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Abstract.- The movements of salmon carcasses over time were studied in two forest streams in the context

of a large-scale salmon carcass supplementation program. The objectives were to assess both the level of

treatment after stream flows had displaced carcasses and to evaluate whether the magnitude of carcass

movements outside of a given reach could be predicted. The movements of hand-placed, radio-tagged salmon
carcasses were studied and compared with those of nagged carcasses dropped by helicopter. Repeated surveys
carcasses even after

showed that, in both streams, radio-tagged moved, on average, only a short distance,

high-flow events, the maximum observed movement being 1.14 km after 77 d. In-channel wood and slow-
water habitats contributed most to the retention of carcasses. The amount of wood that was incorporated into
jams of medium and high complexity (including accumulated pieces of small wood) was the best predictor of
the proportion of carcasses that would be retained within a given length of stream, whereas the amount of pool
habitat contributed

of hand-placed carcasses to predict the distribution of movements of helicopter-dropped

to a lesser degree. A particular high-complexity debris jam, however, confounded the use

carcasses by retaining
almost all carcasses that encountered it. As in other studies, our results demonstrate the importance of wood in

retaining salmon carcasses and show that complexity in the form of branches and accumulated small wood

makes wood jams effective carcass collectors.

Nutrient availability plays an important role in

determining  the productivity = of aquatic systems
(Ashley and Slaney 1997). A source of stream nutrients
that has received considerable attention is the carcasses
1998,

1999; Bilby et al. 1998). Because many salmon are

of spawned-out Pacific salmon (Wipfli et al.

anadromous and semel parous, their life history pro-
vides a mechanism for transporting nutrients derived in
to freshwater systems (Willson
and Halupka 1995; Stockner and Ashley 2003).

Declining

marine environments

salmon populations throughout much of

the Pacific Northwest have resulted in fewer spawning
fish and, therefore, lesser amounts of marine-derived

nutrients  being transported to freshwater systems.
Schoonmaker et al. (2003) estimates that the combined

biomass of runs of all salmon species currently are

12% of historical levels (1880-1920)
for Oregon and 10% for Washington.
that, by 1880,

approximately
Historical

records indicate salmon runs in the
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Columbia River system were already experiencing a
sharp decline, presumably due to overharvest (summa-
2001).
feedback between fewer carcasses and lower produc-

rized in Cramer and Associates A negative
tivity, leading to fewer carcasses in the future, has even
been suggested as being one of the factors that may
suppress salmon recovery (Gresh et al. 2000).

One technique used to increase nutrient availability
in streams where escapement has been low relative to

historical levels is the placement of postspawned
salmon
benefit

hatchery

carcasses
to be
salmon carcasses

from hatcheries. The degree of

with
to the
quantity of carcasses used (Bilby et al. 2001; Michael

derived from treating streams

has been related
1998). Higher carcass loading seems to be associated
with greater biological benefits, although both meso-
cosm experiments (Wipfli et al. 2003; Wipfli et al.
1999) and stable isotope analyses (Bilby et al. 2001)
that this

point

suggest relationship  eventually reaches a

saturation and levels off. Use of salmon

carcasses, however, also has drawbacks, especially in

streams associated with residential or recreational

areas. Homeowners living adjacent to or downstream
of treated streams might protest to the odor or the sight

of decaying salmon carcasses. Dogs may be exposed to
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SALMON CARCASS MOVEMENTS IN STREAMS

elevated risk of salmon poisoning. Downstream

systems may already exceed water quality standards
for the nutrients provided by carcasses. Such a problem
would probably occur in areas where treatment occurs
and urbanization.  Carcass

upstream  of agriculture

decay could also lower dissolved oxygen levels,

impacting fish assemblages. For these reasons, the
states of Oregon and Washington have imposed limits
on the quantity of carcasses that can be placed in
streams per unit of stream length or area. In Oregon
that limit is 705 kg of wet carcass weight per stream
kilometer. In Washington the limits, as of 2001, vary
with species carcass size: 0.15 kg/m? of stream surface
(based on bank-full widths) for coho salmon Onco-
rhynchus kisutch and steelhead O. mykiss; 0.78 kg/m?
for pink salmon O. gorbuscha, sockeye salmon O.
nerka, and chum salmon O. keta; and 0.39 kg/nr' for
Chinook salmon O. tshawytscha.

the benefits with

hatchery salmon carcasses, managers may want to treat

To maximize of supplementation

streams with as large a quantity of carcasses as is

allowed. The level of treatment ultimately attained by

restoration projects depends, in part, on the loss of

carcasses to downstream displacement. The degree to

which the potential negative effects listed above can be

mitigated is also directly impacted by the degree to

which carcasses are transported downstream. Studies

have indicated that in some systems hand-placed

carcasses are largely retained in the vicinity of the

treatment, traveling only tens of meters (e.g., Ceder-
holm et al, 1989). In other systems carcasses can be
(Glock et al

quantities

transported up to several kilometers
1980). Additionally,
carcass material can be removed from streams by avian
(Cederholm et al. 1989).

and removal

significant of salmon

and mammalian scavengers
Although movement of carcasses are
natural phenomena, they affect the effectiveness and
social acceptance of carcass additions as a management
tool.

The primary goal of this study was to determine, in
the context of a large-scale salmon carcass- enrichment
restoration project, the degree to which carcasses might
or treatment

be washed out of treatment streams

reaches. Specific objectives included determining

whether and to what degree application rates would

have to be increased to achieve a desired level of
treatment and investigating what physical factors
contributed to the retention of salmon carcasses.

Although rates of scavenging of hatchery carcasses is
also an important piece of information when determin-
ing or predicting levels of treatment for a restoration
project, itwas beyond the scope of this study to predict
the proportion of carcasses that might be expected to be
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lost in this way. Nonetheless, observed rates of

scavenging are included.

Study Site

The study was conducted in a single reach of two
Camp Creek and the

Clear Fork Sandy River (Figure 1). Both reaches are

streams in northwest Oregon:

low-gradient, moderately sized streams (Table 1). Both
streams lie within the Sandy River basin, a tributary to
the Columbia River. These streams are located within
50 km of Portland, Oregon, a major metropolitan area
with a population exceeding 1.5 million people.

Historically,  these streams supported naturally

spawning populations of salmon and trout, including
coho salmon, Chinook salmon, steelhead, and cutthroat
trout O.

spawning has been found within Camp Creek, but

clarkii. In recent years, no coho salmon

Clear Fork Sandy River continues to support spawners,

though in numbers considerably below historical
levels. There is evidence of sporadic use of Clear Fork
Sandy River by Chinook salmon spawners. Both

streams have resident cutthroat trout populations and

support remnant steelhead runs. Current numbers of
spawning salmonids are estimated to be only 10-25%
of those occurring in 1890, a population which at that
time was already reduced by decades of intensive
harvest (PGE 1998).

Both

managed by the

streams occur within watersheds primarily
U.S. Forest The

activities that have occurred within these

Service. main
management
watersheds have been timber harvest and road building.
In Camp Creek, some summer residences are also
present downstream of the study area. Both streams
were treated with salmon carcasses as part of a large-
scale restoration project seeking to enhance productiv-
ity in a number of streams in the Sandy River basin and
with

as well as other

neighboring Clackamas River basin. Treatment

salmon carcasses in Camp Creek,

streams included in the restoration project, avoided

stream reaches with homes, wunless homeowners

consented. Several streams included in the restoration
project also flow into larger waterways from which
water is withdrawn for human consumption and where
elevated nutrient levels and potential associated algal

blooms were of concern.

Methods

On November 20, 2001, Camp Creek and the Clear
Fork Sandy River
salmon carcasses from the Oregon Department
and Wildlife Sandy Fish Hatchery (Sandy,
This was near the end of the wild coho spawning run,
which
Carcasses were estimated to weigh approximately 4 kg

with coho
of Fish
Oregon).

were supplemented

typically occurs in October and November.
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FiGure 1.—Locations of the two streams in northwestemn Oregon—Clear Fork Sandy River and Camp Creek (shaded)-—where

salmon carcass supplementation was studied.

and measure about 64 cm fork length; their sex ratio
was roughly 50:50. A small portion of the females had
their eggs removed at the hatchery. The majority of
females contained their full compliment of eggs. The

salmon were killed 2 weeks before distribution and

kept in storage at 1.5°C. Some decay had occurred

TaBLE 1.—Stream characteristics and channel variables
within the study reaches that could affect carcass retention, as
assessed in two streams in northwestem Oregon. Discharge
was measured at the end of the study period (February 19,
2002); CHCMC is combined high-complexity and medium-
complexity units.

Clear Fork

Variable Camp Creek Sandy River
Watershed area (ha) 2,519 2,089
Wetted width (m) 8.0 8.2
Gradient (%) 4 3
Discharge (m%fs) 1.20 0.93
Pool length (m/km) 265 327
Pool area (m?/km) 2213 1,693
Large wood pieces/km 145 98
Large wood units/km. 75 67
High-complexity units/km 13 31
CHCMC units/km 42 56
Spannning units/km 33 4

The
in each

before carcasses were placed in study streams.
that could be placed

stream was determined by preexisting Oregon Depart-

number of carcasses

ment of Environmental Quality regulations, allowing a
This
treatment level resulted in 0.12 kg/m?, as averaged over
1.6 km in Camp Creek and 0.09 kg/m? in the Clear
Fork Sandy River.

carcasses, placement in streams was facilitated by the

maximum of 705 kg per linear stream kilometer.

Because of the large number of
use of a helicopter that dropped carcasses while flying
down the center of the channel.

One day after the aerial introduction of carcasses, 97
additional carcasses (50 in Camp Creek and 47 in Clear
Fork Sandy River) tagged with American Telemetry
Systems (ATS) radio transmitters with unique frequen-
cies were placed in each stream. A transmitter was
attached to carcasses with baling wire wrapped around
the spine and inserted into the body cavity. Each
carcass was measured (fork length) and marked with
flagging labeled with the

frequency.

both yellow and orange

corresponding  transmitter's Initially car-

casses with transmitters were evenly spaced along a

100-m transect within each stream. Carcasses were

haphazardly thrown into the stream every 2 m, neither
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TaBLE 2.—Dichotomous key to classification of complexity of large wood units found in streams.

Complexity category

Key Description (or continue to)
la Large wood unit incorporates four or more pieces of large wood interacting within bank-full width. High

1b Large wood unit incorporates fewer than four pieces of large wood interacting within bank-full width. (Go to 2)
2a Large wood unit incorporates at least 0.3 m* of small wood, including branches and roots. High

2b Large wood unit collecting less than 0.3 m® of small wood, including branches and roots. (Go to 3)
3a Large wood unit incorporates three pieces of large wood and (or) at least 0.15 m® of small wood, Medium

including branches and roots.
3b Large wood unit incorporates one or two pieces of large large wood and less than 0.15 m® of small Low

wood, including branches and roots.

targeting nor avoiding specific eddies or pieces of large
Tagged interspersed ~ with
carcasses dropped by helicopter. To facilitate mapping

wood. carcasses were

carcass movements, each stream was flagged at 25-m
intervals (following Cederholm et al. 1989) from the

mouth to the upstream extent of tagged carcass

placements.  Exact locations were determined by

measuring their distances (nearest meter) from these
flagged

from channel center to channel center.

interval-breaks.  Measurements  were made

We intended to locate and map salmon carcasses on
a weekly basis in both creeks from November 27,
2001, to January 2, 2002, but difficult access due to
heavy snowfall restricted the number of surveys that
could be conducted on Clear Fork Sandy River to three
(December 11 and 20, 2001, and January 2, 2002). An
additional survey was completed in Camp Creek on
February 5, 2002, to determine if fish had continued to
be displaced downstream after 2 months in the stream.
During these surveys, efforts were made to visually
locate all fish with transmitters. In some cases this was
impossible because carcasses were buried in log jams
or were not visible because of water depth or clarity. In
these cases, carcass locations were estimated. When a
carcass was found, the stream attribute responsible for
the individual carcass retention (e.g., wood, boulder,
shallow riffle, slow water of pools or stream margins)
noted. Scavenged carcasses longer

was were no

considered to be fluvially transported. If a salmon
carcass had been dragged up on the stream bank or into
the riparian area and scavenged, its location and fate
were noted.

A staff-gauge that incorporated a magnet and float
for measuring maximum stage height was placed near
the mouth of each stream. Stage height and maximum
stage height since last survey were recorded at the time
of each survey. Actual discharge at the gauge sites was
only measured once, so gauge values are a surrogate of
discharge instead of actual stream discharge.

The location and complexity of large wood within
each reach were described and mapped using the same

flagged 25-m intervals that were established to measure

carcass locations.
of 2002,
(diameter > 30 cm at 4 m from the base, length >4
m) was mapped, counted, and given an individual
identifying number. A separate identifying number was

Streams were surveyed in the early

summer and each piece of large wood

also given to large wood units, which we defined as
one or more pieces of large wood in physical contact
with each other and interacting as one piece. In some
cases, large wood units were identified that contained
no wood of sufficient size to receive an individual
piece number, but consisted of large accumulations of
smaller debris that together were of significant volume
(>0.3 m? or the approximate volume of the minimum
Each
characterized by its complexity (high, medium, or

low) and position within the channel (right bank, left

size of large wood). large wood unit was

bank, middle, or spanning). The complexity of a large
wood unit was defined according to the quantity of
large and small pieces of wood that the large wood unit
had collected (Table 2). High-complexity large wood
units occurred when several pieces of wood interacted
to create a debris jam with a relatively large amount of
They typically several
at which smaller debris was observed to be
accumulating, and this smaller debris generally con-
tributed to collecting further debris. Medium-complex-

interstitial ~ spaces. included

points

ity large wood units incorporated some smaller wood,

creating a limited amount of interstitial spaces.
Attached branches and roots were considered to be
acting as small wood and often contributed to the

complexity of both high-complexity and medium-
complexity large
wood units consisted of one to three pieces of large

wood, without branches, that had collected little or no

large wood units. Low-complexity

small wood. Volumes of small wood were estimated in
the field.

The downstream displacement of carcasses was
evaluated by considering the effects of carcass length,
channel characteristics (e.g., the number and surface
area of pools and the frequency and complexity of
wood features), and the amplitude and timing of flows.
The effects of flow on carcass

movements were
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Ficure 2.—Distribution of radio-tagged coho salmon carcasses over time juxtaposed with stage height for Camp Creek and
Clear Fork Sandy River. The spatial distribution of carcasses on each date is represented by box-and-whisker plots, the center
lines indicating the medians, the dark squares the means, the boxes SDs, and the whiskers ranges. The data include only those
tags that were found during each survey (22 in Camp Creek and 20 in Clear Fork Sandy River). A survey on November 27 was

omitted because too few carcasses were located.

analyzed by regressing average distance moved against
stage height. The distance that carcasses moved from
the previous survey was regressed on carcass length.
All-possible-variables regressions were performed to
or combination of
of the

stream

determine which retention elements
the best
entering

retention elements were predictors

of carcasses a given

that would be retained. Each

proportion
segment stream was
divided into 50-m segments,
below the 100-m

initially placed. The quantities

beginning immediately

reach in which carcasses were

of various retention
elements that could be derived from the stream surveys
The dependent

was the

were summarized for each segment.

variable  for the individual regressions
proportion of carcasses entering a given 50-m segment

that was retained within that segment. This proportion

represents an estimate of the probability of an
individual carcass being caught and retained in the
stream segment. Independent variables included the

number of pieces of large wood, number of large wood
units, number of high-complexity units, the number of
combined high-complexity —and medium-complexity

(CHCMC) units, number of units that span the active
channel, number of high-complexity units that span the
channel, total length of pool habitat, and total surface
area of pool habitat. Any model that included two or

more collinear variables was discarded. The maximum

number of variables any acceptable model could
include, therefore, was two: one characterizing large
wood and one quantifying pool habitat. The only

stream segments considered in the analysis were those
that
proportion data were arcsine transformed. The model

with the highest R’ value was chosen from among
those that were significant at @ = 0.1).

The role of complexity of debris jams was evaluated
using the chi-square statistic to assess whether complex

were entered by at least five carcasses. All

features captured carcasses at significantly higher rates
than less complex features. The chi-square analysis was
whether individual wood pieces

repeated to assess

captured carcasses at significantly higher rates when
incorporated in complex features as opposed to pieces
incorporated in less complex features.

We developed a simple model using the movements
of radio-tagged carcasses to predict the proportion of
carcasses expected to move from a reach of a given
length. The model was intended to help estimate the
actual carcass density in treatment stream reaches after
flows displace carcasses downstream. The accuracy of
the model's predictions was tested by flagging an
additional 200 salmon carcasses, mixing them with the
and dropping half of them by
20, 2001,

in Clear Fork Sandy River, down-

unflagged carcasses,

helicopter on November at each of two

separate locations
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TaBLE 3.—Downstream distribution of all relocated radio-tagged coho salmon carcasses in Camp Creek and Clear Fork Sandy
River at each survey date; N is the number of carcasses relocated on a given survey.

Statistic Nov 27 Dec 4 Dec 11 Dec 18-20 Jan 2 Feb 5
Camp Creek
N 31 49 49 37 41 35
Distance displaced (m)
Mean 184 179 192 374 322 316
Median 130 135 143 342 266 268
Range 636 807 807 1211 1,251 1,131
Maximum 647 811 811 1,215 1.255 1,136
Clear Fork Sandy River
N 32 25 22
Distance displaced (m)
Mean 224 310 339
Median 190 394 464
Range 535 540 548
Maximum 543 548 556

stream of the reach where the radio-tracking study
occurred. One location (upper reach) was in a reach
that appeared to be similar to and was approximately
0.5 km downstream from the radio-tag study location.
The second location (lower reach) was at the beginning
of a lower-gradient reach containing more large wood.
Different colors of flagging were used at each drop site.
On December 4, 2001, a survey was conducted from
the mouth of Clear Fork Sandy River to above the
upper extent of where flagged carcasses were dropped
by helicopter. Flagged carcasses were located visually
and assigned, by color, to the 25-m interval in which
they were found. We further
surveys for flagged carcasses but were prevented from

intended to conduct

doing so by limited resources and heavy snowfall.

Results
Movements of Radio-Tagged Carcasses
Placed by Hand

In Camp Creek all 50 radio-tagged fish were found
at some point during follow-up surveys. In contrast, 40
of 47 radio-tagged fish in Clear Fork Sandy River were
relocated; 22 carcasses were located during every
survey, except on November 27 in Camp Creek, and 20
were located during every survey in Clear Fork Sandy
River. The carcasses that were consistently relocated

were used to characterize carcass movements over time

(Figure 2).

The mean distance carcasses were displaced tended
to increase with an apparent, though statistically
insignificant,  decreasing trend over time in both

streams  (Peamp = 0.11, Peiear ponc = 0.18; Figure 2).
The range of radio-tagged carcasses in Camp Creek
increased over time because many carcasses were
retained near the upstream end of the study reach, and
others continued to be displaced downstream (Table 3).

In Clear Fork Sandy River the range remained static

because a combination of slow water and a debris jam
at 550 m captured nearly all carcasses that traveled that
shifted
downstream over time as carcass movement continued
within the first 550 m.

The movements

far., The mean and the median, however,

of carcasses since the previous
survey could not be predicted by stage height, as

evaluated by simple linear regression (R% amp=0.37, P
= 0.28; R clear Fork = 0.25, P = 0.66). In Camp Creek,
for instance, little movement took place after the
highest flow, even though subsequent high-flow events
occurred (Figure 2), and the distance a carcass moved
downstream could not be predicted by carcass fork.
length for any survey (linear
regression: range of P-values =0.19-0.99 for Camp
Creek and 0.48-0.9 for Clear Fork Sandy River).

in either stream

TaBLE 4.—Categories of factors that retain salmon

~carcasses.
Retention
category Explanation
Wood Caught in, on, or under large and small wood.
Boulder Caught on or under large or small boulders.

Wood + boulder Caught in a combination of wood and boulders,
both playing a role in carcass retention.

Carcass not caught but settled out, including
slow margin-water, pools, pocket-pools
behind large wood or boulders, etc.

Carcasses in slack water that were commonly
buried gradually over time.

Slack water

Slack + buried

Buried Carcass buried in substrate.

Stranded Left above waterline by receding high flows.

Roots Caught in roots along bank, usually where
undercut.

Shallow riffle Found in moving water so shallow that it was
pinned by its own weight to the substrate.

Riparian Caught in branches or stems of vegetation

vegetation growing along banks.
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TaBLE 5.—Percent by stream category of coho salmon carcasses retained in Camp Creek and Clear Fork Sandy River, 2001—
2002. The numbers of radio-tagged carcasses are given in parentheses beneath the dates.

Camp Creek Clear Fork Sandy River
Retention Nov 27 Dec 4 Dec 11 Dec 18 Jan 2 Feb 5 Dec 11 Dec 20 Jan 2
category 3D (46) (46) (34) 41) 33) 33) (18) 19
‘Wood 39 46 48 59 68 55 58 89 84
Boulder 7 13 6 18 21 9
Wood + boulder 13 4 4 6 6
Slack water 35 35 24 18 21 18 24 6 5
Slack + buried 3 6
Buried 3 3 6 11
Stranded 2 3
Roots 3 2 2 3 3
Shallow riffle 6 4 4 .
Riparian vegetation 2 2 3 3 3 6

Factors Contributing to Carcass Retention

In both streams, carcasses were retained by a variety
of physical factors, which we divided into 10 general
both

o)

carcasses were impinged or snagged on the upstream

categories (Table 4). Large wood and boulders

functioned to retain carcasses in two ways:
side, or (2) they settled out in the slack water created
We treated

these two types of retention separately. Carcasses that

under or behind large wood and boulders.
settled out in the slack water behind boulders and
debris jams were grouped with those retained by all
slack-water conditions.

Radio-tagged carcasses were not retained equally
across categories (X°. P < 0.0001 for all survey dates
in both streams). The percentage of relocated carcasses
retained by each category was generally highest for
wood (39-68% in Camp Creek, 55-68% in Clear Fork
Sandy River) followed by slack water (18-35%
Camp Creek, 5-24% in Clear Fork Sandy River; Table

5). The role of wood was compounded by the fact that

in

many pools and pocket pools contributing to the slack-
water values were created by large wood.
No attempt was made to quantify the relative rate at

which carcasses encountered factors that could retain
them. We did, however, explore the relative ability of
each category to retain carcasses over time (Tables 6,
7). Every radio-tagged carcass that was located during
two consecutive surveys was categorized as having
moved between one survey and the next or not moved
(retained). No category was significantly better than
another at retaining carcasses over time in either stream

(chi-square: P = 0.21 to 0.7659). The same was true

when comparing wood with all other categories
combined (chi-square with Haber correction: P =
0.21 to 1.0).

Channel Variables Affecting Carcass Retention

The reaches of Camp Creek and Clear Fork Sandy
River in which the study was conducted both had in-
stream gradients of 3%, but differed in a number of
respects  (Table 1). a higher
proportion of habitat, by length, in Clear Fork Sandy

other Pools formed
River. Camp Creek, however, owing to its greater pool
widths, had more pool habitat by area. Large wood
loads, overall, were higher in Camp Creek, both in
terms of individual large pieces and large wood units.

Clear Fork Sandy River, however, had a much higher

TaBLE 6.—Numbers of radio-tagged coho salmon carcasses relocated during the next survey and the percent (in parentheses)
that had moved by the time of that survey, by retention category, Camp Creek, 2001-2002.

Number and (percent)

Retention

category Nov 27 Dec 4 Dec 11 Dec 18 Jan 2
Wood 12 (42) 20 (15) 18 (61) 18 (17) 17 (12)
Boulder 3(33) 4 (75) 2 (50) 6 (50)
Wood + boulder 4 (25) 2 (O 2 (50) 2 (50) 2 (50)
Slack water L1 (55) 16 (31) 7 (57) 50 4 (25)
Slack + buried 1 (100) 10)
Buried 1 (0)
Stranded 1 (100)
Roots 10 1(0) 1 (100)
Shallow riffle 2 (100) 2 (50) 1 (100)
Riparian vegetation 10 1(0) 1(0) 1O
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TaBLE 7.—Numbers of radio-tagged coho salmon carcasses
relocated during the next survey and the percent (in
parentheses) that had moved by the time of that survey, by
retention category, Clear Fork Sandy River, 2001.

Number (percent)

Retention

category Dec 11 Dec 18
Wood 15 (53) 9(22)
Boulder 3 (33)
Wood + boulder
Slack water 4 (100) 1(0)
Slack + buried '
Buried 1 (0)
Stranded
Roots
Shallow riffle
Riparian vegetation 1 (100)

proportion of medium-complexity and high-complexity
large wood units. Of the large wood pieces in the Camp
Creek study reach 73% were restoration logs (i.e., logs
artificially placed in the streambed in the early 1990s to
create fish habitat,

carcasses). In the Clear Fork Sandy River study reach,

not for the purpose of retaining

only 14% of the large wood pieces were placed as
restoration logs.

The total number of CHCMC units appeared most
frequently from survey to survey as a predictor of how
effective a given 50-m segment of Camp Creek would
be at retaining carcasses that drifted into it (Table 8).
The addition of pool surface

area or pool length

improved the models to some degree (explaining an
additional 2-13% of variability). An exception was the
data from the December 18 survey. The variability in
these data, which were collected immediately following
a large freshet, was best explained by the frequency of
complex debris jams that spanned the full channel. After

2 weeks had passed, however, CHCMC units were
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again the best predictor of retention rates. Additional
variables explained more of the observed variability, but
All
except for the December 4 survey were

none did so consistently or to a great extent.
regressions
significant at P > 96%. No model, however, was very
effective at predicting the proportion of carcasses a
given stream segment might be expected to retain.

For the first and last surveys in the Clear Fork Sandy
River, the number of pieces of large wood was the best
predictor of how effective a given 50-m segment of the
stream would be at retaining carcasses (Table 8). For
the December 20 survey, the total length of pool habitat
in each segment explained more of the variability than
This
immediately after a large freshet. The regressions were

any other retention element. survey occurred
statistically significant (P > 90%) but failed to explain

the majority of observed variability.

Effects of Wood Complexity

High-complexity large wood units captured carcass-
es at significantly higher rates than lower-complexity
units in both Camp Creek and Clear Fork Sandy (chi-
P < 0.004 for all dates).

confounding

square: There was no
trend in the ratio of high-complexity to
lower-complexity large wood units along the length of
the survey reaches. In Camp Creek, large wood units of
both medium-complexity  and high-complexity cap-
tured significantly more carcasses than simple features
early in the season (P < 0.004 for December 4 and 11,
2001), but these results shifted over time as carcasses
but

were retained by high-complexity units (P < 0.001 for

were dislodged from medium-complexity  units

December
2002).
units captured significantly more carcasses than both

18, 2001, and January 2 and February 35,
In Clear Fork Sandy River, high-complexity

TaBLE 8.—Variables that best predict the proportion of coho salmon carcasses entering a given 50-m reach that will be
retained in Camp Creek and Clear Fork Sandy River. Abbreviations are as follows: PA = pool area, PL = pool length, M+ C =
combined number of medium-complexity and high-complexity (CHCMC) large wood units, SC = number of high-complexity
large wood units that span the channel, WD =number of pieces of large wood, and RMSE =root mean square error. Power is the
estimated probability of incorrectly concluding that there is no relationship between the indicated variables and the proportion of

carcasses retained.

Survey Variable(s) R? RMSE P Power
Camp Creek
Dec 4, 2001 M+ C, PA 0.43 13.32 0.04 0.6
Dec 11, 2001 M+ C, PL 0.44 10.48 0.02 0.8
Dec 18, 2001 sC 0.17 13.95 0.017 0.74
Jan 2, 2002 M+C 0.35 12.35 0.002 0.99
Feb 5, 2002 M+ C,PA 0.22 6.95 0.0006 1.00
Clear Fork Sandy River

Dec 11, 2001 WD 0.23 22.97 0.02 0.71
Dec 20, 2001 PL 0.07 26.7 0.09 0.41
Jan 2, 2002 WD 0.34 17.36 0.04 0.62
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TaBLE 9.—Percentages of coho salmon carcasses aerially dropped in Camp Creek and Clear Fork Sandy River that were
estimated to have been lost in 2001-2002 (i.e., carried by the current beyond the 1.6-km river segment [L in equation 1] they
were dropped in), assuming carcasses were evenly spread over the 0.4-km-long drop segment (S in equation 1); D is the distance

(in SDs) of the downstream end of reach L from the average point of origin (0.55).

Variable Nov 27 Dec 4 Dec 11 Dec 18 Jan 1 Feb 5
Camp Creek
Percent lost 0.6 09 1.3 6.9 74 7.6
D 2.51 2.39 2.24 148 1.46 1.43
Clear Fork Sandy River
Percent lost 17 5.7 6.6
D 2.11 1.58 1.51

low-complexity and medium-complexity
0.002 for December
The interpretation

units (P <
18, 2001, and January 2, 2002).

of these results was somewhat
confounded by the fact that complex debris jams tend
to incorporate more large pieces of wood than simpler
ones. To assess whether wood pieces captured more
carcasses per piece of large wood when incorporated in
a more complex wood feature than in a simple one, the
the
in large wood
than the
expected values. In

above chi square analysis was repeated using
number of wood pieces incorporated
units at each level of complexity (rather

number of units) to determine

Camp Creek, the strength of the relationship was
reduced. On December 4, 2001, wood pieces incorpo-
rated

into medium-complexity  units and high-com-

plexity units still captured carcasses at significantly
higher rates than did Jow-complexity units (chi-square:
P = 0.025), and subsequently,

captured carcasses

high-complexity  units

at significantly higher rates than
low-complexity units and medium-complexity units (P
=0.033 on December 18, 2001, P = 0.048 on January
2, 2002, and P = 0.052 on February 5, 2002). On
December 11, 2001, the results were not significant. In

Clear Fork Sandy River the relationship was generally

insignificant, primarily because the large majority of
pieces in the entire survey reach (75%) were
incorporated in high-complexity units.
Predicting Carcass Movements

Aerial salmon carcass treatments of streams in the
fall of 2001 were conducted in 1.6-km reaches, but

carcass distribution was limited to stream lengths of 0.4

km or less. Because the maximum movement of a

radio-tagged
1.3 km, it is possible that some carcasses could move

carcass in this study was approximately

outside of an established 1.6-km reach, even if
carcasses were dropped in the upper 0.4 km of the
reach.

We estimated the loss of carcasses to a given reach,
as follows (fable 9):

D = [log, (L — 0.5S) — X]/SD, (1)

where L is the lineal stream length of  given reach, S is
the
directly applied (or subreach), X is the mean of the

lineal stream length to which carcasses were

loge transformed movement distances observed in
Camp Creek and Clear Fork Sandy at the time of each
and D is

the distance of the downstream end of reach L to the

survey (and SD is their standard deviation),

average point of origin or 0.5S (in standard deviations).
The Z distribution can then be consulted to estimate the
of reach L. We
assumed that 0.5 of subreach S represents

proportion of carcasses lost out

the average

starting point of carcasses and that the application

subreach was at the upstream end of reach L. The

actual proportion of carcasses leaving reach L was

expected to more closely resemble the predicted

proportion as the numbers of carcasses approached

infinity. The results would only apply to channel types
similar to those in which the study took place.

Movements of Flagged Carcasses Dropped by
Helicopter
Flagged carcasses, which were mixed with un-

flagged carcasses and dropped by helicopter into two
separate reaches (upper and lower) of Clear Fork Sandy
River during the restoration project, were used to test
the validity of equation (1). In each reach, the drop area
(S) was 300 m long, and the stream length between the
upstream end of the upper reach and the upstream end
of the lower reach was 700 m long, which represented
the reach length (L) in equation (1).

The two reaches into which each group of carcasses
(100 flagged carcasses in each reach) were dropped
differed in gradient and amount of large wood and pool
habitat. The upper reach was similar to the reach in
which study took place, both in
average gradient (3%) and amount of large wood (6.6
t-test, P = 0.71);
however, there were significant differences: less main-

the radio-tracking

versus 6.0 pieces/50 m, respectively;

stem pool habitat, in terms of both percent of length
16.1% versus 34.6% per 50 m; hetero-
p=
0.02) and percent surface area (14.1 % versus 32.5%

(respectively,

scedastic t-test on arcsine-transformed values:
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Figure 3.—Numbers of flagged coho salmon carcasses relocated 2 weeks after being dropped by helicopter into two separate
300-m subreaches (upper and lower) of Clear Fork Sandy River, along with the elevation change with respect to the distance

from the stream mouth.

per 50 m; P = 0.01). The lower reach, compared with
reach, had a lower gradient (1%) and
significantly large wood (respectively, 16.6
versus 6.0 pieces per 50 m; ft-test: P = 0.0005) and
main-stem pool habitat, in terms of both percent length
(55.9% t-test
on arcsine-transformed values: P = 0.01) and percent
32.5%

the radio-tracking
more

versus 34.6% per 50 m; heteroscedastic

surface area (55.7% per 50 m; P
0.008).

Of the 100 carcasses that were dropped by helicopter

versus

into the upper reach, 24 were located at the time of the
survey and 9 (45%) had moved beyond L (i.e., the
defined 700-m length for that drop). This
with a prediction of 2 carcasses (12%),
using average distance moved and standard deviation
Of the 100 carcasses
that were dropped by helicopter into the lower reach,

reach
compares
from the December 11 survey.
24 were relocated and none had moved beyond the
700-m L that drop. This compares with the prediction
of 3 carcasses, using average distance moved and

standard deviation from the December 4 survey.

Carcasses from the upper reach were dispersed over

1,150 m, extending into the lower reach, whereas
carcasses in the lower reach were confined to their 700-

m segment (Figure 3).

Scavenging

Rates of scavenging were higher on Clear Fork
Sandy (26%) than on Camp Creek (16%). Nine radio-
tagged carcasses were found scavenged on December
11, one on December 18, and three on January 2. No

radio-tagged carcasses were found scavenged on Camp

Creek until January 2, when five were located in the
riparian area. The later onset of scavenging of radio-

tagged carcasses in Camp Creek corresponds to
observations of scavenging of nontagged carcasses,
which was first noticed in January. Three more

scavenged carcasses were found on Camp Creek in

February.

Discussion
As in studies from the Olympic Peninsula (Ceder-
holm and Peterson 1985; Cederholm et al. 1989) and

the Cascade and Gara 2005)
Washington, we found salmon carcasses to not disperse

Range (Minakawa in

great distances downstream, even during high-flow
events. The tendency of forest streams to retain salmon
carcasses contributes to the probable effectiveness of
anadromous runs at delivering marine-derived nutrients
into freshwater ecosystems. Median carcass move-
ments, however, in Camp Creek after 70 d were more
than 5 times those observed in Olympic Peninsula
streams at 37-118 d and were 9 times for Clear Fork
36 d (Cederholm 1989).
Average carcass movements were from 9 to 17 times
than those observed after 32-46 d

in Cascade Range streams (Minakawa and Gara 2005).

Sandy River after et al

greater, respectively,
We collected large wood data according to U.S. Forest

These data were
to the large wood information reported in

Service Region 6 criteria. not
comparable
either Washington study. Stream gradients were also
not of the above Washington
behind

movements

reported for either
studies,
observed

in
fully

the differences
be

so the reasons

carcass could not
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explored. Carcasses drifted farther in Clear Fork Sandy
River than in Camp Creek, despite Clear Fork Sandy
River having more high-complexity wood features and
pool habitat by length than Camp Creek. The Camp
Creek study reach has a slightly lower gradient than the
Clear Fork Sandy River reach, which may help explain
differential
Creek had had more pool habitat by area than Clear
and high-
in Camp Creek

carcass retention. Furthermore, = Camp

Fork Sandy River, and medium-complexity

complexity ~ wood features also

incorporated more individual pieces of wood, many

more of which spanned the entire channel. Carcass

distributions were skewed toward shorter distances

the survey period in Camp Creek and

in Clear Fork Sandy River,

throughout
initially as observed in
streams in the Olympic Peninsula (Cederholm et al.
1989). Although in the Cascade Range, Minakawa and
Gara (2005) found that a significantly higher propor-
tion of carcasses were retained by wood as the season
progressed, we did not find that in our two streams.

(2004) addressed the effects of

in several Canadian

Johnston et al.

carcass movements streams by
examining the loss of carcasses from a given reach over

time, which they characterized using an exponential

loss model. They did not follow the movements of
individual  carcasses, but looked for downstream
carcass accumulations and measured carcass decay.
They determined that decay was probably the primary

disappearance, not carcasses being

In contrast, water-flow displace-

cause of carcass
washed downstream.
ment of carcasses in our study streams (comparably

sized stream segment) was a significant cause of
carcass loss. For the first survey (November 27), the
average instantaneous carcass removal rates, as related
to downstream movement out of a 192-m stream reach
immediately downstream of where
initially placed, were 0.0362/d in Camp Creek and
0.0179/d in Clear Fork Sandy River. The instantaneous

carcass removal rate was calculated using a derivation

carcasses were

of the exponential loss model from Johnston et al.

(2004): K,

removal

= -log,(C/Cj),, where k, is the instanta-
C; is the
and C; is final number of carcasses after ¢

neous rate, initial number of
carcasses,
days. Instantaneous removal rates were calculated for
survey date and then averaged. Johnston et al. (2004),
using nonlinear least squares, calculated an average
loss rate of 0.0388/d due to all factors

combined, including decay for three reaches ranging in

instantaneous

length between 115 and 192 m. Unlike scavenging and

decay, the loss of carcasses due to downstream

displacement is contingent on the length of reach

being evaluated. The average instantaneous carcass
removal rate in Camp Creek dropped to 0.0028/d when

the study reach was tripled to 600 m. No carcasses

STROBEL ET AL.

moved that far in Clear Fork Sandy River. Downstream
loss of carcasses was probably greater in our study
streams because of lower proportions of pool habitat
(half as much by length) and large wood densities that
were one-fifth to one-sixth those of the Canadian study
streams.

Our study also experienced a high-flow event, which
the furthest of carcasses

observed during our study. In larger rivers, high-flow

resulted in movements
events can contribute to salmon carcasses moving up to
12 mi (Glock et al. 1980). Cederholm et al, (1989) also
found that carcasses moved up to twice as far during
as under low-flow conditions, although the
they observed (66 m) was only a
in our study. Higher flows

freshets
median movement
fraction of that observed
than those experienced in Camp Creek and Clear Fork
Sandy River during our study occur in most years and,
in fact, a higher flow occurred 2 months after the end of
the study. Typically, the highest flows occur during late
autumn or winter, often when coho salmon carcasses
would still be present. In snowmelt-driven streams,
where the highest flows tend to occur during the spring,
would be largely decayed

before high flows washed them downstream.

most salmon carcasses
removed far more carcasses from each

transport. All scav-

Scavenging
treatment reach than downstream
that
found within a few meters of the stream,

enged carcasses were located, however, were
and their
nutrients may have still found their way into the stream
over time. A large amount of evidence of scavenging
by coyotes was seen in both streams. Mountain lion
tracks were seen along Clear Fork Sandy River near
carcasses, though no direct evidence of scavenging by
mountain lions was apparent. Mink and otters are also
and are suspected scaven-
in Clear Fork
Sandy River, where there were no summer homes or
rates would probably be

streams. Radio-tagged

present in both watersheds

gers. Scavenging rates were highest

adjacent roads. Scavenging

even higher in more remote
carcasses mingled with much larger numbers of other
the observed

carcasses dropped by helicopter, so

scavenging rates are assumed to be representative of
the overall rates in these two streams during the study.
The rate of scavenging in a given stream, however, is
likely to vary as a function of the number of carcasses,
the number of scavengers, and time. Large numbers of
carcasses may overwhelm scavengers (Cederholm et al.
1989), but predictably high numbers of carcasses may
lead to greater abundance of scavengers, either in the
short term, through animals becoming aware of the
resource, or the long term, through increased repro-
ductive rates. Smaller, shallower streams might also be
rates than larger,

expected to have higher scavenging

deeper streams because terrestrial scavengers would be
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able to more easily retrieve submerged carcasses. The
total rate of removal of salmon carcasses from Camp
Creek and Clear Fork Sandy River were in the range
described by Johnston et al. (2004) for inland British
Columbia streams (10-35%) but were well below that
observed by Cederholm et al. (1989) in coastal streams
Washington (40%), where
black bears Ursus americanus

Channel
were varied, but large wood incorporated

of the Olympic Peninsula,
are plentiful.
features contributing to carcass retention
in complex
debris jams played a dominant role. Large wood
in the current and creates
Small
wood (i.e., too small to be included in most regional
of debris

small branches

catches carcasses moving

slow-water areas where carcasses settle out.
survey protocols) was a vital component

jams. Accumulations of sticks and
provided a large quantity of points that carcasses could
catch on and slowed down currents moving through
debris jams.

The quantity of pieces of wood or large wood units,
however, was a poor predictor of how many carcasses
would be retained within a given interval of stream,
though a significant relationship generally existed in
both Camp Creek and Clear Fork Sandy River (as in
Cederholm et al. 1989). The reason for this appears to
be that, whereas certain high-complexity debris jams
captured the majority of carcasses, many others caught
none. Fallen trees with branches spanning the majority
of the

effective at capturing both carcasses and small wood.

stream channel appeared to be particularly

Naturally occurring wood in debris jams appeared to

be more effective at retaining carcasses than wood

placed for restoration purposes. Restoration wood
typically has a large diameter and few to no branches.
and Clear

logs appeared

In Camp Creek Fork Sandy River,

restoration to be relatively ineffective

at capturing either carcasses or smaller wood pieces.
They generally captured carcasses at points where they
had been cabled together,

where large pools were created by sill logs. Managers

or attached to boulders, or

retention or small wood
attached

is practical

concerned  with carcass
should
wood to whatever

retention leave branches to project

degree or, otherwise,
design restoration structures with retention of carcasses
and small wood in mind. Complex wood structures
also provide improved cover for fish by creating a
variety of slow-water interstitial spaces.
High salmon carcass retention rates in Camp Creek
the need to

increase application rates to attain a desired level of

and Clear Fork Sandy River precluded

treatment. Movement of carcasses into areas where

they were not desired, such as reaches adjacent to

summer homes, was also determined to be minimal.

The precise magnitude of carcass movements, howev-

er, proved to be unpredictable. The carcass movements
on which the Clear Fork Sandy River model was based
were heavily influenced by the presence of a single
that collected that

encountered  it. of such debris jams

debris jam almost all carcasses
The presence
confounds the prediction of the distribution of carcass
movements. Streams with high wood loads, however,
should generally have relatively high numbers of wood
with

Differences

features characteristics necessary for retaining

carcasses. in the amount of in-stream

wood, pools, gradient, and the disproportionate influ-
ence of unique individual features may all contribute to
differences in the ability of streams and reaches to
retain carcasses. The model for Clear Fork Sandy River
in a reach

underestimated the movement of carcasses

similar to that in which the model parameters were
derived and overestimated movements in areach where

gradient was lower and in-stream wood and pool
habitat were more common. Several carcasses from the
upper reach also moved downstream and were retained
in the lower reach, which had alow gradient. It is likely
that these carcasses would have moved even further, if
the lower reach had the same gradient and lesser in-
stream wood loads of the upper reach. Visual surveys
for marked carcasses, such as the one conducted for
carcasses dropped by helicopter in Clear Fork Sandy
River, however, are probably also biased towards
further.

are probably the most mobile ones,

locating fish that move The most visible
marked carcasses
whereas those caught deep in debris jams would be
harder to locate (unless radio-tagged).

Carcasses of naturally spawned salmon may respond
differently to flows than those placed by hand or by
helicopter. Dying salmon may move into areas of slack
water, where their carcasses may be less susceptible to
being washed downstream but, concurrently, more
susceptible to removal by scavengers (Cederholm et al.
1989). Regardless,

moving with flowing water, it would be subject to the

if a wild-spawner's carcass starts

same factors as a supplemented carcass, (e.g., wood

quantity and complexity, amount of pool habitat, and
stream gradient).

If salmon runs can be rebuilt, they will produce the
same odors, issues, and potential water
quality

carcasses.

pathogen

impacts as those of rotting supplemented

Even though the public may be willing to
accept that price for recovering the species, the public
may be less willing to accept those negative aspects
is used as an interim

when carcass supplementation

restoration measure. Aquatic resource managers who

place salmon carcasses will often want to know how

many carcasses are likely to be washed downstream to

more populated areas. Managers may also need to

know what level of treatment they obtained within
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treated stream segments after carcasses have been

removed by high flows and scavengers. To enhance
effectiveness, managers may even decide to add wood
to streams for the express purpose of slowing the loss
of carcasses. Streams with lower gradients, more pool
habitat,
debris jams that span part or all of the channel width,

of salmon

and higher wood levels, especially complex

are likely to retain a larger proportion
carcasses than streams with higher gradient and less
pool habitat and wood. Our results indicate, however,
that it will be difficult to predict carcass retention rates
with deal

structures that are designed

a great of accuracy. In-stream  wood
to help retain carcasses
should incorporate complexity, such as branches, roots,
or small wood, and will be most effective if they span

most or all of the channel and are placed in pools.
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