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Increase the Growth Rates of Stream-Resident Salmonids

MARK S. WIPFLI,*1 JOHN P. HUDSON, AND JOHN P. CAOUETTE

Pacific Northwest Research Station,
U.S. Forest Service,

Juneau, Alaska 99801, USA

DOMINIC T. CHALONER

Department of Biological Sciences,
University of Notre Dame,

Notre Dame, Indiana 46556, USA

Abstract.—We tested the hypotheses that marine-derived resource subsidies (salmon carcasses)
increase the growth rates of stream-resident salmonids in southeastern Alaska and that more
carcasses translate into more growth. Five carcass treatments of pink salmon Oncorhynchus gor-
buscha (0, 1, 2, 3, and 4 carcasses/m2 or 0, 1.9, 3.7, 5.6, and 7.4 kg wet mass/m2) were replicated
six times in once-through artificial channels, then each channel was stocked with three live age-
0 coho salmon O. kisutch. The experiment spanned more than 9 weeks: 16 August to 24 October
1998. The body mass and fork length of the young coho salmon significantly increased from
carcass additions, but the incremental increases sharply diminished at carcass-loading levels above
1 carcass/m2. Further, in a small stream in which we added salmon carcasses to a cumulative
density of 0.54 carcasses/m2, both cutthroat trout O. clarki and Dolly Varden Salvelinus malma
grew significantly faster during the 2 months in which carcasses were added (September–October)
compared with fish in control reaches. Fish maintained their assimilated body mass through winter
into the following spring. This study illustrates that marine nutrients and energy from salmon
spawners increase growth rates of resident and anadromous salmonids in streams. This elevated
growth should translate into increased survival and reproduction, ultimately elevating freshwater
and marine salmon production. Ecological relationships between salmon runs and aquatic com-
munity nutrition and productivity may be important considerations for salmon stock protection
and restoration and for freshwater and marine ecosystem management.

Each year, tons of marine-produced biomass are
spread throughout freshwater and riparian ecosys-
tems in Alaska and other coastal regions when
salmon migrate to their natal habitats to mate
(Mathisen et al. 1988; Levy 1997; Cederholm et
al. 1999). Pacific salmon sequester marine carbon
and nutrients while maturing at sea and transfer
this accumulated biomass to freshwater habitats
where they spawn and die (Mathisen et al. 1988;
Groot et al. 1995). The effects of this biomass
influx include transfer of marine nutrients and en-
ergy to plants and animals in freshwater and ri-
parian ecosystems, resulting in increased densities,
biomass, and marine isotopic signatures of many
species (Kline et al. 1997; Bilby et al. 1998; Wipfli
et al. 1998). Although some evidence shows that
more spawners equates to increased stream pro-
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ductivity (Wipfli et al. 1999), the broader ecolog-
ical effects of this marine subsidy remain poorly
understood (Gende et al. 2002; Naiman et al.
2002). These anadromy-driven linkages may be
crucial for sustaining the trophic structure and pro-
ductivity of freshwater food webs that ultimately
support the populations responsible for this mass
influx (Wipfli et al. 1998). A variety of populations
are involved in that food web (Michael 1995), in-
cluding invertebrates (Chaloner and Wipfli 2002)
that are food for these fishes (Wipfli 1997).

The sharp declines of Pacific salmon stocks in
many regions of North America (NRC 1996;
Stouder et al. 1997) may create important losses
of nutrient and energy inputs to many river systems
(Gresh et al. 2000). In Alaska and parts of western
Canada where historic salmon run sizes have been
largely maintained (Baker et al. 1996; Slaney et
al. 1996), millions of salmon return to streams,
lakes, and other freshwater habitats providing
nutrient- and energy-rich biomass to consumers
(Levy 1997; Willson et al. 1998; Wipfli et al.
1998). In southeastern Alaska high rainfall and
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steep topography may facilitate the rapid flushing
of nutrients from the forest soils (Stednick 1981).
However, these forests are incised by 40,000 km
of anadromous salmonid streams (Halupka et al.
2000) providing a vast network for marine nutri-
ents to infiltrate freshwater and riparian food webs.
Demonstrating the importance of marine-derived
biomass to freshwater food webs in southeastern
Alaska would illustrate a crucial mechanism
through which salmon maintain freshwater pro-
ductivity. This demonstration may justify the con-
clusion that salmon productivity in major rivers
such as the Fraser, Columbia. and Snake rivers has
been diminished, at least partially because of re-
ductions in the numbers of salmon returning to
these systems (NRC 1996; Stouder et al. 1997).

There are several pathways through which marine
biomass can affect freshwater fishes. Adult salmon
are energy and nutrient rich (Mathisen et al. 1988;
Groot et al. 1995; Olsen 1998) and contain a stoi-
chiometry (Sterner et al. 1992) that resembles the
nutritional needs and biochemical makeup of po-
tential consumers. Nutrients and carbon released
during decay apparently increase the productivity
of lower trophic levels (Wipfli et al. 1998; Min-
akawa and Gara 1999), which provides more prey
for fishes (Wipfli et al. 1999). Fishes also ingest
salmon tissue and eggs (Bilby et al. 1998). In Alas-
ka, salmon return to spawn in the latter half of
summer and fall. Their carcasses infuse streams
with nutrients and energy as predation rates by rear-
ing salmonids may be declining (Groot et al. 1995),
which potentially helps to ensure the overwinter
survival of freshwater fishes. Overwinter survival
often depends on body size and lipid content at the
end of the growing season (Groot et al. 1995; Ad-
ams 1998; Olsen 1998), although Bilby et al. (1998)
have shown that freshwater-rearing salmonids do
feed on salmon eggs during fall and winter. There-
fore, not only do salmon runs essentially extend the
growing season by providing more food late in the
season, they may drive a positive feedback (Wipfli
et al. 1998) that influences the fitness, survivorship,
population density, and productivity of their deme.
This possible feedback is probably most prominent
in places where stocks are still strong (Baker et al.
1996; Slaney et al. 1996) and may explain why
salmon recovery attempts along the eastern Pacific
coast have fallen short (NRC 1996; Stouder et al.
1997).

The objectives of this study were to determine
the effects of marine-derived biomass on salmonid
growth in streams. Our hypotheses were that (1)
salmon carcasses provide a resource subsidy that

increases growth rates of freshwater-rearing coho
salmon Oncorhynchus kisutch, cutthroat trout O.
clarki, and Dolly Varden Salvelinus malma, and
(2) the effects of this subsidy are larger at higher
carcass-loading levels. It is essential to recognize
that this marine-derived biomass contains a broad
array of nutrients, minerals, proteins, lipids, and
other biochemicals and macromolecules. Because
of this, the focus of our research was on under-
standing the effects of these collective materials
on stream fishes, not identifying which compo-
nents produced the effects (e.g., nutrients, min-
erals, or macromolecules) or to decipher the path-
ways responsible for the effects (e.g., either di-
rectly through consumption of salmon tissue or
indirectly through preying on invertebrates that
fed on carcasses). This research should contribute
to a better ecological understanding of marine–
freshwater linkages and thereby aid fisheries and
ecosystem management throughout the northern
Pacific rim.

Methods

Study area.—This study was conducted on Re-
villagigedo Island, southeastern Alaska (Figure 1).
Details of the study area are given in Wipfli et al.
(1998). An artificial stream (mesocosm) experi-
ment spanned 16 August to 24 October 1998, and
a natural stream experiment extended from 4 Sep-
tember 1998 through 16 May 1999. We conducted
the mesocosm experiment to add experimental and
statistical rigor to the study. This level of rigor is
difficult to achieve in studies limited to natural
streams because of low replication and high nat-
ural variability.

Mesocosm experiment.—The mesocosm consist-
ed of 36 once-through artificial stream channels, con-
structed six per platform on six platforms (Wipfli et
al. 1998). Channels contained pool habitat (237 3
18 3 12.5 cm) filled with 16 L of mineral substrata
collected from the natural streambed. A Vexar basket
(20 3 18 3 5 cm, 6-mm-bar mesh) lined with fi-
berglass screen (1.6-mm mesh) and filled with min-
eral substrata collected from a natural stream was
placed at the downstream end of each channel to
sample invertebrates (see Wipfli et al. 1998). Pools
were divided into four reaches of equal length by
attaching three wood blocks (4 3 9 3 11 cm) to
alternate sides of channel walls. Blocks protruded
halfway across channels to add sinuosity to water
flow and provide current-breaks for the age-0 coho
salmon that were to be stocked in the channels. One
flat stone (about 13 3 13 3 2 cm) placed on top of
a few larger stones in each between-block reach pro-
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FIGURE 1.—Site north of Ketchikan in southeastern Alaska (558419N, 1318369W) used in the study of salmon
carcass effects on the growth of stream-rearing salmonids.

vided overhead cover for the coho salmon. Channels
were covered with a thin sheet of Plexiglas to deter
carcass tampering by vertebrate scavengers. Water
flowed through channels for 26 d before the exper-
iment began, allowing benthic invertebrates to col-
onize substrata. Past mesocosm studies have shown
that benthic communities similar to those in the nat-

ural stream will be achieved in channels within 2–3
weeks of initiating water flow (Wipfli et al. 1998).
During the experiment, water temperature in the out-
flow flume, logged at 1-h intervals, averaged 98C
(range, 5–138C); discharge through channels was
0.45 6 0.03 L/s (mean 6 SD).

The age-0 coho salmon were exposed to five
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TABLE 1.—Salmon carcass treatments, mass, and cor-
responding concentrations and density used in the meso-
cosm experiment with age-0 coho salmon.

Variable

Treatment (carcasses/m2)

0 1 2 3 4

Carcass wet mass/channel (kg)a 0 0.71 1.43 2.14 2.85
Estimated dry mass (kg)b 0 0.21 0.41 0.62 0.82
Mass per stream discharge (kg

wet mass·L water21·s21) 0 1.58 3.17 4.75 6.34
Mass per stream bed area (kg

wet mass/m2) 0 1.86 3.72 5.58 7.44
Density per stream bed area

(number of carcasses/m2)c 0 1 2 3 4

a Egg mass 5 16%.
b Egg mass 5 22%.
c Based on average body mass (1.81 kg wet mass) of pink salmon

caught in coastal waters of North America, 1962–1971 (Groot and
Margolis 1991).

treatments (amounts) of pink salmon O. gorbuscha
carcass flesh and eggs (Table 1). Fifty-three live
female pink salmon collected in Margaret Creek
on 16 August were euthanized, and their egg skeins
were removed and divided into egg clusters (28 g
wet mass). Carcass chunks (150 g wet mass) were
also cut from each carcass between the pectoral
girdle and anus. We initiated four carcass-loading
treatments (4, 8, 12, 16 salmon carcass chunks and
egg clusters) and a control treatment (no salmon
tissue) to the six channels in each platform. Treat-
ment levels were equivalent to whole-carcass load-
ing rates of 0, 1, 2, 3, and 4 pink salmon carcasses/
m2 (Table 1) and were within the range of pink
salmon densities observed in area steams and in
other regions (Groot and Margolis 1991). Salmon
carcass chunks and egg clusters were scattered
along the length of each channel. To simulate nat-
ural fragmentation and physical breakdown of
salmon carcasses that we observed in nearby
streams, carcass chunks (25% of the original num-
ber) were partially macerated by hand on days 24,
38, and 52 of the experiment. Maceration left var-
ious-sized tissue fragments scattered among the
substrata; egg clusters largely remained intact.
Some suspended fragments were seen drifting
from channels.

Age-0 coho salmon in nearby streams were cap-
tured in minnow traps baited with salmon eggs, and
the fish were separated into three fork length-groups:
44–54 mm (small; mean, 50 mm), 50–58 mm (me-
dium; mean, 55 mm), and 53–67 mm (large; mean,
60 mm). One individual from each size-group was
selected, anesthetized (Finquil), measured (wet mass
and fork length), and released into each channel,
providing a total of three fish per channel. This den-

sity was within the range for age-0 coho salmon in
nearby natural streams and elsewhere (Groot and
Margolis 1991), and the three size-groups were sim-
ilar across treatments. Large and medium coho salm-
on were given an upper and lower caudal fin-clip,
respectively, to identify size-group throughout the
experiment. Fish were released into channels 2 d
(channels 19–36) and 3 d (channels 1–18) following
treatment with salmon tissue. Approximately every
3 weeks, we captured, anesthetized, and remeasured
wet mass and fork length of each fish, for a total of
three capture dates throughout the experiment. Mea-
surements were taken over a 2-d period: mesocosm
channels 19–36 on the first day and channels 1–18
on the following day. Channels were inspected daily
for dead fish. During the experiment 12 fish (4 large,
2 medium, and 6 small) died or were missing: one-
third in the control treatment and one-third in the 1-
carcass/m2 treatment, and the remaining third was
evenly distributed across the remaining three treat-
ments. These losses were replaced with fish of sim-
ilar size as soon as they was discovered (within 14
d). Live fish remaining in the channels may have
experienced briefly greater growth rates, which could
have added more variability to the treatments and
replicates and led to a more conservative statistical
test (i.e., increasing the chances of not detecting
treatment differences). Relative growth was calcu-
lated for individual fish as the percentage change (per
day and over the entire experiment) from initial wet
mass and fork length.

Benthic invertebrate baskets were sampled 3
weeks into the experiment to assess treatment ef-
fects on invertebrate density. After removing bas-
kets from channels, the invertebrates were washed
from the substrata, and those retained by a 250-
mm sieve were preserved in 70% ethyl alcohol.
Invertebrates were sorted and counted with the aid
of a dissecting scope.

Natural stream experiment.—We conducted an
additional experiment to measure the effect of
salmon carcasses on the growth of resident sal-
monids in a natural stream, Cedar Creek (name
chosen for study purposes). Cedar Creek is a sec-
ond-order stream containing cutthroat trout, Dolly
Varden, occasional threespine stickleback Gaster-
osteus aculeatus and no salmon. The study site
consisted of a control reach (length 5 420 m) and,
downstream of that, a carcass-enriched reach
(length 5 155 m). Mean base flow discharge was
9 L/s and channel wetted-width was 2.2 m. An
Optic Stowaway logged water temperature at 1-h
intervals during the experiment. Water tempera-
ture averaged 118C from September through Oc-
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TABLE 2.—Salmon carcass numbers, mass, and density added to Cedar Creek, Alaska, in September and October
1998 to study effects on stream-rearing salmonids.

Variable

September

4 11 22 26

October

31 Cumulative

Number of carcassesa 27 49 45 24 21 166
Carcass wet mass (kg) 47.5 81.7 55.7 33.2 35.5 253.6
Estimated dry mass (kg) 13.3 23.1 8.8 5.3 6.7 57.1
Percent wet mass as eggs 10 12 0 0 12
Mass per stream dischargeb (kg

wet mass·L water21·s21)
5.3 9.1 6.2 3.7 3.9 28.1

Mass per streambed areab (kg
wet mass/m2)

0.15 0.27 0.18 0.11 0.12 0.82

Density per streambed areab

(number carcasses/m2)
0.09 0.16 0.15 0.08 0.07 0.54

a Includes flesh and eggs, except flesh only on 22 and 26 September.
b Streambed area and discharge measured at baseflow.

tober and 48C from November through May. The
temperature range was slightly higher than that of
the mesocosm probably because the creek drained
a small (6-ha) lake.

Cutthroat trout and Dolly Varden were captured
with baited Gee minnow traps on 1–3 September
and 6 September. After the fish had been anesthe-
tized with Finquil, we recorded the fork length,
wet mass, species, and capture location of each
fish and implanted a passive integrated transponder
(PIT) tag into its body cavity. Fish were given an
adipose fin-clip, allowed to recover, and released
at the site of capture. A total of 122 fish were
tagged, 48 in the control reach and 74 in the treated
reach. For the control and treated reaches, respec-
tively, beginning mean fork lengths averaged 109
and 102 mm for cutthroat trout, and 84 and 91 mm
for Dolly Varden.

Pink salmon carcasses and eggs were added to
the treatment reach on 4, 11, 22, and 26 September
and 31 October (Table 2) to simulate the timing
and magnitude of natural pulses of spawners into
streams in the area. Live male and female (con-
taining eggs) pink salmon were collected from
Margaret Creek on 4 and 11 September, and on 22
and 26 September recently dead and dying male
and female pink salmon were collected from the
same location. Carcasses were transported to Ce-
dar Creek and weighed wet. Whole carcasses or
pieces were submerged in pools, undercut banks,
and debris jams to reduce scavenging by terrestrial
vertebrates. Single eggs and egg clusters from the
carcasses were weighed and scattered throughout
the treatment reach as well. Frozen pink salmon
carcasses (whole), carcass chunks, and eggs were
added to the treatment reach on 31 October. Salm-
on carcass additions provided a cumulative
carcass-loading rate of 0.54 carcasses/m2 (0.83 kg

wet mass/m2; Table 2). Tagged fish were recap-
tured and measured during October 1998 and May
1999 to assess short- and longer-term effects of
salmon carcass enrichment on fish growth. Rela-
tive growth rate, calculated by reach (control and
treated), species, and period (September–October
and October–May) for individually tagged fish,
was the percent change in wet mass and fork length
divided by number of days between tagging and
recapture.

Experimental design and statistical analyses.—
For the mesocosm experiment, we used a random-
ized block, split-plot design, replicating five treat-
ments (0, 1, 2, 3, and 4 carcasses/m2) and three
subtreatments (small, medium, and large size-
groups) across six blocks. Mesocosm platforms
served as blocks (N 5 6). Channels within a plat-
form were the whole units to which treatments
were applied. Individual coho salmon within a
channel were subunits (split-plot) on which the
subtreatment of size-group was applied. To min-
imize confounding between treatment and channel
location, treatments were assigned to six channels
across six platforms, which facilitated a 6 3 6
Latin square. Response variables were percent
growth in mass and fork length measured for each
fish. Data were analyzed using PROC GLM (SAS
Institute 1989) at a 5 0.05. Hypothesis testing for
coho growth (mass and fork length) included (1)
a test for differences in growth due to the presence
or absence of carcasses (i.e., control versus car-
cass-enriched), (2) a test for linear growth due to
increases in carcass-loading levels (i.e., best linear
fit with slope ± 0), and (3) a test for lack of fit
for the linear model used in the previous test. We
also tested for significant interaction between fish
size and treatment.

For the natural stream experiment, we tested for
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TABLE 3.—Analysis of variance results for percentage change in wet mass and fork length of age-0 coho salmon
exposed to none (control) versus four treatment amounts of pink salmon carcass tissue and eggs. SS stands for sum of
squares.

Source of variation df

Mass change (%)

SS P

Length change (%)

SS P

Platform
Treatment

5
5

0.448
12.018 ,0.001

0.022
0.647 ,0.001

Control versus carcass
Linear fit (slope ± 0)
Lack of fit

1
1
3

11.541
0.460
0.014

,0.001
0.024
0.916

0.594
0.048
0.004

,0.001
0.003
0.672

Platform 3 treatment
Size group
Treatment 3 size class
Error
Total

25
2

10
60

107

1.993
0.679
0.254
1.819

,0.001
0.596

0.110
0.029
0.017
0.131

0.003
0.647

FIGURE 2.—Growth (mean percent change in wet mass
over 66 d) of age-0 coho salmon exposed to five salmon
carcass treatments in a mesocosm, as determined for (A)
all size-groups combined and (B) each of three size-
groups (error bars 5 1 SE).

differences in percentage change in fish mass and
fork length between two reaches: the upstream
control and the downstream carcass-enriched (t-
test, a 5 0.05). Two species, cutthroat trout and
Dolly Varden, were tested. The cutthroat trout
were tested once in fall and again the following
spring; Dolly Varden were tested in fall. There

were no Dolly Varden recaptures from the control
treatment in spring. We tested growth during three
distinct periods (September–October, October–
May, and September–May) to capture growth dur-
ing the period of carcass addition, during the win-
ter after carcass addition, and throughout the entire
experiment, respectively.

Data were checked for normality, variance ho-
mogeneity, and additivity. Analysis of data showed
these assumptions were satisfactory. Sample and
treatment independence were assumed for all data
based on experimental design used.

Results

Mesocosm Experiment

Growth (mass gain) of the age-0 coho salmon
was significantly greater in the carcass-enriched
channels than in the control channels (P , 0.001;
Table 3). The salmon accumulated 43–63% mass
across the carcass treatments (1–4 carcasses/m2,
respectively), whereas fish in the control treat-
ments lost 16% body mass (Figure 2A). Fish
growth increased significantly in response to car-
cass loading (slope 5 7.2%, P 5 0.024; Figure
2A). The interaction between size-group and treat-
ment was not significant (P 5 0.596; Figure 2B,
Table 3). The most rapid growth occurred during
the first 3 weeks of the experiment before carcasses
were macerated and available as food for the coho
salmon.

Change in fork length of the age-0 coho salmon
was significantly greater in the carcass-enriched
channels than in the control channels (P , 0.001;
Table 3). The fork length increase ranged 14–20%
for the carcass-enriched treatments versus 1% for
the control (Figure 3A). As with body mass, fork
length increased significantly in response to in-
creases in carcass loading levels (slope 5 2.3%,
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FIGURE 3.—Growth (mean percent change in fork
length over 66 d) of age-0 coho salmon exposed to five
salmon carcass treatments in a mesocosm, as determined
for (A) all size-groups combined and (B) each of three
size-groups (error bars 5 1 SE)

TABLE 4.—Growth of cutthroat trout and Dolly Varden in carcass-enriched (treatment) and unenriched (control)
reaches of Cedar Creek, Alaska, as measured for three periods between September 1998 and May 1999. Growth was
calculated as percent change in wet mass per day (SEs in parentheses).

Species and
treatment type N Sep–May Sep–Oct Oct–May

Cutthroat trout

Carcass-enriched
Unenriched
t-test P-value

9
5

0.59 (0.05)
0.24 (0.05)
0.0008

2.60 (0.19)
0.11 (0.04)

,0.0001

0.13 (0.02)
0.25 (0.05)
0.0247

Dolly Varden

Carcass-enriched
Unenriched
t-test P-value

12
4

0.69 (0.05) 1.90 (0.23)
0.39 (0.25)
0.0045

0.29 (0.02)

P 5 0.003; Table 3). Interaction between size-
group and treatment was not significant (P 5
0.647; Figure 3B; Table 3).

Invertebrate densities were also significantly
higher in the carcass-enriched treatments than in
the control (P 5 0.024). Community densities av-
eraged 930 individuals/m2 in the control channels

versus 1,145 and 1,515 individuals/m2 in the 1 and
4 carcasses/m2 treatments, respectively.

Natural Stream Experiment

Twenty-six (14 cutthroat trout, 12 Dolly Varden)
of 122 (21%) tagged fish were recaptured the fol-
lowing October and May, collectively. Growth of
cutthroat trout in Cedar Creek was significantly
greater in the salmon carcass-enriched reach than
in the control reach in fall and spring (P , 0.001;
Table 4). The average pretreatment mass was lower
for tagged fish in the enriched reach, but they soon
outgrew control fish after carcasses were added
(Figure 4). Growth rate was 24 times higher in the
enriched versus control reach from September
through October, during the period salmon car-
casses were added to the stream and 2.5 times
higher from September through May. Conversely,
growth rate for control fish was two times higher
than that for fish in the enriched habitat during the
winter, late October through May. Relative growth
rates of Dolly Varden were significantly greater
(by 5 times) in the carcass-enriched reach than in
the control reach in fall (P 5 0.0045). Wet mass
of 17 fish in the treated reach increased 51–137%
from September through October. No tagged Dolly
Varden were recaptured in the control reach during
the following spring and apparently either died or
emigrated.

Discussion

The presence of salmon carcasses and eggs from
spawning salmon dramatically increased the
growth rates and body mass of the salmonids sam-
pled in this study. Even at relatively low densities
of carcasses, we detected significant effects for all
species tested: coho salmon, cutthroat trout and
Dolly Varden. Further, this dramatic increase in
body mass in fish presented with salmon carcasses
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FIGURE 4.—Mean wet mass of cutthroat trout (top
panel) and Dolly Varden (lower panel) in carcass-en-
riched and control reaches of Cedar Creek, Alaska, from
September 1998 to May 1999. Arrows indicate timing
of carcass additions; error bars 5 1 SE.

and eggs occurred over a short period, 8–10 weeks,
and in fall when stream temperatures are much
lower than those of summer. Our results in Alaska
with coho salmon, cutthroat trout, and Dolly Var-
den growth are consistent with that of Bilby et al.
(1998), who reported elevated density and con-
dition factor for steelhead O. mykiss and elevated
rearing coho salmon density in two Washington
streams where hatchery carcasses were added.
Benthic invertebrate densities also increased in re-
sponse to carcass addition in our study, which was
consistent with that of previous work (Wipfli et al.
1998, 1999).

However, we detected significantly greater win-
ter growth rates in the control cutthroat trout (23
higher) than in trout exposed to carcasses. One
possible explanation is that after the initial boost
from marine biomass (in fall), fish that did not have
access to carcasses relied on other food sources
that may have partially masked or compensated
for the large, albeit short-lived, subsidy from the
ocean. In other words, the enriched fish may not
have fed as much as the control fish during the

winter, possibly to sustain a predetermined year-
long growth rate. If so, this may have allowed the
control fish to compensate for some of the mass
that the enriched fish acquired from marine sourc-
es. This ‘‘catch-up’’ or ‘‘compensatory’’ growth
occurs in fishes, especially if they have dropped
below growth rates of conspecifics (Jobling 1994).
Clearly, other sources of prey are available in
streams: terrestrial invertebrates from streamside
vegetation and invertebrates from headwater chan-
nels (Wipfli 1997; Wipfli and Gregovich 2002) and
instream production. An alternative explanation is
that smaller cutthroat trout of the control group
would be expected to have higher growth rates (%
mass gain/d) than the larger fish under the circum-
stance of both groups gaining about the same mass
for a given period (i.e., October through May, as
indicated by Figure 4). Thus, even though the
smaller fish had higher growth rates (% mass gain
per day), both groups of fish gained roughly the
same amount of mass through the winter. None-
theless, both factors appeared to be playing a role
in the observed cutthroat trout growth responses
in winter.

Although not statistically tested, there appeared
to be size-specific differential growth rates for the
coho salmon fry in the mesocosm experiment.
Large fish appeared to grow more at first, small
fish showing more growth later. A possible expla-
nation is that size-related dominance hierarchy was
occurring, whereby the larger fish sequestered
food resources at higher rates and therefore grew
faster than the small fish during the beginning of
the experiment (Jobling 1994). After the large fish
attained a more ideal growth rate, their ingestion
rates and subsequent growth rates may have
slowed, allowing the smaller fish to catch up (Jo-
bling 1994), as seen later in the experiment. Per-
haps fewer fish per channel or higher carcass den-
sities would have changed this apparent response.

For both the natural and artificial streams in our
study, we chose age-0 coho and pink salmon car-
cass densities that were within the typical range
of densities noted in nearby streams. Age-0 coho
salmon are often found in high densities imme-
diately following swim-up stage, often emulating
schooling (Groot and Margolis 1991). We believe
that testing other densities (higher or lower) would
probably have invoked different responses to treat-
ments (e.g., higher densities of coho salmon lead-
ing to less individual and overall growth or higher
mortality from interference competition), but we
felt that 3 age-0 coho salmon per channel was
about midway in the common range of age-0 coho
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salmon densities during that stage of their life cy-
cle, given the natural habitat simulated in the ex-
perimental channels. Pink salmon spawner den-
sities often reach 1–2 spawners/m2 or more in
streams (Groot and Margolis 1991), and subse-
quent carcass densities can be even higher when
they accumulate in localized areas (pools or ed-
dies), where coho salmon and other fishes often
rear (J. P. Hudson, personal observation). Added
to that, other species such as chum salmon O. keta
and coho salmon may spawn in the same reaches
providing cumulative densities throughout and be-
yond the range tested in this study. In the water-
shed where we conducted this study, we have ob-
served high spawner densities (.1–2 spawners/
m2) in places where adults congregate, such as
below waterfalls that are barriers to adult upstream
migration (Groot and Margolis 1991) or in main-
stem reaches near saltwater.

In light of the nutrient-poor nature of freshwater
ecosystems along much of the North Pacific coast
(Ashley and Slaney 1997; Gresh et al. 2000), the
nutrients that adult salmon provide to some fresh-
water habitats every year may be crucial for sus-
taining an elevated level of productivity. Wipfli et
al. (1998) reported large effects from salmon car-
casses on stream food webs. Schmidt et al. (1998)
discussed the importance of marine-derived nutri-
ents from salmon spawners on lake productivity
and emphasized using this information for estab-
lishing salmon escapement goals (i.e., spawner
densities). Other organic materials (Mundie et al.
1983) or artificial nutrients (Ashley and Slaney
1997) have also been shown to produce effects in
nutrient-poor systems. Although speculative, the
nutrient-poor nature of these systems may make
them candidates for responding to nutrient addi-
tions, artificial or natural. And because the food
webs in these systems have evolved with high in-
fluxes of marine nutrients from large salmon runs,
they may have developed a dependence on this
annual and predictable (in time but not in mag-
nitude) influx of biomass. Although red alder Alnus
rubra, through fixation, may supply nitrogen to
these ecosystems, especially in timber-harvested
watersheds where red alder is often abundant
(Hibbs et al. 1994), phosphorus may actually be
production-limiting (Mundie et al. 1983; Perrin et
al. 1987).

Certain species (e.g., pink and chum salmon)
may be supporting populations of others (e.g.,
coho, chinook O. tshawytscha, sockeye O. nerka,
and steelhead; Michael 1995). In southeastern
Alaska, many watersheds typically receive large

returns of pink and chum salmon (Halupka et al.
2000), and those large returns may supply the bulk
of the marine biomass that enters these food webs.
However, pink and chum salmon progeny rear little
in freshwater (Groot et al. 1995), whereas the other
salmon species, which spend a year or more feed-
ing and rearing in freshwater, may be the primary
beneficiaries of the marine subsidy from pink and
chum salmon returns. Salmon spawners other than
pink and chum salmon probably also have the same
subsidy effect on their own and other species. If
so, this phenomenon may have important impli-
cations for salmon management. Perhaps multi-
species management may replace single-species
management, such that all anadromous salmonids
are managed concurrently (Michael 1995).

Now that salmon runs have been shown to de-
liver nutrients and energy to coastal Pacific fresh-
water ecosystems (Kline et al. 1997; Cederholm
et al. 1999; Gresh et al. 2000)—apparently ele-
vating their productivity (Bilby et al. 1998; Wipfli
et al. 1998; Minakawa and Gara 1999; Chaloner
and Wipfli 2002)—one of the next steps is to ac-
curately determine the number of spawners nec-
essary to sustain a certain level of enrichment that
will subsequently achieve a given level of pro-
ductivity. Several regional-specific or watershed-
specific factors will dictate the amount of nutrients
and carbon needed for a given system (Wipfli et
al. 1999). Although some watersheds could require
high spawner densities to sustain their productiv-
ity, others that have higher inherent nutrient levels,
alkalinity, or carrying capacity, may require fewer
spawners. Further, some systems may have a low
capacity for utilizing nutrients, and therefore, large
runs would be inconsequential. Additionally, some
may be nitrogen limited and others phosphorus
limited (Perrin et al. 1987), and the presence of
red alder will probably influence nitrogen levels
and nutrient limitation (Hibbs et al. 1994). Wipfli
et al. (1999) illustrated that lower trophic levels
in streams continued to positively respond to in-
cremental increases in salmon carcasses. Small
amounts of tissue provided a large increase in bio-
film and invertebrate abundance, additional incre-
ments of salmon tissue providing smaller incre-
mental responses. In our study we showed that
growth of age-0 coho salmon increased across the
full range of carcass densities tested. Bilby et al.
(2001) suggested optimal escapements to be well
below 1 carcass/m2 for Washington streams.

Stoichiometry probably plays a key role in the
eventual outcome of enrichment, whether it is from
salmon carcasses, commercial fertilizers, agricul-
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tural or urban runoff, or other sources. Not only
is the ratio of nutrients, minerals, and biochemicals
probably important to these food webs, but their
chemical form may be equally critical (Elser and
Urabe 1999). In addition to elemental nutrients,
salmon contain minerals, amino acids, proteins,
fats, carbohydrates, and other biochemicals essen-
tial for living organisms (Olsen 1998) that are not
contained in commercial fertilizers or other inor-
ganic nutrient sources. The significance of these
biochemicals and their availability to the food web
may be more important to consumers than nitro-
gen, phosphorus, or other nutrients. What com-
ponent(s) in the salmon tissue the food web is
responding to (nutrients, minerals, or biochemi-
cals) is unverified, as are the various pathways
(direct feeding on salmon tissue or via ingesting
consumers that are feeding on salmon tissue)
through which the effects are manifested. Al-
though certain nutrients (nitrogen or phosphorus)
often appear to be limiting production in fresh-
water food webs (Perrin et al. 1987), the role of
minerals, biochemicals, or micronutrients may ul-
timately play a key role in the overall health of
certain species and the entire food web. If so, sur-
vivorship, fecundity, competitive ability, behavior,
and other key demographics of fishes and other
consumers may be greatly influenced by the pres-
ence of these biochemicals, ultimately affecting
salmon production in both marine and freshwater
ecosystems. However, this is speculative and needs
to be tested.

In conclusion, because biomass provided by
spawning salmon appears to increase productivity
of multiple trophic levels in streams (Bilby et al.
1998; Wipfli et al. 1998; Minakawa and Gara 1999;
Chaloner and Wipfli 2002; this study), maintaining
this subsidy in freshwater appears to be important
for sustaining fish production. More complete in-
formation on the effects of this marine subsidy for
sustaining freshwater food webs should help im-
prove overall salmon protection and restoration ef-
forts. Restoring and protecting salmon stocks may
have as much to do with restoring nutrients, food
abundance, and nutrition through generous es-
capements, as restoring habitat, fish passage, and
genetic diversity.
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