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Influence of salmon spawner densities on
stream productivity in Southeast Alaska

Mark S. Wipfli, John P. Hudson, Dominic T. Chaloner, and John P. Caouette

Abstract: We conducted this study to determine the relationship between salmon spawner abundance and stream
biofilm and benthic macroinvertebrate abundance in Southeast Alaska. Experiments took place in outdoor artificial and
natural streams. Six pink salmo@icorhynchus gorbuschaarcass treatments (0.00, 1.45, 2.90, 4.35, 5.80, and

7.25 kg wet mass) placed in artificial channels were subsampled repeatedly for biofilm ash-free dry mass (AFDM),
chlorophyll a, and macroinvertebrates. In a small (nonanadromous) forest stream, we sampled benthos throughout a 66-m
reach 17 days after distributing 60 carcasses along the lower half of that reach. All response variables significantly
increased in response to carcass additions in both artificial and natural streams. Chloaopininued to increase

across all loading rates, while AFDM and total macroinvertebrate densities showed no further response to loading
beyond the first treatment (1.45 kg) in artificial streams. In the natural stream, AFDM and chironomid densities
continued increasing across loading levels. These results indicated that increased spawner densities increased lower
trophic level abundance until a trophic capacity was reached. Salmon escapement goals should consider food web
effects, especially on trophic levels that support juvenile salmonids, that ultimately affect freshwater salmon production.

Résumé: Nous avons entrepris cette étude pour déterminer la relation entre, d’'une part, 'abondance des saumons
reproducteurs et, d'autre part, I'abondance des films biologiques fluviaux et des macroinvertébrés dans le sud-est de
I'Alaska. Les expériences ont été effectuées a I'extérieur dans des canaux artificiels et un cours d’eau naturel. On a
procédé a cing traitements consistant en l'introduction de carcasses de sauma@moseynchus gorbuschdl,45,

2,90, 4,35, 5,80, et 7,25 kg poids humide) avec témoin (0,00 kg) dans des canaux artifitigls; prélevé a plusiers

reprises des sous-échantillons pour mesurer la masse a sec sans cendre des films biologiques ainsi que la chlorophylle
a et les macroinvertébrés. Dans un petit cours d'eau forestier non fréquenté par des saumons anadromes, nous avons
échantillonné le benthos d'un trongon de 66 m 17 jours apres avoir distribué 60 carcasses dans la moitié inférieure de
ce troncon. Toutes les variables mesurées se sont significativement accrues en réponse aux introductions de carcasses
tant dans les canaux artificiels que dans le cours d’eau naturel. La quantité de chlorephdlpas cessé de

s’accroitre d'un traitement a l'autre, tandis que la masse a sec sans cendre des films biologiques et les densités de
macroinvertébrés ont plafonné des le premier traitement (1,45 kg) dans les canaux artificiels. Dans le cours d’eau
naturel, la masse a sec sans cendre des films biologiques et les densités des chironomides n'ont cessé de s’accroitre
d’'un traitement a I'autre. Ces résultats ont indiqué que I'accroissement des densités de reproducteurs a eu pour effet
d’accroitre I'abondance des organismes des niveaux trophiques inférieurs jusqu’a atteinte d’'une capacité trophique
donnée. Dans I'établissement des objectifs concernant I'échappée des saumons, on devrait considérer les phénoménes
intervenant dans le réseau alimentaire, particulierement ceux qui touchent les niveaux trophiques dont dépendent les

salmonidés juvéniles, lesquels déterminent ultimement la production de saumons dans les eaux douces.

[Traduit par la Rédaction]

Introduction ulate stream primary production (Coleman and Dahm 1990),
. . .._.allochthonous litter from riparian forests comprises the

Movements of nutrients, detritus, and prey among habitatg,ic hase for detritivores in small forested streams (Cum
can influence populations and community dynamics, in ping et 5. 1983), and terrestrial invertebrates falling from

creasing consumer resources and subsidizing food welgy,ian yegetation form a large fraction of some salmonid
(Polis et al. 1997). Subsidies across habitats are common ets (Wipfﬁ 1997) g

stream ecosystems where they often elevate productivity. Contrary to the conventional view that material flows

For instance, nutrients received from groundwater can-stim,
9 from land to freshwater and then to the sea (Vannote et al.

1980; Maser and Sedell 1994), a massive movement -of or
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Fig. 1. Study site on Revillagigedo Island, Southeast Alaska. 1998). This subsidy may be particularly important to
juvenile salmon whose overwinter survivorship is largely
dependent on body size (Quinn and Peterson 1996), a func
tion of food intake during the growing season (Groot and
Margolis 1991). As a consequence of these mechanisms,

v % anadromous salmon runs may not only affect other taxa, but
/ they may also be driving a positive feedback that controls
their own productivity and population density.

Stable isotope analyses (carbon and nitrogen) have shown
that MDN occur in selected components of freshwater and
terrestrial food webs in the Pacific Northwest (Kline et al.
1990; Bilby et al. 1996). It is unclear if MDN are an obligate
component of watersheds with salmon runs, truly subsidiz
ing their productivity, or a facultative component where lo
cal nutrient supply could otherwise substitute for MDN. In
view of the inherent nutrient-limited state of Pacific North
west freshwater ecosystems (Gregory et al. 1987; Kyle et al.
1997), ecological effects of MDN enrichment could be-im
mense. Further, the ramifications of suppressed or lost
salmon runs, and consequent reduced nutrient supply, could
be severe. Placing spawned-out hatchery salmon in streams
has been considered to help facilitate salmon stock restora
tion in Washington and Oregon (Levy 1997). Slow-release
“salmon bricks” (processed and compressed salmon byprod
Margaret Lake ucts designed to meter nutrients into surface waters) as well
as artificial fertilizers are also being used as salmon stock

Juneau

2

Ketchikan

Margaret Creek

; restoration tools in Pacific Northwest systems (Ashley and
e : Slaney 1997; P. Kiffney, NMFS, Seattle, Wash., personal
communication) where stocks have sharply declined (Greg-
ory and Bisson 1997).

The objectives of this study were to determine the effects
of carcass loading (range of salmon carcass densities) on
o i _ _ . aguatic productivity, in terms of biofilm, chlorophyd, and
maining areas of North America that still support historic macroinvertebrate” abundance, in artificial and natural
runs of salmon (Baker et al. 1996; Slaney et al. 1996). Herestreams in Southeast Alaska. Our hypotheses were that
millions of sallmon return to their natal_ha_bltats. every year to(j) salmon provide a nutrient subsidy that stimulates fresh
spawn and die (Wertheimer 1997), bringing with them thou water productivity, measured as increased standing stock of
sands of tons of marine-derived nutrients (MDN)' to fresh lower trophic levels (microbes, invertebrates), aiid in-
water (Mathisen et al. 1988). Southeast Alaska is a majogreasing spawner density (i.e., nutrient loading) Suppokts in
Pacific salmon producer (Wertheimer 1997) and containgreased lower trophic level standing stock until a trophic
over 5200 anadromous salmon streams totaling 40 000 kidapacity is reached beyond which more nutrients provide no
in length (Halupka et al. 1999). Salmon have great potentiajdditional subsidy. In addition to evaluating an emerging
to subsidize multiple trophic levels in these systems becausgaradigm in ecosystem ecology, marine subsidy of freshwa
(i) they are nutrient rich (Mathisen et al. 1988)i) (they  ter food webs, these results should aid in developing more
contain desirable stoichiometry (Hesson 1991),) (their  complete guidelines for fisheries and ecosystem manage

runs often span much of the year and achieve high numbeggent, including salmon stock protection and restoration,
(Groot and Margolis 1991),\) they can decompose slowly throughout the North Pacific Rim.

(from weeks to months) (Kline et al. 1997; Wipfli et al.

1998) metering nutrient release over time (Parmenter and

Lamarra 1991), andvj they are consumed by many inverte Methods
brates and vertebrates in both freshwater and riparian food

webs (Cederholm et al. 1989; Bilby et al. 1996; Wipfli et al. Study site o
1998). This study was conducted on Revillagigedo Island, Southeast

. . laska (Fig. 1). Details of the study area, including species of
There are several pathways by which MDN can Imcluence:':Al\nadromous and resident fishes, are given in Wipfli et al. (1998).

freshwater and riparian food webs. The death and decemp(}L\rtificial stream experiments spanned from 1 September through

sition of salmon after spawning increases freshwater nutrieny october 1997 and a natural stream experiment from 18 August
levels (Mathisen et al. 1988; Schuldt and Hershey 1998); inthrough 4 September 1997.

creased productivity associated with this enhanced nutrient

supply can influence food webs (Kline et al. 1990; Wipfli et \jesocosm experiment

al. 1998). Also, direct material transfer occurs through in  The mesocosm experiment was conducted in 30 straight once-
gestion of salmon tissue and eggs by invertebrates and fish@sough artificial stream channels described by Wipfli et al. (1998),

including juvenile salmon (Kline et al. 1997; Bilby et al. each 250 cm long x 18 cm wide and constructed next to Spike

Behm Canal

__..—-unnamed creek
' fish ladder ™

| “mesocosm

" Spike Creek
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Table 1. Salmon carcass treatments and mass and corresponding carcass concentrations and densities used in the mesocosm and natu
stream experiments.

Treatment (mesocosm) or Pool No. (natural stream)

1 2 3 4 5 6
Mesocosm
Number of carcassés 0 1 2 3 4 5
Wet mass (kg) 0 1.45 2.90 4.35 5.80 7.25
Estimated dry mass (kg) 0 0.54 1.07 1.61 2.15 2.68
Carcass concentration per volume of water (kg wet mass-L Watéy 0 3.02 6.04 9.06 12.08 15.10
Carcass mass per streambed area (kg wet ma8s-m 0 3.22 6.44 9.67 12.89 16.11
Natural stream
Number of carcasses 0 0 0 20 40 60
Cumulative wet mass (kg) 0 0 0 35 73 112
Estimated cumulative dry mass (kg) 0 0 0 13 27 41
Cumulative carcass concentration (kg wet mass-L wageh) during 0 0 0 4.2 8.7 13.3
baseflow (9 L-3
Cumulative carcass concentration (kg wet mass-L whth) during 0 0 0 0.7 1.4 2.1
typical flow (53 L-sY)
Progressive carcass mass per streambed area (kg wet mss-m 0 0 0 2.1 1.7 1.9

calculated at baseflow
#Minus the tail section from each fish.

Creek, a second-order tributary of Margaret Creek. Stream watgprotect carcasses from bears and other scavengers. Benthic inverte
from a nonanadromous portion of Spike Creek was gravity-fedorates were sampled six times and biofilm was sampled five times
with plastic pipes through 170-L sediment traps and then into auring the 60-day experiment. All 30 channels were subsampled
header tank. Water flowed from the header tank into each channeluring each sampling event.
through flow-control valves and was then directed back to Spike Benthic macroinvertebrates were sampled from sand—gravel
Creek. The mesocosm was designed to provide unrestricted invesubstrata in baskets. Sampling of individual tables was completed
tebrate drift with stream flow into and out of channels. each day, but sampling of all tables was spread over 2 days, two ta-
Each channel was divided into three areas: a 60-cm pool for cambles on the first day and three on the subsequent day. Individual
cass treatments, a 20-cm turbulence reduction area, and a 160-dsaskets were removed with a 2@ net placed downstream to
riffle. The riffle was subdivided into substrate baskets for samplingcollect any dislodged invertebrates. Removed baskets were imme-
invertebrates and tiles for sampling biofilm. Six VeXasubstrate diately replaced with another substrate basket. Although this net
baskets (20 x8 x 5 cm, 6 x 6 mnopening mesh) were used, each mesh size may have allowed some small invertebrates to pass
lined with fiberglass mesh (1.6-mm openings) and filled with sandthrough, no treatments or channels were biased; they all received
and gravel collected from a natural stream. Eighteen unglazed clajne same collection technique. Macroinvertebrates were washed
tiles (5 x 5 cm), h a 6 x 3 matrix and level with the substrate bas from substrata, sorted live, identified to the lowest reliable taxon,
kets, were placed at the downstream end of each riffle. Inverteand counted on-site. Unusual taxa were collected and examined
brates immediately began colonizing substrata in channels via driftnore closely under magnification in the laboratory. Representative
from the natural stream. Stream water passed through the channggecimens are held in the invertebrate collection at the Pacific
for 4 days before the experiment began. During the experimeniNorthwest Research Station, Juneau, Alaska.

discharge through channels was 0.48 + 0.02'% and water tem . Biofilm was collected from the upper surface of tiles for ash-
perature, contlnouously logged at 1-h intervals, averaged 8.8°Gree dry mass (AFDM) and chlorophyk measurements. Three
(range 2.3-12.9°C). tiles were removed from each channel and immediately replaced

Six treatments were applied: five incremental increases ofyith three new tiles. An estimate was made of surface biofilm area
salmon carcass tissue (1.45, 2.90, 4.35, 5.80, and 7.25 kg webyerage intact after sloughing; biofilm was scraped, brushed, and
mass) and a control (no carcass) (Table 1) that fell within the rang@ushed from each tile with distilled water into a graduated cylin
of spawner densities observed in nearby streams. Live female pinfer. The sample was vigorously stirred, split between two eylin
salmon Oncorhynchus gorbuschg48-52 c¢m fork length) with  ders, the total volume noted, and then filtered onto two separate
eggs were collected from Margaret Creek on 31 August andylassfiber filters (Whatméh GF/F); filters used for AFDM were
1 Sept_ember and were g|Ven a Sharp blow to the head. A portlon_ 1 preashed, prewashed, and preweighed. Samp|es were kept
the tail and caudal peduncle was removed, such that each fisfiozen until they were processed and transported to the laboratory
weighed 1.45 kg (wet mass). Using one gender helped reducg coolers. Filters for chlorophylh analysis (see Steinman and
among'channel Val’lablllty. Although e|ther gendel’ Could haVe beemamberti 1996) were stored with dry ice for the Sh|pp|ng to Uni
used, we chose females because of the visual abundance of eg@srsity of Notre Dame. Those for AFDM were oven dried,

scattered on streambeds during and after spawning, which we pogeighed, ashed at 500°C, and reweighed to determine AFDM (see
tulated might also influence benthic communities. The eggs-comsteinman and Lamberti 1996).

prised 15% of fish wet mass. Fish were then randomly selected,

and one to five were placed in the pools of channels to produce six

treatment levels (Table 1). To determine the mean ratio of dry tdNatural stream experiment

wet mass, six fish were weighed wet and then oven dried at 80°C As in Wipfli et al. (1998), this study focused around a controlla
and reweighed. The ratio (0.37) was used to estimate the initiable and statistically rigorous mesocosm experiment in conjunction
mass of carcass material placed into each channel. Each table wasth a natural stream experiment to see whether similar patterns in
covered with Plexiglé®that was anchored with a wooden frame to biota abundance were found in natural and artificial systems. We
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Fig. 2. Mean (A) AFDM, (B) chlorophylla density, and at 1-h intervals, averaged 16.7°C (range 14.6-19.6°C) during the
(C) benthic macroinvertebrate density in the mesocosm experiment. The temperature range was higher than that of the
experiment in response to salmon carcass treatments: @0 (  Mesocosm, probably because this experiment was conducted dur
1.45 (M), 2.90 (J), 4.35 @), 5.80 (), and 7.25 kg wet mass ing the warmer part of the season and because the creek drained
(). The arrow represents the timing of a large freshet that the relatively warm surface water from a small (6 ha) lake.

caused a sediment pulse to pass through the channels. Three upstream ppols within the experimental reach $erved as
the control. Twenty pink salmon carcasses were tethered in each of

the three downstream pools, providing a total wet mass of 35, 38,
and 39 kg-poot, respectively (1:1 gender ratio). The resultant cu
mulative carcass concentrations and densities are given in Table 1.
Biofilm was sampled from all tiles on 3 September using the
whole tile and AFDM determined as described earlier. Because the
natural stream study was intended as a less rigorous counterpart of
the artificial stream experiment, we decided to measure one bio
film response and chose AFDM as a more robust indicator of the
microbial community. Benthic macroinvertebrates were sampled
from baskets on 4 September. Baskets were removed from the rif
fle with a kick net held downstream to capture escapees. The con
tents of the net and substrate were then washed from substrate with
stream water. Although baskets were filled with the same volume
0 T T T T T T 1 of substrate, some lost or gained a small amount of substrate dur
ing the experiment. For this reason, the final volume of gravel
within each basket was measured and used to make a correction to
invertebrate abundance. The correction averaged 21% amorg bas

w
N
o
|
>
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o o
| |

AFDM, mg-100 cm~2
S
|

16 - kets. The substrate was washed on a RBO-sieve; material
B washed from substrate and retained on the sieve was preserved in a
5% formaldehyde solution. Samples were later washed with water
12 - through 1-mm and 250m sieves in the laboratory. All inverte-

brates retained by the 1-mm sieve and a quarter of those retained
by the 250um sieve were processed as described earlier. Repre-
sentative specimens were placed in the invertebrate collection of
the Pacific Northwest Research Station, Juneau, Alaska.

4 Experimental design and statistical analyses
9/6\8/@\8 Response variables for analyses were biofim AFDM and
chlorophyll a and benthic macroinvertebrate abundance in the
0 T T T T T T ] mesocosm experiment and biofiilm AFDM and benthic macro-
invertebrate abundance in the natural stream experiment. Macro-
invertebrates were identified to the lowest reliable taxon and
analyzed at two general taxonomic resolutions: total taxa and fam
120~ ily or genus.

C We used a randomized split-plot design replicating six treat
ments and six subtreatments across five blocks for the mesocosm
experiment. Treatments (one control and five amounts of salmon
carcass mass) were randomly assigned to one of six channels
within a table (block). Channels were whole units that each con
tained six equal-sized substrate baskets (subunits) for macro
invertebrate sampling. To minimize confounding effects between
basket location and time, basket selection was determined using a
6 x 6 Latin square. Experimental design and data structure were
similar for AFDM and chlorophyll responses. All data were natu
ral logarithm transformed to meet ANOVA assumptions and were
analyzed with PROC GLM (SAS Institute Inc. 1989)at= 0.05.

0 ! ! ! ! ! ! ! Hypothesis testing included a test for carcass effect (control
0 10 20 30 40 50 60 70 versus average of all carcass treatments) and regression analyses
Day (slope# 0) to test for significant responses to incremental carcass
mass increases. Time effect and its interaction with carcass treat
ments were also tested. Data (AFDM and macroinvertebrate-abun
dance) from the natural stream were analyzed similarly to

;ﬁ:grglr)riop%m_glrftrifnSoefqge:;ﬁ (();’ enr1 sviggm nrs:r?qlgvg?rgaz r;%nmesocosm dataF tests for carcass effect and regression analyses
us p u atresting for responses to carcass mass increases.

Margaret Creek. In the riffle below each pool, we placed two 15 x In th f th tural st - ¢ fi
15 cm unglazed clay tiles and four baskets (25 cm wide x 25 cm n he case of the hatural stream expériment, we caution

long x 10 cm high) filled with natural substrate from Margaret that comparing stream reaches (with multiple samples taken

Creek. Tiles were placed on the streambed surface and baskets biifom each reach) within one stream is pseudoreplication and
ied flush with the surface of the rest of the substrata within the rif does not provide a means of separating treatment effects from

fle. Water temperature in the natural stream, continuously loggedther variables. Even if significant differences are detected

Chlorophyll a, pg-100 cm2
(o]
|

90

60

30

Number of invertebrates-100 cm-2
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Table 2. Macroinvertebrate taxa and their corresponding functional feeding group and mean natural logarithm transformed abundance
from the mesocosm and natural stream experiments and subsequent statistical output: treatment means and ANOVA and regression results

Functional % relative ~ 1reatment mean ANOVA® Linear regression
Taxon feeding group abundanck Carcass Control MSor p test for slopez 0, p
Mesocosm
Arthropoda
Insecta
Ephemeroptera
Leptophlebiidae
Paraleptophlebia  c¢c-g 0.9 nt nt
Heptageniidae
Cinygmula c-g, sC 2.3 1.30 1.62 0.37 0.012 <0.001
Baetidae
Baetid' c-g, sc 7.4 1.87 1.14 0.48 <0.001 0.008
Ameletidae
Ameletus c-g, sc 0.2 nt nt
Plecopter& 0.4 nt nt
Nemouridae
Zapada sh 11.2 2.97 2.18 0.36 <0.001 0.360
Capniidae sh 4.6 1.79 1.65 0.27 0.123 0.068
Leuctridae sh 0.8 nt nt
Chloroperlidae
Sweltsa p 0.5 nt nt
Trichopterd Several 0.5 nt nt
Limnephilidae
Onocosmoecus sh 0.4 nt nt
Dipterd’ Several 0.5 nt nt
Chironomidae Several 69.3 4.73 3.32 0.25 <0.001 <0.001
Arachnida
Acari om 0.1 nt nt
Copepoda 0.4 nt nt
Annelida
Oligochaeta c-g 0.5 nt nt
All taxa 100.0 5.15 4.13 0.23 <0.001 0.091
Natural stream
Arthropoda
Insecta
Ephemeroptera
Leptophlebiidae
Paraleptophlebia  c¢c-g 14.2 5.52 5.05 0.12 0.009 0.519
Heptageniidae 0.2 nt nt
Cinygmula c-g, sc 0.9 nt nt
Ironodes c-g, sC 0.6 nt nt
Baetidaé c-g, sc 7.3 5.31 3.29 0.29 <0.001 0.159
Plecoptera
Leuctridae sh 0.1 nt nt
Nemouridae
Zapad& sh 4.3 4.44 3.94 0.10 0.003 0.514
Chloroperlidae
Sweltsa p 10.2 5.02 5.00 0.08 0.871 0.079
Trichoptera Several 0.5 nt nt
Rhyacophilidae
Rhyacophila p 1.1 nt nt
Hydropsychidae
Hydropsyche c-f 0.5 nt nt
Diptera
Tipulidae
Dicranota p 0.1 nt nt
Ceratopogonidae p, c-g 15 nt nt

© 1999 NRC Canada
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Table 2 (concluded.

Functional % relative Treatment meen ANOVA® Linear regression
Taxon feeding group abundanck Carcass Control MSor p test for slopez 0, p
Chironomidae Several 53.4 7.24 5.91 0.05 <0.001 <0.001
Simuliidae
Simulium c-f 1.6 nt nt
Arachnida
Acari om 0.1 nt nt
Crustaced 0.1 nt nt
Annelida
Oligochaeta c-g 1.8 nt nt
All taxa 100.0 7.79 6.76 0.04 <0.001 0.002

“c-g, collector—gatherer; c-f, collectorfilterer; sc, scraper; sh, shredder; p, predator; om, omnivore (based on Merritt and Cummins 1996).
PRelative abundance as a percentage of all macroinvertebrates pooled across both treatments.
‘Mesocosmn = 5, df = 20; natural streann = 3, df = 16; nt, not tested (when <2% of the total abundance).
“B. bicaudatusB. tricaudatus

“Too small to identify.

fZ. cinctepesZ. columbiana

IMicrasema Ecclisomyia Rhyacophila

"Simuliidae, Certatopogonidae, Tipulidae.

"Too small to identify.

IBaetis tricaudatusDiphetor hageni

kZ. cinctipes Z. oregonensis

'LepidostomaWormaldia PolycentropusBrachycentridae.

"Amphipoda, Ostracoda.

between treated and untreated reaches, pseudoreplication dgedse (Fig. 2B), and neither did the carcass loadings (i.e.,

not provide grounds for making conclusive statements abouteatments).

treatments. Nonetheless, this approach allowed us to compareAs was the case in a previous study (Wipfli et al. 1998),

patterns detected with biota in the natural stream with those isloughing was apparent and grazing invertebrates were seen

the statistically rigorous mesocosm experiment. on clay tiles apparently removing biofilm as it developed,
which probably reduced biofilm standing stock throughout
the experiment. There appeared to be an emerging pattern of
higher benthic macroinvertebrate density through time as a

Results and discussion function of carcass loading (most apparent at the end of the
. study): higher densities at higher loading (Fig. 2C). If this
Mesocosm experiment pattern was real, it suggests that more nutrients may support

Biofilm standing stock and benthic macroinvertebratemore invertebrates in the longer term (>1.5 months), at least
density were significantly higher in channels that containedat these tested loading rates. Unfortunately, scavenging of
salmon tissue (Fig. 2). Biofim AFDM and chlorophyl  salmon by bears forced us to start the experiment later than
ranged up to two and eight times higher, respectively, thanve intended and we therefore could not explore the loading
the control treatmentp( < 0.001); differences were more effect beyond 60 days.
pronounced with chlorophyla than with AFDM, particu While there were large increases in AFDM, chlorophayll
larly during the intermediate sampling periods (Figs. 2A andand macroinvertebrate abundance with carcass treatment at
2B). Benthic macroinvertebrate densities ranged up to fivehe lowest loading (1.45 kg), less dramatic responses were
times higher in the carcass treatments versus the contrgeen at subsequent higher loading levels (Fig. 3). The re
(Fig. 2C; Table 2). For clarity on data structure and analysesgression slope of 0.42 for chlorophyl(p = 0.015) was sig
ANOVA output for one response variable (mean logarithm-nificant across the 1.45-7.25 kg carcass loading; slopes were
transformed macroinvertebrate abundance) is presented bt significant for AFDM and benthic macroinvertebrate
Table 3. abundancef > 0.05). These data suggest that a trophic ca

There was also a significant time effect on AFDM, chlo pacity was generally reached somewhere between 0.00 and
rophyll a, and benthic macroinvertebratep & 0.001) 1.45 kg carcass mass. These loading levels represent-a com
(Fig. 2). This in part appeared to be related to treatments bunon range of combined salmon spawner densities in South
also to a sudden sediment pulse that passed through tlast Alaska and encompass the upper range of loading
channels during a spate 30 days into the experiment. Fellowobserved in many medium-sized rivers close to salt water
ing the spate, we gently agitated by hand the surface sulwhere pink and chum salmo®(corhynchus ke)agenerally
strate to facilitate flushing out some of the fine sediment thaspawn at their highest densities (Groot and Margolis 1991).
settled in the channels. We believe that the sediment anHowever, these data represent a two-month time frame. Al
agitation contributed to the decline of AFDM (loosely- at though highly speculative, longer term effects (>two months)
tached) and invertebrate levels at about day 30 (Figs. 2A andould be different depending on the system'’s storage eapac
2C); however, their levels soon rebounded. Chloroplayll ity (Bilby et al. 1996; Kline et al. 1997). Some nutrients may
did not appear to be negatively affected by the sedimenbe stored initially and released through time. In other words,
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Table 3. ANOVA results for carcass and time effect and carcass treatment x time interaction from benthic
macroinvertebrate mean natural logarithm transformed abundance data from the mesocosm experiment.

df Type Il SS MS F p
Table 4 2.48 0.62
Treatment 5 27.36 5.47 24.26 <0.001
Orthogonal contrasts
Carcass treatments versus control 1 26.92 26.92 119.37 <0.001
Regression slop& 0 1 0.71 0.71 3.15 0.094
Lack of fit 3 0.41 0.14 0.61 0.618
Error (table x treatment) 20 451 0.23
Time 5 19.95 3.99 21.36 <0.001
Treatment x time 25 7.05 0.28 1.51 0.071
Error (table x treatment x time) 116 21.67 0.19
Total 175 83.02

Note: Orthogonal contrast SS do not add up to treatment SS due to some missing data from one channel.

higher carcass loads may appear “excessive” beyond whatunity level response (Fig. 6); they were the most abundant
the biota can immediately utilize in a given system in thetaxa (Table 2) and were the only taxa that showed a sigmifi
short term (e.g., in autumn); however, the higher loads mayesponse to loadingp(< 0.001). Even though the highest
provide nutrients that are stored (Bilby et al. 1996) and therloading rate was a low carcass density (2 spawner$- nal-
released over time and utilized by biota over the longerative to the natural range of spawner densities in the vicinity
term. This warrants further study. (0—20 spawners-TA (Wipfli et al. 1998; S. Heinl, Alaska
Within the benthic macroinvertebrate community, taxa re-Department of Fish and Game, personal communication), it
sponded differently to carcass loading (Fig. 4). Three of théad a large effect on both trophic categories, biofilm and in-
five common taxa (each comprising >2% of the total abun-vertebrates. AFDM and benthic macroinvertebrate densities
dance) responded positively to carcass addition (control vemwere still increasing at the highest carcass lopd- (0.024
sus all loading treatments): Chironomidae (comprising a@ndp = 0.002, respectively) and not reaching a trophic ca-
mixture of functional feeding groupsfapada(shredders), pacity as seen in the mesocosm. We believe that this was a
and Baetis (collector—gatherers and scrapers) (Table 2). Bufunction of the low loading rates in the natural stream versus
over the five carcass loading rates, these three taxa rébe wide load range tested in the artificial streams (Table 1).
sponded differently. Chironomidae densities continued to in-
crease over increased loadingp (< 0.001), Baetis Ecoloaical iderati d ¢ implicati
significantly decreasedp(= 0.008), andZapadashowed no cological considerations and management implications
change to loadingp( = 0.36). In addition, the shredder These results illustrate important concepts, MDN_SUb_Sldy
Capniidae did not respond to treatmenps 0.05), while o_f stream.food. webs and trophic capacities, with implica
Cinygmula significantly decreased with increased loadingtions for fisheries and ecosystem management and demon
(p < 0.001). These taxon-specific responses may have bedirate the ne(_ad for a better undgrste}ndlng of the ecplog|cal
due to food quality changes in the biofilm layer; we did- ob role of M[?N in freshwater and riparian systems. This and
serve a color succession from green to brown and gray dpther studies suggest that spawners may elevate stream pro
the biofilm across treatments throughout the experimentductivity through stimulating lower trophic levels that sup
Differences could also have been a reflection of food acquiPOrt juvenile salmon and other fishes (Bilby et al. 1996;

sition differences among instars or life history differencesViPfli €t al. 1998). More spawners translate into higher nu
among taxa. trient loads and more energy-rich detritus (Mathisen et al.

1988) for scavengers and detritivores, in turn potentially

providing more prey for fish. The large and rapid increase in
Natural stream experiment biofilm and invertebrate abundance in this study shows that

Similar patterns were observed with biota in the naturaladditional nutrients supported more benthos. In a parallel

stream as recorded in the mesocosm (Fig. 5). Both biofilrstudy, growth rates ofPsychoglypha(Trichoptera: Lim
AFDM and benthic macroinvertebrate densities significantlynephilidae) larvae were higher in carcass-enriched habitats
increased following carcass addition; AFDM was about five(D.T. Chaloner, unpublished data), also reflecting increased
times greater at the highest loading level versus controproductivity. More freshwater prey should support faster
reachesf < 0.001) and benthic macroinvertebrate densitiegrowing and more and larger juvenile salmonids (Groot and
about three times greatep € 0.001). Densities of the five Margolis 1991), in turn reducing their time to smoltification
most common benthic macroinvertebrate taxa increased si@nd increasing overwinter survival. Any combination of
nificantly (p < 0.001 top = 0.009) with carcass addition these processes should elevate smolt production. Trophic ca
(Fig. 6), exceptSweltsa a predatory stonefly, which showed pacities, as demonstrated in this study and present at some
no change = 0.87). Further, the combined benthic macro level in all natural systems, should ultimately control the
invertebrate community level increase with carcass loadingmount of prey that a given system can produce. In these
was statistically significantp(= 0.002). Chironomidae were nutrient-limited systems of the Pacific Northwest, British
responsible for the observed benthic macroinvertebrate conColumbia, and Alaska (Gregory et al. 1987; Kyle et al.
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Fig. 3. Mean (A) AFDM, (B) chlorophylla density, and Fig. 4. Mean densities of the most common (by percentage)
(C) benthic macroinvertebrate density in the mesocosm benthic macroinvertebrates in the mesocosm experiment averaged
experiment averaged over time across six salmon carcass loadingver time across six salmon carcass loading levels. Error bars
levels. Error bars represerttl SEM. representt1 SEM.
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Carcass wet mass (kg) geology-based nutrient concentrations (Coleman and Dahm

1990), light levels and water temperature (Allan 1995) nu
1997), even small nutrient pulses can be expected to havetdent storage capacity (Bilby et al. 1996), among several
large effect on food web productivity. other processes, specific to a given reach, subbasin, or

The amount of nutrients and their ratio necessary te susvatershedProductivity of a system that is not nutrient im

tain productivity may depend on preexisting physical, chemited will probably respond less to nutrient loading, as ob
ical, and biological system-specific conditions and theirserved by Rand et al. (1992) in Lake Ontario tributaries.
interactions (Fig. 7). The effects of nutrient loading on-pro Nutrient—light interactions (Borchardt 1996) will also likely
ductivity, whether it be naturally by anadromous fishes oraffect productivity, especially in small- to medium-sized-for
artificially by placing spawned-out hatchery carcasses (Levyested streams (Vannote et al. 1980) common throughout the
1997) or artificial nutrient additions (Ashley and Slaney Pacific Northwest. More light for photosynthesis at a given
1997; Kyle et al. 1997), will likely depend on existing nutrient level should increase primary production and, in
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Fig. 5. Mean (A) AFDM and (B) benthic macroinvertebrate Fig. 6. Mean densities of the most common (by percentage)
densities in riffle habitats in the natural stream, contrasting benthic macroinvertebrates in the natural stream, contrasting
upstream control®@) and downstream carcass-enrich@®) ( upstream control®@) and downstream carcass-enrich@®) (
reaches. Error bars represeni SEM. reaches. Error bars represenii SEM.
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turn, grazer abundance. Additionally, higher water tempera
ture, to a limit, may also increase metabolic and develop 20+ Zapada (4.3%)
mental rates of biofilm and invertebrates (Allan 1995), 15—
ultimately affecting their production.
Redistribution of salmon from streams onto land through 10
flooding and vertebrate scavenging (Cederholm et al. 1989; 5 carcasses added:
Ben-David et al. 1998) may influence community responses 20 20 20
to spawner loading. Nutrients that would otherwise leach 0 | ‘ &I 4 : v |
directly_into streams are_often instead spread throughout the (') 1[0 20 30 40 50 60
terrestrial environment via whole or fragmented carcasses or
carnivore feces at various distances from the stream Distance (m) along stream

(Cederholm et al. 1989; Ben-David et al. 1998; Willson et
al. 1998). In instances where carnivores remove all or nearly
all of the spawners from a stream (M.S. Wipfli, personalmore time (e.g., six versus two months) will meter out nutri
observation), the stream biota may receive little nutrientseent additions over a greater portion of the year. Additionally,
directly. However, the nutrients should reach the stream sysearlier runs will have an earlier effect on biota, potentially
tem over time as they leach through the soil and hyporheoproviding more prey for fishes through the growing season
or after they are taken up by streamside vegetation and theibefore winter). Later runs (e.g., fall and winter) may have
enter the stream as plant litter (Vannote et al. 1980) and teless immediate effects on stream biota because of prevailing
restrial invertebrates (Wipfli 1997). low light levels (i.e., decreased photosynthesis of -peri
Amplitude (salmon abundance), duration, and timing ofphyton), colder water (i.e., reduced growth and developmen
the salmon runs and the salmon species present may aléal rates of microbes and macroinvertebrates and reduced
influence the ecological response to loading within water feeding by fishes), or freezing. Thus, effects of late runs
sheds. More salmon mean more nutrients. Runs spanningay be felt more during the following growing season-pro
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Fig. 7. Conceptual model showing major system-specific hyporheic area available for biofilm and macroinvertebrate
physical, chemical, and biological features that may influence  colonization is also a factor that may influence nutrient ef
aquatic community responses to MDN from salmon runs. fects in streams. More habitat surface area (e.g., streambed,
Food-limited or  Underlying  Carcass woody debris, and interstitial spaces) will provide more
habitat-limited geology and  retention space for colonists. Systems with extensive hyporheic zones
dﬁggg;ud;d system - geochemistry - capacity z‘tl:)trzzf;t extending well into the riparian flood plain could have large
timing of runs capacity storage capacities. Additionally, fine-textured sediments
\ / contain more surface area for physical sorption (Bilby et al.
ST T T T T T T \ 1996) than coarse-textured substrates, a function of the sur
waer | Targeted salmon __ carcass face area to volume ratio.
temperature '\ escapement levels | distribution A key biological factor is food web community structure,
———————— a function of stream size and energy pathways (Vannote et
Light / ‘ \ Food web al. 1980). Grazers will utilize the microbial layer that devel
quality community ops following nutrient influx, as seen in this study. Sloughed
and quantity ~ Water volume Habitat composition microbial cells and organic particles will be available to

disch .
ordischarge surface area collector—gatherers and collectorfilterers. Predatory macro

invertebrates should respond to increased prey abundance,
vided some nutrients are stored through winter. Also,dependlng on their prey preference and on which taxa re

species-dependent spatial effects could be prominent. Co ond the most to nutrientfs and organic inputs: Wallace et al.
(Oncorhynchus kisutgh chinook ©ncorhynchus tshawy 997) documented negative effects of removing a Iarge or
tscha, and sockeye salmoi©pcorhynchus nerBagenerally ganic food ba;e (allochthonous Iea_f litter) on multiple
spawn farther up watersheds than do pink and chum salmdfioPhic levels in a forest stream, with effects felt from

(Groot and Margolis 1991); systems receiving mostly thedetritivores up through predators. Shredders, characteristic

latter will receive fewer nutrients farther into the watershed®! Small forested streams (Vannote et al. 1980), may respond
than systems receiving coho, chinook, or sockeye salmo _he Iegast if they are not utilizing the biofilm layered on their
The species mix of spawners within a system could also pla rganic food bas'e (e.g._, leaves). On the other hand, they may
a role. A system receiving one or few species of salmon wilf€SPond dramatically if they consume energy-rich salmon
likely get a much shorter nutrient pulse than one supportingiSSUe, particularly if they are food limited. Bilby et al.
early (sockeye and chinook salmon), midseason (chum ang-996) found 0% marine carbon uptake by shredders in two
pink salmon), and late (coho salmon) spawners (Groot an nadromous streams in Washington. River continuum theory
Margolis 1991). Further, physical disturbance of the(vannote et al. 1980) predicts abundant shredders and few
streambed by spawners during redd construction (Montgom@raZers in canopied streams, common habitats for spawning
ery et al. 1996) may locally reduce biofilm and invertebrateS&Imon in Southeast Alaska, and the reverse in larger
densities. However, because redd construction is usuall treams. Communities in small forested streams dominated
limited to certain areas within the stream and watershed, d?y Shredders should respond less to MDN than grazer-
pending on spawner species and their densities, effects wiffominated communities unless the species possess omnivo
be spatially limited. In addition, because spawning activities©US habits.
are limited to only a fraction of the year, with peak spawn ~ Clearly, we need a better understanding of the role that
ing activities generally occurring over several weeks, tempoMDN from salmon and other anadromous fishes play in
ral effects of redd construction on benthos should be shortfreshwater and terrestrial ecosystems, including energy flow,
lived. The bulk of the nutrients probably leach into streamnutrition, food web interactions and complexity, produetiv
water, becoming available to benthos or going into storagdly, and biodiversity. Watersheds likely all respond to marine
after redd construction when most of the salmon are dead dgtutrient loading but probably do so differently; system-
dying. specific chemical, physical, and biological processes operat
Physical characteristics of streams could also influencéng within a watershed will likely interact to regulate nutri
nutrient effects. High versus low discharges will dramati ent loading effects. More salmon may mean more nutrients
cally affect carcass and nutrient concentrations in stream wéut not necessarily greater availability; high loading may
ter (see Table 1, Natural stream). Stream gradient will likelysaturate the ability of a system to sequester and efficiently
affect carcass and nutrient retention; low-gradient systemgse nutrients, as demonstrated in this study. A given escape
may have a smaller flushing effect than high-gradient onesment level, e.g., 100 000 spawners, may not saturate the pro
Cederholm and Peterson (1985) and Cederholm et al. (198@juctive capacity of a system that has a large storage capacity
found that woody debris in streams functions to retain car(i.e., large hyporheic zone), that is autotrophically driven
casses; more debris means more carcass and nutrient reténe., sparse riparian canopy that provides much sunlight
tion and may be particularly important during high flows. penetration and warmer water), and that is strongly nutrient
Boulders, pools, side channels, and lakes may also be impolimited. On the other hand, the productive capacity of & sys
tant carcass storage areas. Carcasses buried in the hyporht&im characterized by bedrock (i.e., minimal storage capac
zone from spates (frequent during that time of year in Southity) and dense riparian canopy, and is not nutrient limited,
east Alaska) may also serve as longer term nutrient sourcewill probably saturate more quickly at the same escapement
Shallow hyporheic layers will have less retentive capacitylevel or spawner density. Depending on their preexisting
than deep ones. The amount of wetted streambed ancharacter (Fig. 7), systems may need to be managed differ
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ently at various scales: subbasin, watershed, or regionally ogy: application and testing of general ecological the&dgited by
(based on ecology or underlying geology). Nonetheless, a J.R. Barnes and G.W. Minshall. Plenum, New York. pp. 299-353.
more holistic fisheries and ecosystem management approaékegory, S.V., and Bisson, P.A. 1997. Degradation and loss of ana
requires better information on the dependence on and eonse dromous salmonid habitat in the Pacific Northwest.Pacific

quences of marine-derived subsidies in freshwater and ter Salmon and their ecosystems: status and future optidged
restrial ecosystems. by D.J. Stouder, P.A. Bisson, and R.J. Naiman. Chapman and

Hall, New York. pp. 277-314.
Gregory, S.V., Lamberti, G.A., Erman, D.C., Koski., K.V., Murphy,
Acknowledgments M.L., and Sedell, J.R. 1987. Influence of forest practices on

. I . tic productionln Streamside management: forestry and-fish
Thanks to Ketchikan Ranger District personnel for field 2444 : ; :
camp use and logistical support. The authors greatly appreci SP5SEIOTSEAEd WE O, Salo and T Cundy nstte
ate the efforts of Rachel Baker, Duke Busch, Kim Frangosg,

) . ) oot, C., and Margolis, L.Hditors). 1991. Pacific salmon life
Jeff Nichols, David Shuler, Tim Sunluv, and Karen Taurman histories. University of British Columbia Press, Vancouver, B.C.

for their help with field work in the midst of hungry bears, 51 pka, K.C., Bryant, M.D., Willson, M.F., and Everest, F.H.
smelly salmon, rain, and cold. We thank Gary A. Lamberti 1999 Biological characteristics and population status of anadro

for chlorophyll a analyses. We also thank Tim Max for his  mous salmon in Southeast Alaska. Gen. Tech. Rep. PNW-GTR-
statistical advice and Richard W. Merritt and Gary A. L.am  468. U.S. Dep. Agriculture, Forest Service, Pacific Northwest

berti for their valuable comments on experimental protocols Research Station, Portland, Oreg. In press.

and on earlier versions of this paper. Thanks to Mason DHesson, D.O. 1997. Stoichiometry in food webs — Lotka revisited.
Bryant and Greg Killinger for providing helpful comments  Oikos, 79: 195-200.

on the text. Kline, T.C., Goering, J.J., Mathisen, Q.A., and Poe, P.H. 1990. Re
cycling of elements transported upstream by runs of Pacific
salmon: 1.5'®N and&3C evidence in Sashin Creek, southeastern
Alaska. Can. J. Fish. Aquat. Sel7: 136-144.

Allan, J.D. 1995. Stream ecology: structure and function of run-Kline, T.C., Jr., Goering, J.J., and Piorkowski, R.J. 1997. The ef-

References

ning waters. Chapman and Hall, New York. fect of salmon carcasses on Alaskan freshwater&reshwaters
Ashley, K.I., and Slaney, P.A. 1997. Accelerating recovery of stream, of Alaska: ecological synthese&dited by A.M. Milner and
river and pond productivity by low-level nutrient enrichmeint. M.W. Oswood. Springer-Verlag, New York. pp. 179-204.

Fish habitat rehabilitation procedurd&dited byP.A. Slaney and  Kyle, G.B., Koenings, J.P., and Edmundson, J.A. 1997. An over-

D. Zaldokas. Watershed Restoration Tech. Circ. No. 9, B.C. view of Alaska lake-rearing salmon enhancement strategy: nu-

Ministry of Environment, Lands and Parks and Ministry of For-  trient enrichment and juvenile stockindn Freshwaters of

ests, Vancouver, B.C. Alaska: ecological syntheseBdited byA.M. Milner and M.W.
Baker, T.T., Wertheimer, A.C., Burkett, R.D., Dunlap, R., Eggers, Oswood. Springer-Verlag, New York. pp. 205-227.

D.M., Fritts, E.l., Gharrett, A.J., Holmes, R.A., and Wilmot, Levy, S. 1997. Pacific salmon bring it all back home. BioScience,

R.L. 1996. Status of Pacific salmon and steelhead escapements 47. 657-660.

in southeastern Alaska. Fisheries (Bethesaa),6—18. Maser, C., and Sedell, J.R. 1994. From the forest to the sea: the
Ben-David, M., Hanley, T.A., Klein, D.R., and Schell, D.M. 1998. ecology of wood in streams, rivers, estuaries, and oceans. St.

Fertilization of terrestrial vegetation by spawning Pacific salmon: Lucie Press, Delray Beach, Fla.

the role of flooding and predator activity. Oiko83: 47-55. Mathisen, O.A., Parker, P.L., Goering, J.J., Kline, T.C., Poe, P.H.,
Bilby, R.E., Fransen, B.R., and Bisson, P.A. 1996. Incorporation of and Scalan, R.S. 1988. Recycling of marine elements trans

nitrogen and carbon from spawning coho salmon into the trophic ported into freshwater systems by anadromous salmon. Verh.

system of small streams: evidence from stable isotopes. Can. J. Int. Ver. Limnol. 23: 2249-2258.

Fish. Aquat. Sci53: 164-173. Merritt, R.W., and Cummins, K.W.Hditors). 1996. An introdue
Bilby, R.E., Fransen, B.R., Bisson, P.A., and Walter, J.K. 1998. Re tion to the aquatic insects of North America. Kendall/Hunt,
sponse of juvenile coho salmor©ifcorhynchus kisutghand Dubuque, lowa.

steelhead @ncorhynchus mykiygo the addition of salmon car Montgomery, D.R., Peterson, N.P., Schuett-Hames, D., and Quinn,
casses to two streams in southwestern Washington, U.S.A. Can. T.P. 1996. Stream-bed scour, egg burial depths, and the-influ

J. Fish. Aquat. Sci55: 1909-1918. ence of salmonid spawning on bed surface mobility and embryo
Borchardt, M.A. 1996. Nutrientdn Algal ecology.Edited byR.J. survival. Can. J. Fish. Aquat. S&3: 1061-1070.

Stevenson, M.L. Bothwell, and R.L. Lowe. Academic Press, SarParmenter, R.R., and Lamarra, V.A. 1991. Nutrient cycling in a

Diego, Calif. pp. 183-227. freshwater marsh: the decomposition of fish and waterfowd car

Cederholm, C.J., and Peterson, N.P. 1985. The retention of coho rion. Limnol. Oceanogr36: 976-987.
salmon Oncorhynchus kisutghcarcasses by organic debris in Polis, G.A., Anderson, W.B., and Holt, R.D. 1997. Toward an-inte

small streams. Can. J. Fish. Aquat. S&: 1222-1225. gration of landscape and food web ecology: the dynamics of
Cederholm, C.J., Houston, D.B., Cole, D.L., and Scarlett, W.J. spatially subsidized food webs. Annu. Rev. Ecol. Sg&.289—

1989. Fate of coho salmo®acorhynchus kisutdhcarcasses in 316.

spawning streams. Can. J. Fish. Aquat. 3€i. 1347-1355. Quinn, T.P., and Peterson, N.P. 1996. The influence of habitat com

Coleman, R.L., and Dahm, C.N. 1990. Stream geomorphology: ef plexity and fish size on over-winter survival and growth of indi
fects on periphyton standing crop and periphyton. J. North Am. vidually marked juvenile coho salmor©(corhynchus kisutgh
Benthol. Soc9: 293-302. in Big Beef Creek, Washington. Can. J. Fish. Aquat. Sd&.

Cummins, K.W., Sedell, J.R., Swanson, F.J., Minshall, G.W., Fisher, 1555-1564.

S.G., Cushing, C.E., Peterson, R.C., and Vannote, R.L. 1983®Rand, P.S., Hall, C.A.S., McDowell, W.H., Ringler, N.H., and Ken
Organic matter budgets for stream ecosystelmsStream ecol non. J.G. 1992. Factors limiting primary productivity in Lake

© 1999 NRC Canada



Wipfli et al. 1611

Ontario tributaries receiving salmon migrations. Can. J. Fish. Multiple trophic levels of a forest stream linked to terrestrial

Aquat. Sci.49: 2377-2385. litter inputs. Science (Washington, D.C277: 102-104.
SAS Institute Inc. 1989. SAS/STAT user’s guide, version 6, editionWertheimer, A.C. 1997. Status of Alaska salmbmPacific salmon
4. Vol. 2. SAS Institute Inc., Cary, N.C. and their ecosystems: status and future optiddited byD.J.

Schuldt, J.A., and Hershey, A.E. 1995. Effect of salmon carcass Stouder, P.A. Bisson, and R.J. Naiman. Chapman and Hall, New

decomposition on Lake Superior tributary streams. J. North Am. York. pp. 179-197.
Benthol. Soc.14: 259-268. Willson, M.F., Gende, S.M., and Marston, B. 1998. Fishes and the

Slaney, T.L., Hyatt, K.D., Northcote, T.G., and Fielden, R.J. 1996. forest: expanding perspectives on fish—-wildlife interactions.
Status of anadromous salmon and trout in British Columbia and BioScience 48 455-462.
Yukon. Fisheries (Bethesdall: 20—35. Wipfli, M.S. 1997. Terrestrial invertebrates as salmonid prey and
Steinman, A.D., and Lamberti, G.A. 1996. Biomass and pigments nitrogen sources in streams: contrasting old-growth and young-
of benthic algaeln Methods in stream ecolog¥dited byF.R. growth riparian forests in southeastern Alaska, U.S.A. Can. J.

Hauer and G.A. Lamberti. Academic Press, San Diego, Calif. Fish. Aquat. Sci54: 1259-1269.
pp. 295-313. Wipfli, M.S., Hudson, J., and Caouette, J. 1998. Influence of salmon

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., and carcasses on stream productivity: response of biofilm and ben
Cushing, C.E. 1980. The river continuum concept. Can. J. Fish. thic macroinvertebrates in southeastern Alaska, U.S.A. Can. J.
Aquat. Sci.37: 130-137. Fish. Aquat. Sci55: 1503-1511.

Wallace, J.B., Eggert, S.L., Meyer, J.L., and Webster, J.L. 1997.

© 1999 NRC Canada



