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ESTABLISHING SPATIAL TRENDS IN WATER CHEMISTRY AND STABLE ISOTOPES
(3N AND 3'3C) IN THE ELWHA RIVER PRIOR TO DAM REMOVAL AND SALMON
RECOLONIZATION?
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ABSTRACT

Two high-head dams on the Elwha River in Washington State (USA) have changed the migratory patterns of resident and anadromous
fish, limiting Pacific salmon to the lower 7.9 km of a river that historically supported large Pacific salmon runs. To document the effects
of the dams prior to their removal, we measured carbon and nitrogen stable isotope ratios of ]l)rimary producers, benthic
macroinvertebrates, and fish, and water chemistry above, between and below the dams. We found that 3'°N was significantly higher
in fish, stoneflies, black flies, periphyton and macroalgae where salmon still have access. Fish and chloroperlid stoneflies were
enriched in 8'3C, but the values were more variable than in 8'°N. For some taxa, there were also differences between the two river
sections that lack salmon, suggesting that factors other than marine-derived nutrients are structuring longitudinal isotopic profiles.
Consistent with trophic theory, macroalgae had the lowest 8'°N, followed by periphyton, macroinvertebrates and fish, with a range of
6.9, 6.2 and 7.7%o below, between, and above the dams, respectively. Water chemistry analyses confirmed earlier reports that the river
is oligotrophic. Phosphorous levels in the Elwha were lower than those found in other regional rivers, with significant differences
among regulated, unregulated and reference sections. The removal of these dams, among the largest of such projects ever attempted, is
expected to facilitate the return of salmon and their marine-derived nutrients (MDN) throughout the watershed, possibly altering the
food web structure, nutrient levels and stable isotope values that we documented. Published in 2010 by John Wiley & Sons, Ltd.
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INTRODUCTION numerous anadromous stocks of Pacific salmon and trout
(Nehlsen et al., 1991; Lichatowich, 1999; Ruckelshaus
et al., 2002).

Reductions in anadromous salmon populations can alter
or disrupt multiple pathways within freshwater and riparian
food webs (Cederholm et al., 1999; Gende et al., 2002). One
consequence that has received much attention recently is the
reduction or elimination of marine-derived nutrients (MDN)
delivered to freshwater habitats through adult salmon retur-
ning from the ocean to spawn in their natal streams and lakes
(Larkin and Slaney, 1997; Gresh et al., 2000; Scheuerell
et al., 2005). With the majority of their body mass obtained
at sea, adult salmon return to freshwater spawning grounds
enriched with MDN. These MDN influence the productivity
and ecology of freshwater ecosystems via deposition of
carcasses, gametes and excretion of waste when salmon
complete their semelparous life cycle (see reviews in Kline
et al., 1990; Gende et al., 2002; Schindler et al., 2003).
Direct consumption of eggs and flesh from carcasses can
serve as an important pulse of energy to resident and juvenile

Dams dramatically alter the connectivity of rivers in multi-
ple spatial dimensions (Petts and Gurnell, 2005). These
constraints on connectivity are imposed through restricted
lateral movement of the channel within its floodplain,
reduced vertical exchange of surface and sub-surface flows,
and the altered movement of water, materials and organisms
longitudinally along the river continuum (Petts, 1984; Ward
and Stanford, 1995; Hart et al., 2002). Dams built without
fish passage in particular impede the movement of migratory
species that utilize different portions of the watershed or
move between freshwater and marine habitats during their
life cycle. Such migration barriers have led to innumerable
extirpations of diadromous fish populations worldwide
(Pringle et al., 2000; Nilsson et al., 2005; Han et al., 2008;
Lassalle et al., 2009). In the U.S. Pacific Northwest, dams
are one of the major factors implicated in the decline of
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anadromous fish populations (Quinn, 2005). Fish carcasses
are also reduced by bacteria, invertebrates and fungi
(Piorkowski, 1995), or are consumed by scavengers and
omnivores (Cederholm et al., 1989). MDN released during
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these processes are important for the productivity of many
oligotrophic (nutrient-poor) lakes and streams that support
salmon (Kline et al., 1990; Larkin and Slaney, 1997; Naiman
et al., 2002). Increased phytoplankton and periphyton pro-
duction have been observed in the presence of carcasses
(Richey et al., 1975; Perrin and Richardson, 1997; Wipfli
et al., 1998), as have changes in patterns of invertebrate
diversity and density (Piorkowski, 1995; Chaloner and
Wipfli, 2002; Chaloner et al., 2002), invertebrate growth
rates (Minakawa et al., 2002) and fish growth rates (Bilby
et al., 1998; Wipfli et al., 2003). The dispersal of salmon
carcasses by scavengers into streamside areas also enriches
riparian species—a process further enabled by carcass dep-
osition during flooding and hyporheic nutrient exchanges
(Ben-David et al., 1998; Helfield and Naiman, 2001; Drake
et al., 20006).

In recent decades, the ability to trace the movement
and magnitude of MDN inputs into freshwater and riparian
ecosystems has improved with advancements in stable isot-
ope analysis (Fry, 2006). The technique relies upon measur-
ing the isotopic ratio of carbon and nitrogen heavy stable
isotopes to their lighter and more common counterparts
relative to standards (expressed as 5'°N and 813C). These
ratios differ among freshwater, terrestrial and marine eco-
systems and within food webs. Because salmon do not
typically feed when they enter freshwater as adults, their
tissues retain the isotopic values obtained in the marine
environment. Among many other examples, use of this
technique has shown that periphyton, invertebrates and fish
in salmon-spawning reaches were enriched with MDN
relative to reaches above salmon migration barriers (Kline
et al., 1990); that salmon carcasses can contribute over 30%
of the nitrogen and carbon assimilated by juvenile coho
salmon in their freshwater rearing habitats (Bilby et al.,
1996); that salmon once contributed 33-90% of the meta-
bolized carbon and nitrogen in grizzly bears in the Columbia
River drainage before large-scale salmon migration block-
ages (Hildebrand et al., 1996); and that riparian plant species
may derive over 20% of their foliar nitrogen from salmon
nutrients (Helfield and Naiman, 2001).

Although one of the most obvious effects of dams in
salmon-bearing rivers is the reduction or elimination of this
MDN subsidy to upstream reaches, dams also alter sediment
and wood transport, channel migration, water chemistry and
other riverine processes (Bunn and Arthington, 2002). These
changes may re-structure aquatic food webs and thus
indirectly contribute to shifts in 3'°N and 8'*C. Downstream
of dams, habitat simplification from flow regulation and
geomorphic changes often results in a loss of niche and
species diversity (e.g. Vinson, 2001; Collier, 2002; Munn
and Brusven, 2004), which in turn may alter food chain
length (Power et al., 1996; Marks et al., 2000). Additionally,
regulated sections of dammed rivers experience shifts in
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rates of community metabolism (Munn and Brusven, 2004),
benthic invertebrate assemblage structure (Morley et al.,
2008), relative abundance of large plants and filamentous
algae (Bunn and Arthington, 2002) and inorganic content of
periphyton (Collier, 2002). Upstream of dams, resident fish
may be arranged into different food web configurations
than they would in the presence of competing species of
anadromous fishes.

The impending removal of two dams on the Elwha River
in Washington State provides a unique opportunity to study
both the effects of dams and the trophic importance of
salmonids and their MDN on freshwater foodwebs and water
nutrient levels. Two high-head (>30 m) dams have blocked
salmon from accessing all but the lower 7.9 river kilometers
(rkm) of the Elwha River watershed for nearly a century,
severing the supply of MDN to the middle (between the
dams) and upper (above the upper dam) portions of the river.
The Elwha River Ecosystem and Fisheries Restoration
Act of 1992 (PL 102-495) calls for the restoration of the
ecosystem and anadromous fish runs. After years of studying
alternatives (Department of the Interior (DOI, 1996)), dam
removal is expected to begin in 2011 (Duda et al., 2008).
Historically, the river produced large salmon runs which
included spring and fall Chinook (Oncorhynchus tsha-
wytscha), coho (O. kisutch), sockeye (O. nerka), pink
(0. gorbuscha) and chum salmon (O. keta), as well as
coastal cutthroat trout (O. clarki clarki) and two steelhead
(O. mykiss) runs. Today, populations are a small fraction of
their former size (Pess ef al., 2008, Winter and Crain, 2008),
are supplemented by hatchery production, and have different
assemblage structure compared with the historical fish
community (Wunderlich et al., 1994; Brenkman et al.,
2008a). Based on water chemistry data collected throughout
the Elwha River basin, Munn et al. (1999) concluded that the
Elwha River and its tributaries are oligotrophic, but
estimates of future salmon returns (projections suggest as
many as 19500 and 150000 spawners 10 and 25 years
following dam removal, respectively; Ward et al. 2008)
could increase annual nitrogen loading by 1275-10900 kg
and phosphorous loading by 210-1350 kg (estimates based
on assumptions of Munn et al., 1999 and projected spawners
in Ward et al., 2008). The majority of this subsidy will come
from mass spawning populations of pink salmon (every
other year) and chum salmon, which are expected to be
restricted to the lower 16 rkm (Pess et al., 2008).

Our objectives were to establish baseline patterns of water
chemistry and 8'°N/8'*C from multiple trophic levels in
areas where salmon currently occur and are expected to
recolonize following dam removal in the Elwha River.
Sampling during summer base flows, we (1) examined how
the presence of the dams has shaped the current distribution
of 8"°N and 8'3C values of fish, invertebrate and algae
tissues and (2) determined whether water chemistry differed
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in dammed and undammed sections of the Elwha River and a
reference reach of the adjacent Quinault River. From this
baseline, we make predictions about how these patterns in
8'°N, 8'°C and water chemistry within the Elwha River may
change when the dams are removed. The broader goal of this
research is to gain an understanding of the dynamics
associated with the re-introduction of anadromous salmo-
nids and the nutrient subsidy provided to their spawning
habitats and surrounding ecosystems, which will facilitate
an evaluation of the Elwha River recovery, as well as the
restoration of other salmon-bearing rivers.

STUDY AREA

The Elwha River watershed in northwestern Washington State
(USA) occupies 833km?, with 83% of the area protected
within the boundaries of Olympic National Park, a World
Heritage Site and International Biosphere Reserve (Figure 1).
The river originates from glacier and snow melt in the
Olympic Mountains and flows for 72 km until it reaches the
Strait of Juan de Fuca, the water body connecting Puget Sound
to the Pacific Ocean. The Elwha basin experiences a large
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Figure 1. Map of the Elwha River and Quinault River watersheds on the

Olympic Peninsula, Washington, with locations of the Elwha and Glines

Canyon dams. Floodplain reaches in which multiple sample sites were
located are bounded by boxes
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precipitation gradient, with average annual precipitation
ranging from 550 cm in the headwaters to approximately
100 cm near the river mouth (Phillips and Donaldson, 1972).
The climate is characterized by warm, dry summers and
cool, wet winters, with the majority of precipitation falling
as snow in higher mountain elevations from October to
March. The annual hydrograph is biomodal, as discharge
rises with increased precipitation in the winter and again in
the spring when warmer temperatures melt snow pack (Duda
et al., 2008).

Two dams were built on the Elwha River in 1913 (Elwha
Dam at rkm 7.9) and 1927 (Glines Canyon Dam at tkm 21.6)
for production of hydroelectric power. Since the mid-1940s,
the projects have been operated as run-of-the-river, with
irregular exceptions for additional power generation or
increased flows for endangered salmon below the dams
(Duda et al., 2008). The reservoirs inundate 9 rkm of former
fluvial habitat, trap habitat-forming sediments and large
woody debris, restrict salmon migration to the lower 7.9 rkm,
alter river-floodplain dynamics, and contribute to a slew of
ecological changes (see Duda er al., 2008 for additional
information on the Elwha River restoration project).

METHODS
Sample collection

During summer low flow periods in 2005 and 2006, we
collected samples for water chemistry and stable isotope
analysis in mainstem and side channel habitats of the Elwha
River from near the river mouth to rkm 59 (elevation range:
0-809m). We obtained periphyton, macroalgae, benthic
invertebrates and water chemistry samples during a compa-
nion study documenting pre-dam removal patterns of aqua-
tic invertebrates and periphyton assemblages (Morley et al.,
2008), with 43 (2005) and 56 (2006) sample sites distributed
across three sections of the Elwha River (below the Elwha
dam (hereafter LE = lower Elwha), between the Elwha and
Glines Canyon dams (ME = middle Elwha) and above the
Glines Canyon dam (UE = upper Elwha)). Water chemistry
samples were also collected from a 10-km section of the East
Fork Quinault River (QU). The Quinault was selected as a
reference basin due to its proximity to the Elwha (Figure 1),
location within Olympic National Park and absence of
anadromous fish barriers. This river has similar discharge,
gradient and watershed area as the Elwha (McHenry and
Pess, 2008) and has been used as a reference in studies of
floodplain dynamics (Kloehn et al., 2008), invertebrate and
periphyton communities (Morley et al., 2008), and other
aquatic ecosystem components. All sampling occurred in
riffles of mainstem or side channel habitats (except for fish
and some macroalgae, see below).
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Because work in much of UE required extended back-
packing trips, we preserved macroalgae, periphyton (the
layer of biofilm covering the benthos, which includes algae,
bacteria and fungi), and macroinvertebrate samples in 70—
75% ethanol (EtOH). Sarakinos et al. (2002) and Hobson
et al. (1997) have shown that EtOH preservation does not
appreciably affect stable isotope analyses, although more
recent studies contradict this assumption for some taxa,
especially aquatic invertebrates. Ventura and Jeppesen (2009),
for example, found that 8'°N from EtOH preserved inverte-
brate samples was on average 0.39%o higher than frozen
samples, whereas 8'°C from preserved invertebrates were
1.18%o lower than frozen samples. We proceeded with stable
isotope analysis of preserved samples in light of the fact that
the effects of EtOH on stable isotopes were equivocal and we
had no choice but to use a preservative for backcountry
samples. Yet, we acknowledge that comparisons with other
studies that did not use a preservative, prior to application of
a correction factor, should be done with caution.

We scrubbed periphyton from five individual cobbles
from riffle habitat, pooled into a single sample, and either
first preserved in EtOH (backcountry) or filtered directly
onto 1-pwm pore size 47-mm glass-fibre filters (see Morley
et al., 2008). Macroalgae, which consisted primarily of
filamentous green algae (Cladophora sp.), was collected
from submerged rocks or logs in all available habitats at a
given site and preserved in EtOH.

We collected benthic invertebrate samples in riffle habitat
using a Slack sampler (500 wm mesh, 0.25 m? benthic area
sampled), a device developed for use in deep, large rivers
(Moulton et al., 2002). Samples were preserved in EtOH and
identified in the laboratory, where we removed four taxa for
stable isotope analysis: a nemourid stonefly classified as a
shredder (Zapada spp.), the predatory stonefly sub-family
Chloroperlinae, a predatory free-living caddisfly (Rhyaco-
phila spp.) and a filter feeding dipteran (Simulium spp.). We
selected these four taxa on the basis of pilot data from 2004
showing that they were relatively widespread and suffi-
ciently abundant across our study sites, and because they
represented different taxonomic orders and functional feed-
ing groups (Merritt and Cummins, 1996).

Fish sampling focused on non-anadromous rainbow trout
(O. mykiss). We collected resident rainbow trout (ranging from
approximately 100-350 mm in total length) using a variety of
methods: angling within 1-2 rkm floodplain reaches in UE,
from fish sacrificed for disease profiles in UE and ME
(Brenkman et al., 2008b), and by backpack electrofishing in
LE. Due to the potential for lethally sampling threatened
steelhead (anadromous O. mykiss) in LE, we limited collection
in this river section to 12 individuals. To establish background
isotope values of MDN delivered by spawning salmon, we also
collected tissue samples from recently spawned coho (n =2)
and chum (n=2) salmon in LE.

Published in 2010 by John Wiley & Sons, Ltd.

Sample preparation and analysis

For periphyton, acid-washed (10% HC]) filters removed
inorganic carbon. We rinsed macroalgae with deionized
water and then removed invertebrates and particulate matter.
Invertebrate samples were composed of multiple individuals
of the same taxon from a given site to ensure adequate
biomass for isotope analysis (minimum of 0.4mg dry
weight). For fish, we extracted dorsal muscle plugs (with
removal of skin and bone) from the same region for each
fish. Dorsal muscle tends be less variable than other tissues
in O. mykiss (Pinnegar and Polunin, 1999) and has lower
inorganic carbonate and lipid content (which have different
fractionation rates than protein-rich muscle tissues (Gannes
et al., 1997). Processed tissues were freeze dried (Millrock
Technologies, Kingston, NY) until completely desiccated
(12-24 h) and then pulverized using a Wig-L-Bug ball-mill
grinder (Bratt Technologies, East Orange, NJ). To minimize
sample loss from mechanized grinding, we hand-ground
invertebrate samples with limited biomass in their vials
using a sterilized glass rod.

We analysed homogenized tissues from fish, invertebrates
and macroalgae for stable isotopes using an elemental ana-
lyser (EA) coupled with isotope ratio mass spectroscopy
(IRMS). Periphyton samples were analysed by the Univer-
sity of Alaska Fairbanks isotope laboratory and invertebrates
and fish samples were analysed by the National Oceanic and
Atmospheric Administration (NOAA) Northwest Fisheries
Science Center isotope laboratory. Comparisons of duplicate
samples analysed by both laboratories showed high corre-
lations for both '°C (Pearson’s=0.995, n=24) and
3N (Pearson’s =0.979, n=24). 5'°N and §"C values
are reported in reference to international isotope standards.
At the Alaska laboratory the standards used were peptone for
carbon and glycine for nitrogen. At the NOAA isotope
laboratory nitrogen values were referenced to atmospheric
nitrogen (3'°N for atmospheric N = 0%o) and carbon values
were referenced to NBS 19 (3!°C of NBS 19 =1.95%0
(Coplen et al., 2006)). Nitrogen and carbon isotopic values
are reported as per mil (%o) as defined by the formula

R
3C or 6N = (S"““Ple 1) x 1000
Standard
where Rsample and Rsgandard = iz—gorli—g and the standards

were peptone/NBS 19 or air/glycine. Precision for isotope
analysis was <+0.3%o for 35N and <40.2%o for 8'°C.

Water chemistry

We collected water samples in acid washed (10% HCl)
bottles for analysis of total nitrogen (TN), total phosphorus
(TP), nitrate (NO3 — N), nitrite (NO, — N), ammonium
(NH;} — N), and soluble reactive P (SRP:POZ3 —P). At
each site, we rinsed all sampling equipment and bottles with
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stream water three times. Samples for dissolved nutrients were
filtered in the field using a 0.45 pum (pore-size) syringe filter.
Samples were held on ice after collection (backcountry samples
were held in river water before being transferred to ice, usually
<4-8h after collection) and frozen in the laboratory prior to
analysis by the University of Washington Marine Chemistry
Laboratory. TN and TP were analysed using the persulfate
digestion method of Valderrama (1981). Modifications of the
Armstrong et al. (1967), Slawyk and Maclssac (1972), and
Bernhardt and Wilhelms (1967) procedures were used for the
analysis of NO; — N/NO; — N, NH; — N, and PO,* — P,
respectively. All concentrations are reported in pg/L.

Statistical analysis

We used r-tests to test for differences in taxa-specific
stable isotope samples (except fish, which were pooled
between habitats but mostly collected in the mainstem) and
water chemistry between mainstem and side channel sites
within each section-year combination (with a Bonferroni-
adjustment of « to reduce the experiment-wide error rate). In
all cases, differences between mainstem and side channel
habitats were not significant and were subsequently pooled
in further analyses. We tested parametric assumptions and
applied transformations where appropriate. We used a two-
way ANOVA, with section and year as fixed dependent
variables, to test for differences in water chemistry and
stable isotope values of periphyton, macroalgae and benthic
invertebrate taxa. For fish, which were collected across
2 years, we used a one-way ANOVA to test for differences
among sites. Because of unequal sample sizes among
groups, we used Games-Howell post hoc tests for pairwise
comparisons. In cases where transformations did not stabi-
lize variances, we made limited comparisons among factors
using 95% bootstrap confidence intervals (bias corrected;
Efron, 1987) as implemented in the R (version 2.6.0)
package ‘boot’. We also used non-parametric two-way tests
(ANOVA on ranks; Helsel and Hirsch, 2002). This method
uses a transformation of the dependent variable to rank
order, across all factors, prior to ANOVA when data are non-
normal, unbalanced and/or suffer from heteroscedasticity
(see Seaman et al., 1994 for critique). All statistical analyses
were run using SPSS software (version 15, SPSS, Chicago,
Illinois) with o =0.05, unless otherwise noted.

RESULTS
Stable isotope ratios within taxonomic groups

Macroalgae and periphyton showed differences in isoto-
pic ratios among sections of the Elwha River, but generally
had higher variability than the invertebrates and fish, which
reduced the ability to detect statistically significant
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Figure 2. Plots of mean (SD) 3'°N (ordinate) and 3'3C (abscissa) values for

macroalgae, periphyton, benthic macroinvertebrates and fish collected

above (UE), between (ME) and below (LE) two dams in the Elwha River
during 2005 and 2006 (combined)

differences. Both types of algae collected from LE had
higher 8'°N and 8'C values compared to sections above the
dams (Figure 2). For macroalgae, this difference was only
significant for 35N (two way ANOVA on ranks, Fos5; =
11.66, p <0.001; post hoc LE =ME > UE) and there was
a difference among years (F;,=17.42, p<0.001; sec-
tion X year interaction not significant; Table I). Periphyton
showed a similar pattern for 35N (two-way ANOVA, F, 73=
5.51, P=0.006) although with LE > ME = UE (Table I).
The differences among sections for 8'*C periphyton values
were significant (F, 73 =21.92, p <0.001; LE =ME > UE)
with no significant difference between years (p=0.054,
section X year interaction not significant; Table I).

Benthic invertebrates in the Elwha River displayed differ-
ent isotopic ratios according to river section and functional
feeding group, although the patterns were not consistent
across the four taxa (Figure 3). The predatory stonefly sub-
family Chloroperlinae differed among sections (Table I)
during both years for SN (two-way ANOVA, F, ¢4 = 182.63,
p <0.001, year and section x year not significant), with the
LE >ME > UE (all p <0.01). Values for 8'*C followed a
similar pattern for section (F, 4 =8.84, p <0.001) except
that UE and ME were not significantly different from each
other and the year effect was significant (p =0.01). The
shredding stonefly genus Zapada showed a similar trend as
the Chloroperlinae for S°N (F2,=119.20, p <0.001), but
not for 83C (F226=0.19, p =0.83); however, for 3!°N there
was a significant difference between years (p =0.01) and a
significant section X year interaction (p = 0.002), likely due
to higher variance as a result of fewer numbers of sites at
which this taxon was observed. The predatory caddisfly
genus Rhyacophila was the largest bodied and most

River Res. Applic. (2010)
DOI: 10.1002/rra



J. J. DUDA ET AL.

Table 1. Differences in carbon (C) and nitrogen (N) stable isotope
levels from taxa collected in three sections of the Elwha River,
Washington

Contrast Post hoc
Taxon Isotope Section Year Section x LE ME UE
Year
O. mykiss N o — — 1 2 2
C o — — 1 2 3
Chloroperlinae N o NS NS 1 2 3
C o * NS 1 2 2
Zapada spp. N e o o 1 2 3
C NS NS NS —_ = —
Rhyacophila N *(R) NS NS 1 1 2
spp.
C KKK KoKk NS 1 1 2
Simulium N o — — 1 2
spp. 05
Simulium N o — — 1 2 3
spp. 06
C NS — —
Periphyton N - * NS 1 2 2
C o NS NS 1 1 2
Macroalgae N TR) T NS 11 2
C NS(R) NS NS @ - — —

Tests are two-way ANOVAs, except for fish (one-way) and cases where
homogeneity of variances was violated (two-way on ranks (denoted as R in
table), see text). If ANOVA was significantly different (* p <0.05, **
p<0.01, ™ p <0.001), the rank order among sections is provided (higher
rank = higher stable isotope enrichment), with differences among sections
tested with a Games-Howell post hoc test. Two sites that have the same
value are not significantly different.

LE ME UE
* * Y v Chloropetlinae sp. (Predator)
M O [0 Rhyacophila spp. (Predator)
5 @ O & Simulium spp. (Filterer)
® O O Zapada'sp.(Shredder)
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13
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Figure 3. Plots of mean (SD) 3!5N (ordinate) and 8'3C (abscissa) values for

four benthic macroinvertebrate taxa collected above (UE), between (ME)

and below (LE) two dams in the Elwha River during 2005 and 2006
(combined)
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widespread insect of those we sampled. Both 8'°N (two-way
ANOVA on ranks, F, 6= 14.01, p < 0.001) and 3'*C (two-
way ANOVA, F,76=28.70, p <0.001) values were signifi-
cantly lower in UE (LE = ME > UE, Ps < 0.001), but with a
significant year effect for 8'°C (Fa76=26.11, p<0.001).
Finally, we were unable to perform a two-way ANOVA for
the dipteran genus Simulium due to low sample size in ME
(n=2). Thus, we analysed years separately with a z-test
between UE and LE in 2005, which indicated that 8'°N in
LE tissues were significantly higher than in UE tissues
(t-test, t=17.03, df =11, p<0.001). A one-way ANOVA
for Simulium tissues from 2006 showed that 8'°N was
significantly different for all sections (one-way ANOVA,
F>50=35.28, p <0.001; LE > ME > UE, Ps <0.03), whe-
reas 8'>C was not significantly different (p =0.08).

O. mykiss in LE were enriched in both '*C and '°N relative
to sites in ME and UE (Figure 2). Fish in LE had higher
average d'°N (7.35%0 SD = +0.64%o) than fish collected in
ME (5.39+0.48%0) and UE (5.56+0.74%0) (one-way
ANOVA, F,,19=39.5, p<0.001; Table I). Values for
8'°C also showed that LE sites (—22.5%0 SD = £0.60%o)
were enriched relative to ME (—25.4%0 SD = £0.68%o),
which in turn were higher than UE (—27.5%0 SD = £1.5%o)
(F2221 =106.3, p <0.001; Table I). Although based upon a
small sample size, chum and coho salmon carcasses sampled
in the lower river had 8'3C (—19.6 and —20.5 for chum and
coho, respectively) and 8'°N (13.3 and 11.5) isotopic
signatures similar to values reported for other adult
salmonids in the Pacific Northwest (Bilby er al., 2001;
Chaloner et al., 2002; Honea, 2005) and Alaska (Satterfield
and Finney, 2002; Johnson and Schindler, 2009).

Stable isotope ratios among taxonomic groups

In terms of relative differences in isotope values among
different taxa within a given river section, we did not observe
striking differences above and below the dams. Of the taxa
we surveyed, mean 8'°N values were consistently lowest for
macroalgae and highest for O. mykiss, with 8'°N ranges
among taxonomic group averages spanning 6.9%o for LE,
6.2%o for ME and 7.7%o for UE. In LE and ME, average
periphyton 8'°N was approximately 1%, higher than macro-
algae, followed by a 1-2%o increase in the filter-feeding
Simulium and the shredder Zapada, another 1-3%o increase
in the predatory Chloroperlinae and Rhyacophila, and 1.3—
3.3%o greater for O. mykiss. This pattern generally follows
the predicted 2-4%o increase in 3'°N by trophic level
(Vander Zanden and Rasmussen, 2001; Fry, 2006). The
relationships among taxonomic groups were slightly differ-
ent in UE. Periphyton 8'°N values were 2.9%o higher than
macroalgae and 0.2-0.5%o0 higher than Simulium and
Zapada. Unlike LE and ME, the two invertebrate predators
Chloroperlinae and Rhyacophila completely overlapped in
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8'°N values, and Simulium and Zapada were more similar to
each other than elsewhere in the Elwha. Overall, variability
of 8'°N within river sections was low for O. mykiss and
benthic invertebrate taxa, and greatest for periphyton and
macroalgae—particularly in LE and ME. Relationships
between different taxa were less consistent across river
sections for 8'°C, with the observed range of average values
among taxa compressed in ME (2.2%0) and UE (3.9%o)
relative to LE (6.3%0). For LE and ME, Simulium had the
lowest 8'3C values and O. mykiss the highest, but there was
no consistent ordering of intermediate taxa. Periphyton and
macroalgae were both highly variable and overlapped with
remaining invertebrate taxa, which were themselves very
similar in 8'3C values. In UE, 8'3C values were highest for
macroalgae and lowest for periphyton, with fish and
invertebrate taxa intermediate and very similar to each other.

Water chemistry

Nutrient concentrations in the Elwha and Quinault Rivers
ranged from 2.0 to 39.8 pg/L for DIN (nitrate + nitrite +
ammonium) and 1.1-4.4 pg/L for PO;3 — P across sections
and years (Table II). Water chemistry samples did not differ
between mainstem and side channel sites of most section-
year combinations for water chemistry variables (z-tests, all
p>0.001 after Bonferroni correction) and were pooled for
testing differences among sections and between years. As all
nutrients except total Nitrogen (TN) had unequal variances
(Levene’s test, Ps < 0.02), our two-way ANOVAs should be
interpreted with caution and in conjunction with graphical
representations based on bootstrapped confidence intervals

(Figure 4). Levels of TN and TP did not differ significantly
between years or among sections (Figure 4 and two-way
ANOVA, Ps>0.17). Dissolved inorganic nitrogen (DIN)
was higher in QU than in UE, ME and LE during both years
(Figure 4, two-way ANOVA: Section p<0.001, Year
p=0.99, Section x Year p=0.10, Games-Howel post hoc
test p < 0.05). Phosphate was higher in the two unregulated
sections (UE and QU) than LE and ME (Figure 4, two-way
ANOVA: section p < 0.001, year p < 0.001, section X year
p <0.03, Games-Howel post hoc test LE=ME < QU <
UE). However, there were differences between years and a
significant section X year interaction, with values in the
unregulated sections higher in 2005 than in 2006.

DISCUSSION

Stable isotope ratios were similar between habitat types
(mainstem and side channels), but differed by river section
and among taxa. Across multiple trophic levels, we gene-
rally found higher stable isotope ratios of nitrogen below the
lower dam (LE) compared with two sections above the dams
(ME and UE) that lacked salmon (Figure 2). The patterns
differed among invertebrate functional feeding groups
(Figure 3), with predators having higher nitrogen isotope
ratios than shredders and filter feeders within each river
section. This result is consistent with trophic shifts of isotope
ratios seen in other studies (McCutchan er al. 2003) and is
likely a reflection of the differences in food sources among
these groups. However, the differences in stable isotope
ratios were not always explained by whether salmon had

Table II. Average nutrient levels (number of sites, SD) of water samples collected in the Elwha and Quinault rivers from mainstem and side

channel riffles (pooled).

Year Lower Elwha Middle Elwha Upper Elwha Quinault
Total nitrogen (pg/L)

2005 137.6 (12, 77.3) 117.4 (9, 111.0) 48.9 (10, 69.1) 128.4 (12, 86.9)
2006 118.3 (13, 90.0) 116.4 (13, 53.0) 116.6 (17, 56.0) 105.7 (12, 59.1)

2-way ANOVA: Section p =0.17; Year p =0.69

Total phosphorous (jug/L)

2005 13.6 (12, 1.2) 11.6 (9, 1.3) 13.9 (10, 1.4) 13.4 (12, 2.7)
2006 13.0 (12, 8.2) 13.0 (13, 8.2) 12.7 (17, 2.1) 10.1 (12, 2.7)

2-way ANOVA: Section p =0.62; Year p=0.42

Dissolved inorganic nitrogen (ug/L)

2005 152 (12, 27.9) 2.0 (9, 1.6) 15.7 (10, 7.0) 39.8 (12, 18.2)
2006 20.6 (13, 24.3) 14.1 (13, 11.2) 8.1 (17,5.4) 29.8 (12, 20.8)

2-way ANOVA: Section p < 0.001, Year p =0.99, Section x Year p =0.10 Post hoc (Tukey’s HSD):

2005 2.1 (12, 1.0)
2006 1.1 (13, 0.9)

1.4 (9, 0.4)
1.3 (13, 1.2)

LE=ME=UE < QU
Phosphate (ug/L)

4.4 (10, 1.0)
3.3 (17, 0.5)

3.6 (12, 1.2)
1.8 (12, 0.9)

2-way ANOVA: Section p < 0.001; Year p < 0.001; Section x Year p < 0.03 Post hoc (Tukey’s HSD):

LE=ME < QU < UE

Published in 2010 by John Wiley & Sons, Ltd.
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Figure 4. Plots showing water sample concentrations (pg/L) of total nitrogen, total phosphorous, dissolved inorganic nitrogen (DIN) and phosphate collected

from 43 (2005) and 56 (2006) sites above (UE), between (ME) and below (LE) two dams in the Elwha River, Washington and from the adjacent Quinault River

(QU). Open circles and filled squares denote side channels and mainstem sites (respectively) with 95% bootstrapped confidence intervals (bias corrected (Efron,
1987)) shown as shaded boxes and the median shown as a black bar

access to a section of the river. The Elwha River dams have
blocked salmon and their marine-derived nutrient subsidy
from migrating past rkm 7.9 for over 97 years. Despite
dramatic reductions in salmon population sizes over
historical estimates (up to 90%; Pess et al., 2008; Winter
and Crain, 2008), salmon still occur in LE. Our data suggest
that in areas where salmon still have access, enriched stable
isotope values, especially for fish and predatory invertebrate
taxa, could be MDN from current salmon populations and/or
the legacy of MDN from previous annual salmon returns.
Our observation that stable isotope values in ME were often
more similar to values below, rather than above, the dams
may also be explained in part by legacy effects, but we
cannot rule out the role of other factors.

In addition to the availability of MDN via anadromous
fishes, other factors likely contributed to present distri-
butions of 83N and 8'3C ratios throughout the Elwha River.
These include processes that affect the availability and
movement of heavy and light isotopes within foodwebs.
8'°N and 8'°C values may be affected by the composition of
primary producers, isotope fractionation rates across trophic
levels, and foodweb interactions. At the base of the food
chain, changes in 8'°N and 8'°C values for macroalgae and
periphyton may reflect shifts in growth rate, water velocity,
watershed area or other abiotic factors (Macleod and Barton,
1998; Finlay, 2001; Trudeau and Rasmussen, 2003) rather
than the presence or absence of salmon. Similarly, the
composition of the riparian forest also changes along the

Published in 2010 by John Wiley & Sons, Ltd.

length of the Elwha River. Of particular note is the higher
relative abundance in LE and ME of nitrogen-fixing red
alder (Alnus rubra) (the authors, unpublished data), which
contributes a consistently narrow range of 8'°N values (—1.5
to —0.5%o0) independent of MDN (Scott et al., 2008). The
presence of riparian alder may also affect 3'°N values of
aquatic taxa by increasing the total pool of available nitrogen
and thus increasing fractionation rates between trophic
levels (Adams and Sterner, 2000). For 813C, itis thought that
periphyton 8'3C values and watershed area are positively
correlated due to lower fractionation rates in larger pro-
ductive rivers where carbon dioxide is more limiting (Finlay
2001). As the relative importance of autochthonous versus
allochthonous food resources shifts along the river continu-
um, so too will consumer trophic position—due to changes
in the food base and the presence or absence of competing
species. Such changes are likely reflected in both 8'°N and
5!3C values. In addition, denitrification, a microbial process
that reduces nitrate to gaseous forms of N, can increase the
availability of '°N, particularly in finer riparian soils in
spawning streams (Pinay et al., 2003). This may be the case
in ME where ratios are higher relative to the UE. Denit-
rification-mediated increases in isotopic ratios can be
misconstrued as a marine-derived nutrient effect (Pinay
et al., 2003).

We found that the Elwha River is oligotrophic (see also
Munn et al., 1999), with low levels of nutrients essential for
biological productivity. Relative to other rivers in the Pacific
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Figure 5. A comparison of PO, and DIN concentrations in the Elwha and
Quinault Rivers (open circles; this study) and other regional rivers (closed
circles). All samples were collected from riffle habitats in salmon-bearing
rivers. Data from the Cedar River were collected above an impassable
salmon barrier. Water chemistry samples for all studies were obtained by
collecting grab samples from riffles in summer (July—September) and were
analysed by the University of Washington Oceanography Marine Chemistry
Lab. Data for the Skagit River (n=06) and Quillayute (n=>5) rivers, WA
were collected by Morley et al. (2005). Data for the Salmon River, ID
(n=10) were collected by Sanderson et al. (2009). Data for the Oregon
coast (2001, n=10) and the Cedar River, WA (2002, n=41) are unpub-
lished and were collected by Phil Roni (NWFSC) and Peter Kiffney
(NWESC), respectively

Northwest, nutrient concentrations within the Elwha and
Quinault River systems were low (Figure 5). Concentrations
for both PO,;*> — P and DIN were consistent with those
observed in the Salmon River, Idaho, which has also experi-
enced reductions in marine-derived nutrients as a result of
the Columbia River dams (Sanderson et al., 2009). DIN
concentrations in the Quillayute, Skagit (Morley et al.,
2005) and Cedar rivers (P. Kiffney, NOAA, unpublished
data) are approximately an order of magnitude higher than
in the Elwha; yet PO;? — P concentrations were similar.
Higher nutrient concentrations in these systems could be due
to higher relative abundance of salmon populations. In the
case of the Cedar and Skagit rivers, urbanization and agri-
culture may also be contributing factors.

We observed contrasting trends in phosphorus and
nitrogen concentrations among regulated and unregulated
reaches of the Elwha. PO, — P concentrations were signi-
ficantly higher in unregulated reaches (QU and UE) than in
regulated reaches (LE and ME), suggesting an impact of the
dams on nutrient dynamics in this system. Phosphorus,
which occurs primarily in particulate form in aquatic sys-
tems, can be trapped by reservoirs, thereby reducing the
availability of this nutrient downstream of dams (Kelly, 2001
and references therein). Phosphorus supply to downstream
reaches is further reduced by uptake of dissolved phosphorus

Published in 2010 by John Wiley & Sons, Ltd.

by algal communities within reservoirs (Elser and Kimmel,
1985). Inputs of phosphorus to rivers are generally very low
(<0.1kg Pha™' yrfl) (Withers and Jarvie, 2008); therefore,
the reduction in phosphorus inputs to downstream reaches
has important implications for primary production and food
web dynamics in general. Alternatively, significantly lower
PO;3 — P concentrations in LE and ME could be due to
higher biological demand for inorganic phosphorous as a
result of significantly higher biomass in these sections
(Morley et al. 2008). Uptake by biota, as well as increased
interactions between dissolved phosphorous with sediments,
results in a shift from dissolved to particulate phosphorous,
particularly in lowland river reaches (Withers and Jarvie,
2008). The shift from dissolved to particulate phosphorous
may be the reason for our inability to detect significant
differences in TP among the reaches. In addition, because
these reaches can interact substantially with their flood-
plains, particulate phosphorous inputs may be higher due to
inputs of riparian leaf litter and soil (Kelly, 2001). However,
inputs of particulate phosphorous are more likely to be
important during high flow events.

In contrast to phosphorous, we saw no significant differ-
ences between DIN concentrations in regulated and
unregulated reaches of the Elwha. In general, the availability
of dissolved nitrogen in aquatic ecosystems tends to be
highly variable due to a number of in-stream processes
including assimilation by heterotrophic and autotrophic
organisms, nitrification and denitrification (Peterson et al.,
2001). Furthermore, the amount of nitrogen in aquatic sys-
tems can vary depending on the abundance and distribution
of species such as alder, which facilitate high rates of N
fixation (Scott et al., 2008). Alder is prevalent in both
regulated and unregulated reaches of the Elwha River and is
likely contributing to spatial variability of N inputs into the
watershed. While we can speculate about the mechanisms
driving observed trends in phosphorous and nitrogen, our
primary research goal was to establish baseline conditions in
nutrient concentrations prior to dam removal. Because we
did not collect corollary explanatory variables, we have
limited ability to make inferences about the mechanisms that
might be responsible for the differences among river sect-
ions. Additional studies that examine the factors noted
above, in addition to possible differences due to transient
storage and hyporheic flows (Ensign and Doyle, 2006), are
warranted.

Considering the oligotrophic nature of the Elwha, MDN
delivered by salmon to reaches previously impacted by the
dams could provide an important subsidy for aquatic food-
webs in this system. Low levels of primary and secondary
productivity are typical of many coastal streams in the
Pacific Northwest. Thus, even modest inputs of nutrients and
carbon from relatively few anadromous fish may be imp-
ortant in stimulating primary production and maintaining
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trophic productivity (Larkin and Slaney, 1997). For exam-
ple, Schuldt and Hershey (1995) found short-term increases
in phosphorous concentration and periphyton biomass by
experimentally placing 3 mesh bags of eight salmon carc-
asses (average weight of 56kg) in a small, experimental
stream. In the Salmon River, British Columbia, inorganic
nutrient manipulations, which were designed to simulate
nutrient delivered by carcasses, have not only led to increases
in algal biomass but also subsequent increases in benthic
invertebrate biomass, and weight and abundance of various
fish species (Slaney et al, 2003; Wilson et al., 2003).
Similarly, direct consumption of carcass flesh and eggs can
lead to higher juvenile salmonid growth rates in natural and
artificial stream channels stocked with salmon carcasses
(Bilby et al., 1998; Wipfli et al., 2003). Alternatively, it foll-
ows that small reductions in the numbers of anadromous fish
could significantly alter ecosystem processes and reduce
foodweb productivity, thus contributing to a negative feedback
loop (Larkin and Slaney, 1997; Bilby et al., 2001; Scheuerell
et al., 2005). Associated decreases in parr and smolt
sizes can reduce overwinter and marine survival, resulting in
decreased adult returns and further reducing stream prod-
uctivity (Bilby et al., 1996; Ward and Slaney, 1988).

Our study was primarily designed to examine differences
between river sections relative to current transport of MDN
via anadromous fishes. Although stable isotope analysis
provides a useful tool for tracking interactions between
multiple species (Vander Zanden et al., 2006), our moni-
toring efforts were focused on a limited set of taxa, potential
food sources and feeding guilds, thus reducing our ability to
explicitly delineate food web interactions. Nonetheless, our
data still provide a useful starting point for formulating
hypotheses on the effects of dams and dam removal on
foodweb interactions. For instance, we postulated that dec-
reased floodplain heterogeneity in river sections below the
dams (LE and ME) would result in a less diverse food base
(sensu Power et al., 1996), with fewer ecological niches
among consumers reflected in greater overlap of 8'°N and
8'3C values relative to UE. Instead, we observed a comp-
ressed range of values above the dams. This likely reflects
both the 97-year absence of isotopically enriched salmon
tissues and a shift in the resource base at higher elevations.
Not only is the channel narrower in UE but also it experi-
ences a more dynamic disturbance regime manifested in
higher bed mobility rates producing younger, on average,
floodplain stand ages (Kloehn et al., 2008). Additional
sampling, in time and space, focused upon available organic
matter sources would be valuable for evaluating future
changes in foodweb interactions. Similarly, expanded samp-
ling of invertebrates, fishes and other aquatic and riparian
taxa is critical for building a more predictive foodweb model
that will help us understand ecological response to dam
removal in the Elwha River.

Published in 2010 by John Wiley & Sons, Ltd.

The degree to which increased MDN subsidies could
affect foodwebs following dam removal will vary in time
and space, as salmon recolonization is not expected to be
spatially uniform and could take decades (Brenkman et al.,
2008a; Pess et al., 2008). Habitats currently above the dams
will likely receive different assemblages of recolonizing
fish, depending upon life history attributes, status of source
populations, and differences in swimming ability between
species that stay lower in watersheds (e.g. pink salmon) with
those that migrate farther distances (e.g. Chinook salmon).
In addition, the release of large volumes of sediment is
expected to have a large short-term impact on benthic
communities (Morley et al., 2008), which may restructure
food web dynamics over the long term (e.g. Harding et al.,
1998) and possibly confound detection of changes related to
increased MDN. Similarly, release of sediments from the
reservoirs could increase nutrient levels (Chen and Jia,
2008), but the degree to which they would be retained in the
system is unknown. Yet, dam removal in the Elwha River is
expected to provide access to relatively pristine spawning
and rearing habitat currently above the impassable dams.
Estimates of future salmon returns (projections suggest as
many as 150000 spawners following full restoration;
Department of the Interior (DOI), 1996; Ward et al.,
2008) could substantially increase annual nitrogen and
phosphorous loading. We hypothesize that the return of
salmon and their marine derived-nutrient subsidy to ME and
UE will have both direct and indirect effects (e.g. Scheuerell
et al., 2007; Moore and Schindler 2008; Honea and Gara
2009; Janetski et al., 2009) on nutrient status and trophic
structure, which should be traceable using stable isotope
ratios compared with the values that we describe herein.
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