenkins 1969; Kraft 1972; Fausch 1984;
Rimmer 1985; Fausch and White 1986; Ir-
vine 1986). The control placed on those
variables (in order to clarify the response
of the organism to a particular parameter)
may mask or alter the response to the same
ex;;erimental parameter in an uncon-
trolled environment. In our study, no ma-
nipulations of stream discharge or the fish
populations were made to affect a re-
sponse. _ )

Orth (1987) identified important points
that should be addressed to improve the
use of instream flow-habitat models. We
incorporated several of his suggestions in
our research design. (1) Our studies of in-
dividual streams were of sufficient dura-
tion to allow fluctuations of more than three
orders of magnitude in streamflow and
WUA to be experienced by the trout pop-
ulations. Thus, we believe potential im-
pacts of environmental variation that could
either mask relationships between WUA
and trout density or create false correla-
tions due to an inadequately short evalu-
ation time were minimized. No experi-
mental manipulations of flow were

imposed to alter environmental conditions
or affect trout population response. (2)
Sport fish angling regulations and man-
agement strategies were, with the excep-
tion of the Fryingpan River, constant
throughout the study. Nine of the-11 study

streams were under very restrictive an-
gling regulations (either catch and release
or a 406-mm minimum size limit) through-
out the study. Thus, the potential for vari-
ations in sport fish management to alter
trout population response to real hab1_tat
fluctuations was minimized. (3) The fish
were large enough to be effectively col-
lected by our electrofishing techniques,
which géve reliable population estimates
within stream study sites between sam-
pling years. (4) Our fish species assem-
blages were simple compared to regions of
the United States east of the Mississippi
River. The target species in our study
streams were either allopatric brown trout
(six streams) or sympatric rainbow and
brown trout populations, and no more th_an
four to six nongame species. Thus, with
two game species as target organisms, the
analysis process using PHABSIM was rel-
atively simple. (5) Because our study
streams supported some of the best wild
trout populations in Colorado, we could
reasonably assume that invertebrate food
supply, water temperature, water quality,
and other potential limiting factors ac-
counted for very little additional variabil-
ity.

SAithough we assessed all life stages of
rainbow and brown trout for significant
correlations between WUA and fish den-
sity, it became apparent after 4-5 years of
study that the early life stages (spawning,
incubation, hatching, emergence, and ear-
ly fry) were the most vulnerable to ﬂo'w-
induced variations in habitat. These life
stages, due toa stationary nature or re]'atl\‘e
immobility, are unable to respond qu1ck_ly
(if at ali)’to flow-induced habitat varia-
tions. It is at these early life stages that t_he
“bottleneck” habitat theory is most valid.
The loss of a year-class (in the early stages
of development) due to flow-induced
changes in habitat carries through for the
entire potential life span of that cohort.
Not only is the cohort lost from a recrea-
tional standpoint, but all of the potential
progeny from that cohort are lost as well.

For adult (=200 mm) brown trout, Jowett
(1992) found strong correlations between
density and WUA in 59 sites on New Zea-
land trout streams. In contrast, we found
no significant correlation between adult
trout density and WUA. In the New Zea-
land study (Jowett 1992), but not in ours,
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¢over was a component in determiring
adult WUA, Other studies have docw
mented the importance of cover for brown
trout, the primary salmenid species in our
study streams (Butler and Hawthorne 1968;
Baldes and Vincent 1969; Bachman 1984).
Omission of cover as a eritical habitat factor
for adult trout may have been 2 shortcom-
ing in our study. Moreover, regressing av-
erage adult trout WU A for the summer pe-
riod {April-October) against adult trout
density may have been an inappropriate
comparison.

Karrand Dudley (1961) identified at least
six primary factors that influence the struc-
tural and functional characteristics of
stream ecosystems, which govern the die-
tribution and abundance of stream fishes.
These factors include an energy source
(food), water quality, temperature, physi-
cal habitat, low regime, and biotic infer-
actions, We agree with Orth {1987) that
users of instream fSow models must have
aworking knowledge of how these six fac-
tors interact in stream ecosystems in order
to avoid unanticipated effects. Petts's (1954)
hierarchical system describes the actions
and interactions of these six factors {and
others) as three orders of impact. His third
order impacts {on fish and aguatic jnver-
tebrates) are refiections of first 2nd second
order impacis at lower trophic levels and
within the physical environment. In actual
regulated stream situations, afl three levels
of impact are constantly undergoing vary-
ing rates of change. Rarely is a state of
dynamic equilibrium reached. The Tespon-
sibility of aquatic resource managers is to
determine flow regimes in regulated

treams that, within a certain range, will
adequately protect aquatic community as-
semblages.

For salmonid populations in mountain-
ous regions, our results demonstrate that
PHABSIM hasthe capability of identifving
habitat-limiting events in riverine ecosys-
tems. Properly applied, the PHABSIM

mode! has the potential fo facilitate more
holistic management of one of earth's most
endangered resources—healthy free-flow-
ing streams. Any technology, improperly
applied, invariably leads to the error, bias,
and confusion alluded to by Mathur et al.
(1986). The PHABSIM model is not a unj-
versal cure-all; rather, it is one more as-
sessment tool to be used judiciously. Mos-
ley and Joweit (1985} concluded that
estimation of WUA does not replace bio-
logical expertise, but can provide an ob-
jective basis on which bielogists may apply
professional judgment.
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