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MARCARELLI ET AL.

Fig. 1. Map of the experimental streams and study area in the North Fork Boise River Basin. Dotted lines

indicate control streams, bold solid lines indicate analog-treated streams, and dashed lines indicate carcass-
treated streams. Inset shows the location of the study area in the western United States.

nutrient mitigation measures (Thomas et al.
2003), but have been rarely utilized in this
context.

Here, we describe results from a three-year
study examining stream biofilm and nutrient
responses to nutrient additions in central Idaho
streams, where salmon returns have been elim-
inated for over a century. We conducted exper-
imental additions of two different forms of
salmon materials typically used for mitigation
(pasteurized salmon carcasses and pelletized fish
meal known as salmon carcass analog), and
monitored short (weeks to months) and long
(annual)-term responses of stream biofilms in
terms of standing crop, stable isotope composi-
tion and nutrient limitation. In addition, we
quantified nutrient loads and whole-stream
nutrient uptake to estimate ecosystem-level
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responses to nutrient additions. The ultimate
goal of this study was to understand the extent to
which biofilms may incorporate nutrients from
treatment materials into stream food webs and
ecosystems, and how much of the nutrients
added for mitigation may be transported out of
target mitigation reaches following treatment.

MeTHODS

Study area

This study was conducted in nine first- to
third-order streams located in the North Fork
Boise River drainage in central Idaho (Fig. 1,
Table 1). This 980 km? drainage is a tributary of
the Snake River, ranges in elevation from 1060 to
2990 m a.s.l, and is entirely contained within the
Boise National Forest. The drainage is located on
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Table 1. Characteristics of the streams included in this study.

Large woody

Drainage = Median particle Volume Volume in riffles  debris abundance

Treatment Stream area (km?)f size (mm)} Q (L/s)§ in pools (%)Y  and runs (%)Y (no./100 m)
Control Banner 23 30 66.4 47 53 0.0
Beaver 15 45 32.7 0 100 8.7
Hungarian 11 15 52.4 5 95 55.3
Carcass Big Owl 18 20 39.5 22 78 29
Little Beaver 6 10 26.9 35 65 8.0
Trail 20 75 66.5 8 92 17.2
Analog German 23 55 109.8 20 80 6.8
Hunter 16 60 60.4 12 88 0.0
Pikes Fork 28 30 61.2 22 78 19.5

Note: Methods described in detail in Collins (2014).

t Area above the downstream end of the study reaches, determined using USGS StreamStats, http://water.usgs.gov/osw/

streamstats/

} Estimated from 100 point counts in the downstream 100 m of the study reaches.
§ Q = Stream discharge, averaged across all measurements in the stream between 2008 and 2011.
9| Riffle and run volume determined in the downstream 100 m of the study reach in association with annual electrofishing

surveys.

the Idaho Batholith, a large geologic formation in
central Idaho comprised primarily of granites,
resulting in very low inputs of geologic nutrients.
This region also experiences some of the lowest
atmospheric nutrient deposition rates in the
United States (NADP 2012; http://nadp.sws.
uiuc.edu/nadp/useConditions.aspx), resulting in
nutrient-poor, low conductivity, poorly buffered
surface water. The annual hydrograph of the
North Fork Boise River is dominated by a spring
snowmelt pulse peaking in late May, followed by
a prolonged baseflow period beginning in mid-
late July. Although anadromous fish including
spring Chinook salmon (O. tshawytscha) and
steelhead (O. mykiss) were historically abundant
in this tributary of the Snake River (NWPCC
2004), anadromous fish runs have been eliminat-
ed for over a century by the construction of three
dams between 1906 and 1915. Oligotrophication
is a concern in this drainage because of potential
effects on resident, native redband trout (O.
mykiss), migratory populations of threatened bull
trout (Salvelinus confluentus), and a suite of
terrestrial wildlife that may be affected, directly
and indirectly, by aquatic-derived productivity.
Hillslope vegetation consists of mixed conifer
forests, some areas of which experienced mixed
severity fire in 1994 (Dunham et al. 2007).
Riparian zones are dominated by willows (Salix
spp.), red-osier dogwood (Cornus sericea), and tall
grasses (predominantly Festuca spp.); although
alder (Alnus sp.) is commonly found along some
streams in the region, we selected stream reaches
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without dense accumulations of alder to facilitate
the use of isotopes to detect nutrient transfers.
Wetlands are rare in these watersheds, but one
stream (Banner Creek) was the site of significant
beaver (Castor canadensis) activity that increased
over the duration of the study. Anthropogenic
land use impacts in the drainage are limited, but
include grazing, dispersed recreation, and legacy
mining effects.

Experimental design

We included two salmon materials commonly
used for nutrient mitigation in our experiment:
pasteurized salmon carcasses and salmon carcass
analog. We chose these two materials because
they are the most realistic mimics of material
delivered by naturally spawning salmon includ-
ing carbon (C), nitrogen (N), phosphorus (P),
trace metals and other micronutrients, and
because they are being used for nutrient mitiga-
tion projects elsewhere in the Columbia River
basin (e.g., Compton et al. 2006, Kohler et al.
2012).

Steelhead and Chinook salmon carcasses were
obtained from Dworshak and Rapid River fish
hatcheries. Because of concerns that transporting
salmon carcasses for mitigation may facilitate the
spread of fish disease (Compton et al. 2006), all
salmon carcasses were frozen for storage then
pasteurized by heating until the internal head
temperature reached 60°C for 20 minutes. The
freezing and heating was implemented to kill a
suite of fish pathogens, particularly infectious
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hematopoietic necrosis (IHN) virus and whirling
disease (Myxobolus cerebralis; Noga 2000), and is
required by the State of Idaho and US Fish and
Wildlife Service for translocated carcasses; there-
fore this treatment was representative of tech-
niques used in nutrient mitigation projects. A
terrestrial decomposition experiment showed
that treated salmon carcasses lost more weight
and consequently slightly more C and N during
the first 24 hours compared to unpasteurized
carcasses, but there were no long-term differenc-
es in nutrient form, nutrient loss, or decomposi-
tion rate between pasteurized and unpasteurized
carcasses (Wheeler et al. 2014).

Because of the difficulty handling and trans-
porting fish carcasses, salmon carcass analog
(hereafter, termed ‘analog’) is an increasingly
popular alternative used in nutrient mitigation
projects in the Pacific Northwest, including
central Idaho (Kohler et al. 2008, Ebel 2012,
Kohler et al. 2012). Analog is manufactured from
pasteurized fish meal so it is pathogen-free and
contains nutrient content similar to salmon
carcasses (Pearsons et al. 2007). Several studies
have shown that analog is incorporated by
stream producers and consumers (Wipfli et al.
2004, Kohler et al. 2012).

We selected 500-m-long reaches in nine differ-
ent streams (Fig. 1) for inclusion in the study that
had typical stream characteristics for the region
(e.g., discharge, benthic substrate; Table 1). We
assigned three treatments (salmon carcass, salm-
on carcass analog, untreated control) to the nine
streams following a stratified random design; we
classified streams into three groups according to
slope and valley form characteristics, then
randomly assigned the three treatments within
each group to insure that each treatment group
included streams with a range of physical
characteristics. We based carcass application
rates on a target of 0.5 salmon carcasses/m* of
wetted stream channel, which was estimated to
be at the high end of the reported historical data
(IDFG 1985), and roughly a midpoint in the
range over which stream biota respond the most
to nutrient subsidies from salmon (Wipfli et al.
1998). We targeted analog treatment rates to
match P application rate from the salmon carcass
treatment at 5.5 g P/m?. Differences in N content
of carcasses and analog resulted in an N
application rate of 27 g N/m? to analog-treated
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streams and 50 g N/m? to carcass-treated
streams. Treatment materials were applied an-
nually to the same reaches during the first week
of August 2008-2010. The timing of treatment
coincided with baseflow discharge and with
early spawning by natural spring Chinook
salmon in regional streams where migrations
have not been blocked (Isaak and Thurow 2006).
Carcasses were distributed haphazardly in the
stream channel along the entire 500-m long study
reach and were not staked down. Mesh fences
installed in year 1 revealed that no carcasses were
washed downstream in the week following
treatment; therefore fences were not placed in
following years. Analog pellets were placed in
water-permeable bags and allowed to saturate
within the stream before distributing along the
stream bottom to minimize export in the water
column. Both analog and carcass treatment
materials were still visible up to 6-weeks follow-
ing treatment application. Crews walked along
untreated control streams to mimic the distur-
bance to treated streams during treatment
deployment.

Biofilm responses

Standing crop.—To monitor the responses of
stream microbes to treatment materials, we
sampled biofilm standing crop before, two weeks
following and six weeks following treatment
application in 2008, before and one month
following treatment applications in 2009 and
2010, and one year following the final treatment
application in 2011 (eight total sampling peri-
ods). Samples were collected at seven random
locations within the downstream 250 m of each
treatment reach. Biofilms were scrubbed with a
small brush from three rocks at each location,
combined into approximately 500 mL of water,
and subsamples of the resultant slurry were
filtered through pre-combusted 0.7 pm GF/F
filters for analysis. Filters were placed on dry
ice until frozen for storage. Rock area was
determined by tracing the planar rock area onto
paper, weighing the cutout and applying a paper
weight-to-surface area regression (Bergey and
Getty 2006). Standing crop of biofilms was
estimated as chlorophyll a spectrophotometrical-
ly and ash-free dry mass (AFDM) via combustion
at 550°C using standard methods (APHA 2005).

Benthic biofilm responses to treatment materi-
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als across all years were analyzed using two-way,
repeated measures analysis of variance (RMA-
NOVA) with treatment and sampling period as
fixed factors, stream as the repeated subject and
chlorophyll 2 and AFDM as response variables.
RMANOVA was selected because it accounts for
both temporal autocorrelation and random dif-
ferences among streams. For these and all
following ANOVA analyses, response variables
were log transformed when necessary to meet
assumptions, differences among treatments were
determined when appropriate using post-hoc
Tukey tests for significant factors or interactions,
and significance was considered at o = 0.05. To
evaluate year-to-year differences in benthic bio-
film standing crop caused by treatments (e.g.,
annual increases or decreases prior to treatment
application), we also compared chlorophyll 2 and
AFDM responses from only the four pre-treat-
ment periods in 2008-2011 using RMANOVA
with treatment and sampling period as fixed
factors and stream as the repeated subject. All
statistical analyses were conducted using SAS 9.2
(SAS Institute, Cary, North Carolina, USA).

Isotope composition.—We analyzed biofilms for
isotope composition of carbon and nitrogen after
treatment application in all streams in 2008 and
2009, and before treatment application in 2009.
Biofilm samples for isotope analysis were collect-
ed as described for standing crop. In the lab, filters
were defrosted and dried at 60°C. Biofilm material
was scraped from the filters, homogenized with a
mortar and pestle, and 1.5 mg of material was
weighed into aluminum tins and encapsulated for
analysis. We also analyzed samples of treatment
materials for comparison; because these materials
were composed of marine-derived fish tissue they
had a distinct isotopic signature compared to
freshwater nutrient sources. Samples were ana-
lyzed for '°C and "N on an Elemental Combus-
tion System 4010 interfaced to a Delta V
advantage mass spectrometer (Thermo Electron
Corporation, Waltham, Massachusetts, USA) op-
erated by the Center for Archaeology, Materials
and Applied Spectroscopy at Idaho State Univer-
sity. Isotope values are expressed as stable isotope
ratios of N and C as:

Rsam c
3N or 8"3C(%0) = [‘—p‘— 1] X 100

standard

where R is the ratio of heavy to light isotope
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(®°N/™N or C/*?C). Ryandara Was determined
from accepted standards (PDB for C, atmospheric
air for N). Responses of both "N and '°C
composition of biofilm were analyzed using a
two-way multivariate analysis of variance (MAN-
OVA) with treatment and sampling period as
fixed factors.

Nutrient limitation.—Nutrient limitation of bio-
films was determined following treatment appli-
cation in 2008 using nutrient diffusing substrates
(NDS; Tank et al. 2006, Marcarelli and Wurts-
baugh 2007). Plastic vials measuring 37-mL were
filled with nutrient-enriched 2% agar and capped
with a 2.6-cm diameter fritted glass disk (Leco,
St. Joseph, Michigan, USA). Nutrients contained
in the agar diffused out through the glass disk,
which served as the substrate for biofilm
attachment and growth. Four nutrient amend-
ments (control with no added nutrients, N-
enriched, P-enriched and N + P-enriched) were
used; N and P were added in a 16:1 ratio as 0.8
mol N/L as NaNOj; and/or 0.05 mol P/L as
KH,PO, (Marcarelli and Wurtsbaugh 2007). Six
replicates of each treatment were randomly
distributed on an aluminum rack and deployed
immediately following the treatment application
at the downstream end of the treatment reach. At
the conclusion of a three-week incubation period
NDS were collected, immediately placed into
plastic bags, and transported on ice until frozen
for storage. Standing crop of biofilms on the
entire glass disks was estimated as chlorophyll 4,
followed by AFDM analysis. Previous analyses
have demonstrated that accurate chlorophyll a
and AFDM values can be obtained from the same
samples using this approach (Davis et al. 2001).

Nutrient limitation responses were analyzed
using three-way ANOVA with treatment, N
amendment and P amendment as fixed factors,
chlorophyll 2 or AFDM as response variables,
and including stream as a random factor to
account for among-stream variation in physical
and chemical conditions. It is the convention for
nutrient limitation bioassays to analyze N and P
as independent factors to allow evaluation of
interactions and possible co-limitation effects
(Tank et al. 2006); evaluating interactions among
the NDS nutrient amendments and the treatment
materials allowed evaluation of whether treat-
ment materials changed the nutrient limitation
status of the biofilms (e.g., Mineau et al. 2011). To
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graphically compare NDS responses among
treatments, we calculated the response ratio of
each treatment as In (treatment/control), such
that control values equal zero, a stimulation
response is positive, and a suppression response
is negative (Tank et al. 2006).

Streamwater nutrient responses

Nutrient concentrations and loads.—Samples
were collected at the downstream end of the
treatment reaches in all study streams before and
after treatment addition in 2008-2010 for analysis
of total and dissolved nutrient loads [total N
(TN), total dissolved N (TDN), nitrate-N, total P
(TP), total dissolved P (TDP), and soluble
reactive phosphate (SRP)]. Samples were collect-
ed on 5 dates in 2008 (immediately before and 1
day, 1 week, 2 weeks, and 6 weeks following), 3
dates in 2009 (immediately before and 1 day and
6 weeks following) and 3 dates in 2010 (imme-
diately before, 2 days and 4 weeks following).
Ammonium-N samples were collected at the
same sites and dates in 2010 only. Water for
dissolved nutrients was filtered streamside
through a 0.45 pm membrane filter; water was
not filtered for total nutrient samples. Samples
for all constituents except ammonium-N were
placed on ice until frozen for storage. Ammoni-
um-N concentrations were determined within 6
hours following collection using fluorometric
analysis (Holmes et al. 1999; following modifica-
tions of Taylor et al. 2007) with an AquaFluor
handheld fluorometer (Turner Designs, Sunny-
vale, California, USA). All other constituents
were analyzed using an Astoria-Pacific auto
analyzer (Astoria-Pacific, Clackamas, Oregon,
USA). A persulfate digestion was first applied
to TDN, TDP, TN and TP samples to convert all
N to nitrate-N and P to SRP (Valderama 1981).
Nitrate-N (4nitrite-N) was analyzed via cadmi-
um reduction (Nydahl 1976) and SRP via the
ascorbic acid colorimetric method (APHA 2005).

To estimate the quantity of added nutrients
that might have been transported in stream flow
from the study streams, we calculated daily loads
and also integrated across the month following
treatment to estimate a total exported load. Daily
loads were estimated by multiplying nutrient
concentrations by discharge and scaling to 24
hours. Discharge was measured on or within a
few days of water sample collection, provided
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that flow conditions were similar, by establishing
cross-sections where channel width, depth and
velocity were measured at 10-15 intervals. Water
velocities were measured using a Flo-mate flow
meter (Hach/Marsh-McBirney, Frederick, Mary-
land, USA). Daily load responses were analyzed
using RMANOVA with treatment and sampling
period as fixed factors and stream as the repeated
subject. To estimate how much of the nutrients
added might have been exported during the
post-treatment period within which we also
measured biological responses, we calculated
loads of total N and P and total dissolved N
and P for the 28-day period following treatment
application. We limited this analysis to 2008,
when we had the most temporally detailed
record of post-treatment water chemistry, and
28 days to match the duration of post-treatment
response monitoring common across all study
years. Discharge, TN, TP, TDN and TDP were
interpolated between measurement dates. For
each day, nutrient concentration was multiplied
by discharge and scaled to a daily load; daily
loads were then summed over the 28-day period
and are reported as kg/month. Monthly nutrient
loads were compared among treatments using
one-way ANOVA.

In 2009 and 2010, we also conducted longitu-
dinal nutrient sampling by collecting samples for
ammonium-N, nitrate-N and SRP at 50-100 m
intervals along a subset of study reaches in
association with nutrient uptake measurements
(Whole-stream nutrient uptake below; Table 2).
Responses of nutrient concentrations along study
reaches were analyzed using analysis of covari-
ance (ANCOVA) with treatment as a fixed factor
and distance along reach as a covariate.

Whole-stream nutrient uptake.—We conducted
short-term additions of ammonium-N and ni-
trate-N to determine rates of whole-stream
nutrient uptake via nutrient spiraling techniques
(Webster and Valett 2006). Due to the time and
sample-intensive nature of these measurements,
we were unable to replicate them across all
streams on all study dates, but we did compare
uptake of ammonium-N and nitrate-N in six of
the nine study streams post-treatment in 2009 to
evaluate whether treatments altered DIN uptake
rates in the short-term following treatments. We
also performed additions of nitrate-N in a trio of
representative streams (one in each treatment
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