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Abstract.— n 1973 two sections of asmall headwater stream containing all opatric nonanadromous
coastal cutthroat trout Oncorhynchus clarki were subjected to two types of streamside logging: (1)
clear-cut to the streambank with all existing wood and logging debris left in the channel and on
adjacent hill slopes (section B; 4.2% gradient), and (2) clear-cut to the streambank with all logging
debris and existing instream wood removed from the channel and adjacent hill slopes (section A;
0.8% gradient; termed scarified). A third upstream reference section was undisturbed (section C;
4.8% gradient). The hill slopes of both treatment sections were burned in 1974. Instream habitat
(large woody debris and pool percentage), water temperature, and fish populations were assessed
intermittently during the following 25 years. Instream habitat, water temperature, and trout density
in section B were in all years similar to the upstream reference section, C. In section A, summer
maximum stream temperatures reached 30°C immediately after logging but had moderated by 1975
and were similar to the reference section by 1983; the proportion of wetted area that was in pools
was 14% in 1975, 33% in 1985, and 49% in 1997; trout density was low (0.05 fish/m?2) after
logging but had returned to the reference level (0.21 fish/m?) by 1983 and was double (0.49 fish/
m?) the reference level in 1997. The recent increase in fish density in section A may have been
influenced by instream habitat enhancement and riparian thinning conducted in 1985. Trout density
in section A is presently similar to that found in a nearby low-gradient stream with an undisturbed
riparian zone. Our results suggest that large pieces of wood that are left in and over small streams
after logging, although a contravention of current logging regulations in British Columbia, may

help protect resident trout populations following riparian logging.

Riparian logging can alter chemical, biological,
and physical processes and features that shape
stream ecosystems and determine population den-
sity and community structure of salmonids (Greg-
ory et al. 1987; Reeves et al. 1993). Because these
processes and habitat features operate and vary at
different time scales, the recovery of fish popu-
lations following riparian logging represents an
integrative response to multiple habitat attributes
that change through time (Gregory et al. 1987).
For example, riparian canopy removal may in-
crease stream temperature or primary productivity,
resulting in an increase in juvenile salmonid den-
sity and growth during the summer (Bisson and
Sedell 1984; Beschtaet al. 1987; Bilby and Bisson
1992). Increases in salmonid productivity can be
negated if temperature levels exceed thermal tol-
erances and may last only a few decades as the
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canopy closes and riparian-dependent habitat fea-
tures (e.g., channel stability and large woody de-
bris [LWD] recruitment), which operate at longer
times scales and provide critical fish habitat, are
degraded (Hall and Lantz 1969; Hall et al. 1987;
Murphy and Koski 1989; Bilby and Ward 1991).
This pattern of increased salmonid production af-
ter canopy removal followed by decreased pro-
ductivity below natural levels, asthe canopy closes
and the physical habitat degrades, has been ob-
served throughout the Pacific Northwest and pro-
vides a general model of how stream-dwelling sal-
monid populations respond to riparian logging
(Murphy and Hall 1981; Hawkins et al. 1983; Bis-
son and Sedell 1984; Murphy et al. 1986; Beschta
et al. 1987; Gregory et al. 1987; Bilby and Bisson
1992). The eventual LWD deficit and concomitant
habitat deterioration can be hastened and magni-
fied by harvest practices that remove existing and
potential sources of LWD (i.e., logging debris or
wind-throw from riparian zones; Dolloff 1986; El-
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liott 1986; Murphy et al. 1986); however, these
may be mitigated by restoration efforts that import
LWD to replace that lost to timber harvest (Nick-
elson et al. 1992; Crispin et al. 1993).

Present understanding of stream ecosystem re-
covery is limited because many of the relevant
processes operate at time scales longer than most
scientific studies. But for a few notable excep-
tions—the Alsea Watershed Study on the Oregon
coast (Hall et al. 1987) and the Carnation Creek
project on Vancouver Island (Hartman et al.
1987)—our conception of how stream-dwelling
salmonid populations respond to riparian logging
through time is based on studies comparing mul-
tiple streams in different stages of recovery (e.g.,
Murphy and Hall 1981; Bisson and Sedell 1984,
Murphy et al. 1986; Bilby and Bisson 1992). Such
an approach is valuable and convenient, yet the
paucity of long-term studies on individual streams
is notable, especially for headwater streams with
allopatric and nonanadromous (resident) trout pop-
ulations. Resident, allopatric trout populations
may provide the best opportunity for studying the
response of salmonids to riparian logging because
they depend on instream habitat throughout their
life history, and their response to habitat change
is not modified by interspecific interactions with
other stream-dwelling salmonids.

Here we report results from a long-term case
study assessing the effects of two different riparian
harvest treatments on allopatric, resident coastal
populations of cutthroat trout Oncorhynchus clarki
and their habitat in a small headwater stream in
southern coastal British Columbia. Timber harvest
occurred in April 1973, and trout populations were
surveyed after logging from 1973 to 1976 and
again in 1983 and 1997. Thus, we have a series
of disjunctive observations during the 25-year
postlogging period. We present fish population
data along with instream habitat, LWD, and stream
temperature data gathered at various times after
logging. This was an opportunistic study in that it
was not initially designed to examine fish and hab-
itat responses to logging (e.g., there are no pre-
logging data available); however, we have a ref-
erence site within the stream that was followed
over time and another site from a nearby stream
to serve as a present-day reference. We will use
both these sites to help interpret the effects of the
harvest treatments. Our main objectivesin this pa-
per are to assess the long-term response of resident
cutthroat trout populationsto two different riparian
logging treatments and to relate our resultsto pres-
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ent riparian management practices for small head-
water streams.

Methods

Our study was conducted in East Creek, a second-
order stream located in the University of British
Columbia’'s Malcom Knapp Research Forest, ap-
proximately 60 km east of the city of Vancouver,
British Columbia (Figure 1). The stream drains a
watershed of approximately 100 ha, with generally
shallow soils overlaying acidic igneous diorites.
Waterfalls prevent up-stream migration of anad-
romous salmonids; resident coastal cutthroat trout
is the only fish species present in the study area.
East Creek lies within the coastal western hemlock
Tsuga heterophylla biogeoclimatic zone, where the
majority of the annual precipitation (approximate-
ly 210 cm) falls as rain during the winter months.
Vegetation is predominantly western hemlock,
Douglas-fir Pseudotsuga menzesii, and western
redcedar Thuja plicata; red alder Alnus rubra is
common in wet and disturbed areas (Meidinger
and Pojar 1991). The watershed was previously
disturbed by natural fire in 1886 and commercial
logging (early to mid-1900s); the pretreatment
vegetation was a naturally regenerated mixed-age
forest.

In the spring of 1973, two sections of East Creek
were subjected to different types of riparian log-
ging. A third (upstream) section was designated as
a reference (Figure 1; Table 1). Section A, the
lower-most section, was clear-cut to the stream-
bank. Logging debris covered most of the stream
surface area and this material remained in the
stream for several weeks before it was removed.
All wood from the channel, banks, and hill slopes
was pushed into piles with a bulldozer in the sum-
mer of 1973. The piles were burned in the spring
of 1974; we term this treatment scarified. By sum-
mer 1974, much of section A was still covered by
silts and fine organic debris originating from the
logging slash, from banks damaged by heavy
equipment, and from the nearby fires (T. G. North-
cote, personal observation). Section B, located ap-
proximately 800 m above the inflow of section A,
was clear-cut to the streambank in the spring of
1973, but all wood and logging debris was left in
the stream and on the hill slopes, including fallen
timber present in the stream before the logging.
The watershed was burned in the spring of 1974.
Section C was adjacent to and flowed into section
B, and was left undisturbed to serve as areference
section. A survey reach was established near the
outflow of each treatment section (Figure 1);
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FIcurRe 1.—Location of the University of British Columbia's Malcolm Knapp Research Forest and map of the
East Creek watershed. The dotted lines are the watershed and subwatershed boundaries. The areas commercially
logged in 1973 are indicated by horizontral lines. The approximate locations of the three survey reaches near the
outflow of each section are indicated by the bold lines crossing the stream. The locations of temperature gauges
are indicated by triangles.

stream habitat assessments, fish population esti- constrained than section A (Table 1). The hill
mates, and temperature monitoring were conduct-  slopes adjacent to sections A and B were replanted
ed intermittently during the subsequent 25 years. with Douglas-fir after burning, and the riparian
The channel morphology of reference section Cis zones are presently a mix of red alder, Douglas-
similar to section B, but both are steeper and more  fir, western redcedar, and western hemlock; red
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TaBLE 1.—Watershed descriptions, logging treatments, channel characteristics, and survey lengths for the three study
sections of East Creek. Treatments were not applicable (NA) to Section C (the reference section).

Section A Section B Section C
Watershed area above treat- 94 68 44
ment (ha)
Area of treatment (ha) 18 13 NA
Length of stream in treatment 560 600 NA
(m)
Riparian logging treatment:
Clearcut Yes Yes No
LWD removal Yes No No
Scarification Yes No No
Burning Yes Yes No
Channel type Partially constraining; hill- Hillslope—constrained Hillslope—constrained
slopes, terraces
Mean bank-full width (m) 3.4(0.51) 4.2 (1.56) 3.2(0.88)
(SD)
Gradient of survey reach (%)2 0.8 4.2 4.8
Survey length® (m):
1973-1975 104 140 92
1983 UNK UNK UNK
1985 104 NSC NSC
1997 105 84 125

aMean gradient estimates from 1997 habitat assessments.
b NSC = no survey conducted; UNK = survey length unknown.

alder predominates in the riparian zone of section
A. Theriparian vegetation of section C is a mixed
conifer forest established naturally after logging
in the 1920s. In 1985, 19 habitat structures were
placed into section A, 6 of which were located in
our survey reach. All structures were combinations
of logs and root wads. Logs were 0.20—0.35 m in
diameter and averaged 5 m in length; root wads
were of similar diameter and averaged 2 m in
length. As part of the same project, 15 blocks (ar-
eas approximately 9 X 15 m) of alder were thinned
(40-50% of stemsremoved) adjacent to the stream
channel; 4 of the blocks were in the survey reach.

Habitat and LWD assessments were conducted
in al three survey reaches in 1975 and 1997, and
a habitat assessment was conducted in 1985 in the
survey reach of section A immediately before the
habitat structures were installed. Different meth-
ods were used during different years. The 1975
assessments used a grid 2 X 8 m that was moved
sequentially upstream through the survey reach,
and habitat features and pieces of wood were
drawn to scale on graph paper. From these draw-
ings, we estimated pool and riffle areas, percent
of the wetted area in pools (pool percentage), and
the number, size, and volume of LWD pieces with-
in the bank-full width. The 1985 habitat assess-
ment of the section A survey reach measured the
length and width of individual pool and riffle units,
and from these measurements we were able to cal-
culate pool percentage. During the 1997 habitat

assessment, we measured the length and average
width of all habitat units and visually categorized
al individual LWD pieces (>0.15 m diameter and
>1.0 m length) by size-class and position. From
these data we estimated the pool percentage and
the number of LWD pieces and LWD volumes.
Regression analyses of actual or estimated diam-
eters and lengths for a subset of LWD pieces (N
= 45) revealed that visual estimates were consis-
tently greater than the actual diameters and lengths
(both r2 > 0.90, P < 0.001). Therefore, prior to
calculating LWD volumes, we adjusted all visually
estimated diameters by multiplying them by 0.87
and visually estimated lengths by 0.97. To ensure
consistency between the 1975 and 1997 surveys,
we (1) excluded data on wood pieces lessthan 0.15
m diameter from the 1975 assessments; (2) trun-
cated LWD lengths from the 1997 assessments to
bank-full width; and (3) included only LWD pieces
within the active channel. Stream temperature was
monitored near the bottom of three survey reaches
(Figure 1) using maximum-minimum thermome-
ters (1973-1976, 1983) and continuous tempera-
ture-data loggers (1997); data are reported for pe-
riods when comparisons between the sectionswere
possible. The data were summarized for graphical
display by averaging, for each month, daily max-
imum values. Temperature data were collected
only in section A during the first 2 years of the
study (1973-1974). We also used data from a
weather station in the research forest to calculate
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mean daily maximum air temperatures for relevant
months to assess the potential relationship between
air temperature (i.e., climate) and water tempera-
ture during the study period.

The degree of movement by cutthroat trout be-
tween sectionsislimited dueto culvertsand steep
gradients (Northcote 1992). Thus, for ease of dis-
cussion, we refer to the trout in each section as
a population. Population assessments were made
between mid-July and mid-September each year
(2-3 months after logging and burning in 1973
and 1974, respectively), using different methods
among years. Estimates for 1973-1975 and 1997
were made by mark—recapture using adipose fin
clips (Krebs 1989). In 1983 the three-pass re-
moval technique was used (Bohlin 1982). Both
methods probably underestimate actual fish den-
sities, but estimates based on a single mark—re-
capture effort are probably not significantly dif-
ferent than those using the three pass removal
technique (Rodgers et al. 1992). Electrofishing
was our capture method from 1973 to 1976 and
in 1983, and baited minnow traps were used in
1997. To ensure that the two capture methods
produced comparable results, in 1997 we esti-
mated population density by mark—recapture us-
ing both minnow traps and electrofishing (caudal
fin clips were used for marking and recapture pe-
riod was 2 weeks after initial marking) in the
section-A survey reach. The density estimates us-
ing the two techniques did not differ at the 95%
confidence level (electrofishing: 0.64 fish-m-2,
95% CI [binomial confidence interval, Krebs
1989] 0.44-1.09; minnow traps: 0.49 fish-m-2,
95% CI 0.38-0.81). Population density estimates
were not available for 1976. The 1997 estimate
of population density for the section-C survey
reach was compromised when a bear destroyed 5
of 19 traps during the recapture effort, killing and
eating all the fish in those traps; the population
estimate was made using the remaining 14 traps
and corrected for the missing traps. The correc-
tion involved multiplying the population estimate
using the remaining 14 traps by the inverse of the
proportion of fish that those traps captured during
the initial trapping.

Age-class distributions for 1973-1976 and 1983
were determined by examining scales and by using
size-class histograms; only size-class histograms
were used in 1997. Young-of-the-year fish were
removed before determining densities and age-
class frequencies because we felt they were not
sampled well by either capture method (see Bloom
1976). To again ensure that the two capture meth-
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ods produced comparable results, in 1997 we es-
timated age-class frequencies by mark-recapture
using both minnow traps and el ectrofishing (meth-
ods described above) in the section-A survey
reach. The age-class frequencies did not differ be-
tween methods (x2, P > 0.40). Therefore, we com-
pared population estimates derived using the dif-
ferent capture techniques. Because only data sum-
maries from the 1973-1976 and 1983 fish surveys
were available (i.e., origina data detailing the
number of fish captured in specific el ectroshocking
passes were lost), we could not calculate confi-
dence intervals for population estimates. This pre-
vented statistical comparisons of the density es-
timates for those years; however, we were able to
statistically compare estimates among sites in
1997 and to qualitatively assess trends in density
estimates both within and between sites for the
other years.

Results

Following riparian logging, section A (clear-cut,
LWD removed, and burned) and section B (clear-
cut, LWD not removed, and burned) had different
habitat characteristics as measured by pool per-
centage and the piece frequency and volume of
LWD. In 1975, 2 years after logging, Section B
had over 10 times as many pieces of wood and
over 100 times the wood volume per meter as sec-
tion A, yet was similar to the reference section in
both measures (Table 2). Pool percentages in sec-
tions B and C were 62% and 69%, respectively,
whereas section A had only 14% of its wetted area
in pools. By 1985, before the installation of six
log and root-wad habitat structures, the pool per-
centage in section A had more than doubled. By
1997 the frequency of wood pieces in section A
had increased three-fold; the wood volume per me-
ter had increased by seven times but was still less
than one-tenth of that in section B or C (Table 2).
Six of the 15 pieces of LWD and 58% of the wood
volume were associated with the habitat structures
installed in 1985. Not counting the habitat struc-
tures, between 1975 and 1997 the frequency of
countable wood pieces in section A doubled to
0.084 pieces'm~! and wood volume increased by
afactor of threeto 0.006 m3-m-*. All of the natural
LWD was from red alders that entered the channel
because of eroding banks; aroad culvert at the top
of the section apparently prevents the recruitment
of LWD from upstream. By 1997, the pool per-
centage in section A had increased to 49%, which
was 50% higher than the 1985 value and four times
higher than in 1975. The six habitat structures that
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TABLE 2.—Stream habitat assessment results for the three survey reaches within each treatment section (see Table 1

for survey reach lengths) for 1975, 1985, and 1997.

19752 1985P 19972
LWD LWD Percent Percent LWD LWD Percent
pieces volume pool pool pieces volume pool
Section A 0.04 0.002 14 33 0.14 0.015 49
Section B 0.55 0.316 62 NSC 051 0.259 62
Section C 0.53 0.233 69 NSC 0.44 0.262 58

a Large woody debris (LWD) pieces were measured as pieces per meter of stream length and
LWD volume was measured as volume (m3) of LWD per meter of stream length.

bn 1985, LWD (large woody debris) was not tallied so only percent pool is available for that
year. Data for 1985 were collected before the addition of artificial habitat structures; NSC =

no survey conducted.

were added to section A in 1985 were all associ-
ated with pools and accounted for 60% of the total
wetted pool area. The frequency and volume of
LWD and the pool percentage in section B were
relatively unchanged between the 1975 and 1997
habitat assessments and remained similar to the
reference section (Table 2).

During the yearsimmediately following logging
(1973-1976), differences in mean daily maximum
temperature among sections were small during the
winter but substantial during summer months (Fig-
ure 2). Mean daily maximum temperatures at the
outflow of section A ranged from 20°C to 30°C
from June to September (Figure 2), and daily max-
imum values were regularly over 30°C. During the
summer and fall of 1973 and 1974, diel temper-

ature fluctuations were routinely greater than 10°C
at the outflow of section A. Relative to 1973 and
1974, mean daily maximum temperatures in sec-
tion A in 1975 and 1976 had decreased. Data were
not available to examine this phenomenon for sec-
tion B, although section B temperatures tended to
be cooler than those for section A (and warmer
than those in section C) in 1975 and 1976 (Figure
2). Mean daily maximum temperatures in section
C in August, September, and October, which was
the only period available for comparison between
1976 and 1997, were all within 3—4°C of each other
during these years (Figure 2).

During the two summers following logging, the
stream warmed substantially as it passed through
the treatment sections. This is most evident for
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FIGURE 2.—Mean maximum daily water temperatures for each month at the outflow of each section between
1973 and 1976 and in 1997. The letters A, B, and C in the legend refer to respective sections. Error bars around

the means are not presented for clarity.
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FIGurRe 3.—Mean maximum daily water temperatures
for September at outflows and inflows of section A (SA),
section B (SB), and section C (SC) on East Creek, 1973—
1976 and 1997. The locations of the temperature gauges
relative to the treatment sections are shown in Figure 1.

September, the month with the most complete data
set. In 1973, the mean daily maximum temperature
at the outflow of section A was 15°C warmer than
at the inflow of that section (Figure 3). The tem-
perature difference decreased in 1974 and 1975
but in 1975 was still much larger than the increase
between the outflow of section B and the inflow
of section A (Figure 3). By 1976 the temperature
increase through section A was similar to that oc-
curring through section B (Figure 3). However, at
this same time, the warming in the 800-m forested
stream section between the outflow of section B
and inflow of section A remained small compared
to the warming through the logged portions of sec-
tion A (560 m) and section B (600 m). In Septem-
ber of 1997, the difference between mean daily
maximum temperatures at the outflows of sections
C and A was only 3°C. The high water tempera-
tures observed in section A following logging were
not caused by higher air temperatures. During Au-
gust and September 1973-1976 and 1997, mean
daily maximum water and air temperatures were
uncorrelated (r = —0.021, P = 0.955, N = 10).
Finally, though no temperature datawere available
for section B in 1973 and 1974, it clearly did not
experience the degree of warming observed in sec-
tion A.

Trout in section B had similar population den-
sities to those in section C in all years and similar
age-class distributions in all years except 1975,
when section B contained more large fish (x2?, P
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Ficure 4.—Fish density estimates (diamond symbols)
and age-class distributions (histograms) for the three
study populations during different years. Age-classesfor
all histograms are indicated in the legend of the upper
graph. No density estimates were available for the 1976
population surveys. The 3+ category includes all fish 3
years or older. Young-of-the-year fish were not included.
Note that after 1976 the sampling dates are not contin-
uous, with one in 1983 and one in 1997.

< 0.01in 1975, P > 0.10for al other years; Figure
4). The trout population in section A had lower
densities and different age-class distributions than
section C for the years immediately following ri-
parian logging and wood removal. Trout density
in section A ranged from 0.03 to 0.08 fish/m? from
1973 to 1975, whereas density in section C ranged
from 0.15 to 0.37 fish/m? over the same period
(Figure 4). Compared to section C, section A had
few age-1 fish in 1973 and 1974 but relatively
abundant age-1 fish in 1975 and and age-2 fish in
1976 (x?, P < 0.01 for 1973-1976). By 1983, 10
years after logging, trout density in section A (0.21
fish/m?) was similar to that in sections B and C
(both 0.15 fish/m?) and the age-class distributions
were not significantly different (x2, P > 0.35 for
both comparisons; Figure 4). In 1997, trout density
in section A (0.49 fish/m?, 95% CI: 0.38-0.81)
was approximately twice that of sections B (0.19
fish/m2, 95% ClI: 0.16-0.27) and C (0.22 fish/m?2,
Cl: 0.15-0.30). In 1997, section C had slightly
fewer large fish than sections A and B, which re-
sulted in moderately different age-class distribu-
tions (x?, P = 0.04 for C versus A, P = 0.13 for
C versus B; Figure 4).

Discussion
Our results represent two case studies of how
resident cutthroat trout populations and their hab-
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itat respond to different types of riparian logging
over time scales exceeding those considered by
most research. Our interpretation of the results is
necessarily tempered by the lack of pretreatment
data and replication. However, all sections are in
the same watershed and this long-term, paired-site
design controls for climatic variation between sec-
tions and allows us to more confidently attribute
the observed population differences within and be-
tween treatment sections to changes in habitat and
water temperature associated with theriparian log-
ging treatments. Because of their similar gradients,
section C should serve as an ideal reference site
for comparisons with section B. Section C is less
appropriate as a reference site for section A be-
cause of the lower gradient in section A. However,
information on a nearby low-gradient stream with
an intact riparian and similar width is useful in
interpreting the stage of recovery for section A.
Section B has for 25 years remained physically
similar to the reference section C, in that both
sections have similar instream LWD frequencies
(piecesm-1) and pool percentages. Furthermore,
these values are comparabl e to similar-sized streams
with old-growth riparian zones (Bilby and Ward
1989). Sections B and C are hill slope-constrained
with large volumes of LWD and frequent debris
jams, resulting in complex habitat characterized by
step changes in elevation and frequent retention of
sediment and organic matter (Bisson et al. 1987;
Bilby and Ward 1989). The wood that entered sec-
tion B during logging may be delaying the LWD
deficit and habitat simplification expected in
streams with clear-cut riparian zones (Bilby and
Ward 1991). Because the channel isrelatively small,
steep, and constrained (Table 1), it is unlikely that
winter flows export larger pieces of LWD, which
can in turn retain both natural and introduced small-
er pieces of LWD (Bisson et al. 1987). The com-
bination of inefficient export and pulse import of
LWD (in this case logging debris and trees felled
over the channel) may serve to delay any potential
LWD deficit, which should nonetheless become
more pronounced in future decades if the immature
riparian zone fails to replace LWD lost to physical
and biological decay (Murphy and Koski 1989).
We expected the trout population in section B
to have higher densities than the reference section
for the first few years following logging because
of the likely increase in primary productivity and
the retention of physical habitat complexity (New-
bold et al. 1980; Murphy and Hall 1981, Bilby and
Bisson 1992; Culp et a. 1996). However, we found
that density and age-class distribution of the sec-
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tion B population were similar to the reference
section C in all six surveys during the 25 years
following logging (Figure 4). There are a number
of possible explanations for this apparent lack of
response. Immediately following logging, section
B had a large amount of slash, windthrow, brush,
and LWD shading the wetted channel. Even in
areas with limited canopy cover, very little direct
solar radiation probably reached the stream. This
situation persists today, so it is possible that pri-
mary productivity did not increase substantially,
and hence, fish were not exposed to the increased
food levels reported in other studies (Newbold et
al. 1980; Wilzbach et al. 1986; Beschta et al. 1987;
Bilby and Bisson 1992). The moderate warming
that occurred above section A (i.e., in section B)
in 1973 and 1974 is consistent with this interpre-
tation (Figure 3). An alternative explanation isthat
primary production and available fish prey (e.g.,
benthic invertebrates) increased, but heavy debris
loads and associated shading may have resulted in
reduced feeding efficiency, thus negating any po-
tential increase in trout growth and density (Wilz-
bach et al. 1986). Temperatures in section B were
never very high (Figures 2, 3), and dissolved ox-
ygen levels have changed very little from year to
year since 1973 (M. C. Feller, Forest Sciences De-
partment, University of British Columbia, personal
communication); so, it isunlikely that temperature
or oxygen played arole in counteracting any ben-
efits that may have arisen from increased primary
production.

For several yearsfollowing logging, the channel
in section A had simplified instream habitat and
substantially higher summer maximum tempera-
tures than the upstream sections. Although we
have no pretreatment temperature data, mean daily
maximum temperatures seem to moderate within
a few years after logging. The difference between
inflow and outflow maximum values was notice-
ably reduced in about 4 years (Figure 3), probably
from riparian shrubs shading the stream. In addi-
tion, prior to the addition of instream habitat struc-
tures in 1985, pool percentage had doubled, de-
spite low natural amounts of LWD. The increase
in pool percentage between 1975 and 1985 is con-
sistent with the observation that low-gradient
channelslike section A are less dependent on LWD
to form pools (Beechie and Sibley 1997). By 1997,
total LWD-piece frequency and volume remained
low, but pool percentage was comparable to the
reference section C (Table 2) and also very similar
to that found in other nearby small, low-gradient
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streams (e.g., 1-2%) that have intact riparian veg-
etation (Young and Hinch, unpublished data).

The trout population response in section A is
consistent with that found in other studies where
summer salmonid population densities had recov-
ered or increased 5-15 years after riparian clear-
cutting (Murphy and Hall 1981; Murphy et al.
1986; Bilby and Bisson 1992). Whether the pop-
ulation densities in those studies were similarly
low immediately following logging is unknown.
As evidenced by the low percentage of age-1 fish
in 1973 and 1974, juvenile recruitment, retention,
or both in section A were low following logging
and coincided with the highest summer tempera-
tures observed during the 25 year study (Figures
2, 3). Because fry emergence does not begin until
midsummer in East Creek, any reduction in re-
cruitment was probably due to preemergence mor-
tality associated with high summer water temper-
atures, increased amounts of fine sediment intro-
duced to spawning gravel from the scarified hill
slopes (T. G. Northcote, personal observation), or
both. Lethal temperatures for juvenile trout (genus
Oncorhynchus) acclimated in 5-10°C water, which
are typical summer temperatures for coastal
streams, range from 23°C to 25°C (Houston 1984),
well below the maximum temperatures observed
in section A during the summer of 1973 and 1974.
The increase in the proportion of age-1 fish be-
tween 1973 and 1975 (Figure 4), whether from
recruitment or immigration from upstream reach-
es, coincided with the decrease in summer daily
maximum temperatures to sublethal levels (Figure
2). Despite lethal maximum temperatures in 1973
and 1974, fish remained in the survey reach at low
densities (0.03-0.08 fish/m?) and seemed to be
associated with groundwater input sources (North-
cote, personal observation) that probably provided
a thermal refugia (Bilby 1984). At no time were
fish observed ‘‘gasping’’ at the surface or were
dead fish observed (Northcote, persona ob-
servation).

We believe that the trout population in section
A declined in response to riparian logging and
wood removal and recovered to its pretreatment
state sometime between 1983 and 1997, perhaps
partly in response to habitat enhancement (we es-
timate that the six habitat structures added to sec-
tion A in 1985 accounted for about 66% of the
trout population abundance in this section in
1997). By 1997, trout density was over twice that
of the reference section C (Figure 4); however, the
low gradient and access to floodplains in section
A may makeit anaturally more productive channel

909

than either sections B or C (Gregory et al. 1991).
To corroborate this interpretation, in 1997 we used
the same methods to estimate the population abun-
dance in another low-gradient stream unconstrained
by hill slope. Millionaire Creek, which is 5 km
from East Creek and has a gradient of 2% and an
average width of 3 m, had a trout density of 0.51
fish/m? (95% CI, 0.29-1.1), which was not sig-
nificantly different from that in East Creek sec-
tion A in 1997; however, it was higher than the
1983 population in section A and was substan-
tially higher than the population in 1973-1975.
Although it appears that the trout population in
section A has recovered, we cannot determine
whether recruitment or immigration was the pri-
mary mechanism.

The apparent decline of the trout population in
section A following logging was similar to that
observed in a coastal Oregon watershed subjected
to clear-cutting, burning, and debris removal as
part of the Alsea Watershed study (Hall and Lantz
1969). In the 2 years following logging, the mean
abundance of the cutthroat trout populationin Nee-
dle Branch Creek was 27% of the 4-year mean
before logging (Hall and Lantz 1969). In the 3
years following logging in East Creek, the mean
fish density in section A was 19% of the mean
density in the reference section. The apparent lack
of response of the section B population to clear-
cut logging is similar to that reported by Hall et
al. (1987) for a cutthroat trout population in a
stream with a riparian buffer zone. The perceived
lack of responseis also consistent with the results
of a study of West Fork Creek on the Olympic
Peninsula (Washington, USA), which was sub-
jected to clear-cut logging with existing and in-
troduced LWD left undisturbed. Only resident
coastal cutthroat trout were present, and their den-
sity was 0.17‘m~2 6 years before logging and
0.18:m~2 the summer following logging (Osborn
et al. 1980).

Management Implications

Under the present Forest Practices Code Act
(FPCA) of British Columbia, a20-m Reserve Zone
where no timber harvest is allowed, must be left
on both sides of fish- bearing streamsthat are 1.5—
5 m in mean full-bank width (BCMOF 1995).
There are many fish-bearing streamsin British Co-
lumbia that are similar to but slightly narrower
than East Creek (mean full-bank width <1.5 m)
and which therefore have no required Reserve
Zone. Instead they have only a 30-m Management
Zone with a recommended maximum basal reten-
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tion of 25%. Harvest strategies within Manage-
ment Zones are often designed to make riparian
areas less susceptible to windthrow, thus making
trees less likely to blow down and enter the chan-
nel. Windthrow is a contentious issue among re-
source managers. Some want to leave intact zones
of riparian trees in order to protect streams from
logging, whereas some believe that subsequent
windthrow into streams is detrimental to riparian
and stream ecosystems. Moreover, the FPCA en-
courages the removal of logging debris and
windthrow trees that may result in channel desta-
bilization. This practice can represent significant
additional costs and lost revenues to logging com-
panies. Asaresult, resource managers and forestry
companies may be inclined to remove riparian
trees along small streams that are prone to wind-
throw before the trees are blown down.

The apparent resilience of the trout population
in section B of East Creek suggests that wind-
throw, simulated in this study by the large, pulse
input of logging debris and trees felled over the
channel, may serve to mitigate some of the neg-
ative effects of riparian logging. Moreover, the re-
moval of LWD from section A may have contrib-
uted to low trout densities, and recovery to their
current state was probably facilitated by reintrod-
ucing LWD into stream channel. Thus, the rec-
ommended practice of removing unstable LWD
and windthrow associated with logging, or the
view that riparian trees must be harvested ‘‘be-
cause they may blow down anyway,”” in both cases
ostensibly to protect fisheries resources, may be
misguided. The importance of these wood sources
in maintaining the short-term and long-term in-
tegrity of small-stream ecosystems and their sal-
monid populations probably depends on the size,
slope, thermal regime, existing physical structure,
and community composition of individual streams.
We suggest that forest managers consider that in-
troduced LWD, be it logging debris or subsequent
windthrow, may help protect resident trout pop-
ulations over annual to decadal time scales.
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