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Presence and Effects of Marine Derived Nutrients (MDN) in Stream, Riparian and Nearshore Ecosystems on
Southern Kenai Peninsula, Alaska: Developing Monitoring Tools for Tracking MDN in Alaska Watersheds.

Project Number 040726
Final Report

Study History: Project 040726 originated from the watershed concept described in the GEM Working Draft
Science Plan for fiscal years 2003-2007. This concept, which was intended to guide the research and monitoring
projects funded through GEM, states that GEM projects should focus on understanding how natural escapement
variability of anadromous species affect nutrients and productivity in watersheds, and how watershed-derived
nutrients influence nearshore environments. The project helps build our understanding on the utility of nutrient
proxies, stable isotopes, and fatty acid ratio-based indicators of marine-derived nutrients (MDN), variability of
MDN in food web components, the extent to which MDN subsidizes food web productivity at both watershed
and regional scales, and the potential development of a water chemistry proxy for salmon escapement.. Field
work for this three year project was conducted on the Kenai Peninsula, Alaska, USA from May 2004 through
November 2006.

Project Abstract: MDN and delivered by salmon and other anadromous fishes are considered important
drivers in riverine ecosystems, providing nutrients and food to these land-based food webs. However, we know
little about the relative value of MDN compared to other nutrient and carbon sources (e.g., watershed-derived)
in the Gulf of Alaska region. The objectives of this study were to develop a water chemistry proxy for
monitoring salmon returns, and to track and measure MDN effects in stream, riparian and nearshore
environments, on the southern Kenai Peninsula. We show that stable isotopes and fatty acids were both
effective indicators of MDN assimilation in stream resident fishes. Our water nutrient profiles suggest rapid
nitrogen (N) uptake in Homer streams, which have underlying phosphorous (P) rich geology. Stable isotopes
were most effective when the salmon-free end member was relatively depleted. Marine-derived nitrogen (SN'°)
was highly variable, likely due to spatial variation in N sources and cycling, and may not be a reliable predictor
of MDN inputs at the watershed scale. Fatty acids were most effective when quantified as ®w3:06. Based on our
data the development of a nutrient proxy for estimating salmon escapement shows some promise in certain
situations, but is unlikely in the majority of salmon streams in southcentral Alaska.

Key Words: monitoring, Kenai Peninsula, Alaska, marine derived nutrients, watersheds, streams, riparian,
nearshore, salmon, nutrient subsidies, stable isotopes, fatty acids, food webs, productivity

Project Data: Description of data- data was collected in the field from fish, invertebrates and riparian
vegetation. Stable isotope analyses were conducted at the USGS Stable Isotope Laboratory in Denver, CO.
Lipid and fatty acid analyses were conducted at NOAA’s Auke Bay Laboratory in Juneau, AK. Additional
samples are archived at the Kachemak Bay Research Reserve in Homer, AK. Format - All data were entered as
Excel spreadsheets. Custodian — contact Coowe Walker, Kachemak Bay Research Reserve, 95 Sterling
Highway, Suite 2, Homer, AK 99603.
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Executive Summary

Marine derived nutrients and carbon (MDN) delivered by salmon and other anadromous fishes are considered
important drivers in riverine ecosystems, providing nutrients and food to these land-based food webs. However,
we know little about the relative value of MDN compared to other nutrient and carbon sources (e.g., watershed-
derived) in the Gulf of Alaska region. The objectives of this study (EVOS project #040726) were to track and
measure MDN effects in stream, riparian and nearshore environments, on the southern Kenai Peninsula, and to
develop a water chemistry proxy for monitoring salmon returns. Our main hypotheses were (1) that stable
isotope and fatty acid signatures in juvenile fish would reflect increasing MDN presence and effects along a
gradient from headwaters to stream mouth in salmon-bearing streams; (2) that this effect would be greater in
watersheds with low ambient nutrient concentrations than in watersheds with higher ambient nutrient
concentrations; and (3) that salmon escapement can be estimated by measuring a suite of water chemistry
components and salmon numbers.

In year one of the project (2004), we conducted pilot investigations on two systems; one with anadromous
salmon runs, and one without, due to a waterfall blockage. These two systems are similar with respect to
climate, geomorphology, surrounding land use and percentage of wetlands in their watersheds. Our goal was to
perform the same tests in systems with and without anadromous salmon runs to allow us to determine whether
our methods were clearly measuring the effects of MDN. Results from year one investigations indicated that
stream macroinvertebrates, resident stream fish; Dolly Varden char (Salvelinus malma, slimy sculpin (Cottus
cognatus) and vegetation; horsetail (Equisetum) in the anadromous stream had higher levels of marine derived
nitrogen (SN'°) compared to the same taxa in the non-anadromous stream; however, no obvious pulse of MDN
was observed post-spawning. This result was counter to our expectations, since significant responses to MDN
are typically associated with anadromous runs (Chaloner, Martin et al. 2002; Wipfli, Hudson et al. 2003; Hicks,
Wipfli et al. 2005). Longitudinal enrichment was noted in both systems, and is likely an indication of increased
trophic complexity with stream size regardless of spawning salmon presence. Results from year one also
indicated that the development of a nutrient proxy for salmon escapement may be problematic. However, we
noted that the low densities of salmon in the system where the nutrient proxy investigations were piloted may
have made it difficult to detect a response.

The unexpected lack of a significant response to MDN in stream biota after the spawning runs, led us to
consider potential effects of the underlying geology of the region. Elevated levels of phosphorous in several
salmon bearing streams on the lower Kenai Peninsula have been attributed to the underlying geology of the
region (Mauger 2005). With this in mind, we decided to expand our sampling design in the second year of the
study to sites in three regions on the Kenai Peninsula; two regions that have watersheds with presumably low
ambient nutrient levels (Cooper Landing region and Seldovia region) and one region (Homer) characterized by
high ambient nutrient levels. Otherwise, all systems are similar to the extent possible (i.e., similar basin area,
elevation, channel slope, climate, geomorphology and surrounding land use). Within each region, we selected a
salmon-free reference stream and two salmon spawning streams for sampling. The reference streams allowed us
to ensure that any signal we identified in stream food webs was truly a response to MDN and not attributable to
natural variability in the system. Results from years two and three show:
(1) N limitation at sites with high ambient phosphorous (P) levels;
(2) Rapid N uptake in streams with high ambient nutrient levels;
(3) Omega 3:omega (03:w6) fatty acids appear to be a reliable indicator of MDN influence in resident
stream fishes (Dolly Varden and sculpin);
(4) 8N nitrogen is highly variable, likely due to spatial variation in nitrogen sources and cycling, and
may not be a reliable predictor of MDN inputs at the watershed scale.
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(5) Marine-derived carbon (5C"), nitrogen (8N'°), and sulphur (8S**) stable isotope ratios are
consistently higher at sites with relatively high salmon abundance than at those with few or no
salmon , with the sole exception of marine-derived sulphur in Homer region streams;

(6) 8S** and 8N"* showed broad ranges of values and were positively correlated in fish from Cooper
Landing and Seldovia streams. In Homer streams, however, 8S°* and 3N'° showed narrow ranges
and were relatively high in all fish, including those from salmon-free sites. It appears that Homer
watersheds have isotopically heavy nutrient sources that obscured or diminished the effect of MDN
on S and N isotope ratios;

(7) Fatty acid measures were positively correlated with measures of similarity to salmon eggs and
salmon flesh.

To further explore the nutrient proxy concept in years two and three, we selected five systems with existing
Alaska Department of Fish and Game salmon enumeration projects, and conducted weekly water chemistry and
discharge sampling on these streams. Results from these nutrient proxy investigations again revealed limited
potential for development of a nutrient proxy for salmon escapement, however phosphate (PO,) and ammonia

(NH, ") responses were apparent in N limited streams probably because N is in such high biological demand
when high ambient P levels are present, that it has less background noise to overcome.

Introduction

All living things require essential nutrients; C is a principal building block of carbohydrates and lipids, N is an
important component of proteins, and P is fundamental to metabolic processes, RNA and DNA (Stockner and
Ashley 2003). Both C and N can be cycled into freshwater ecosystems from their gas phase by plants
(phytoplankton and periphyton), however P lacks a gas phase and can only be supplied to freshwater and
terrestrial ecosystems through geologic weathering or ‘uploading’ from anthropogenic sources (marine
fisheries) or by natural vectors (guano deposition by seabirds, oceanic upwelling, anadromous fish returns
(Levy 1997; Gende, Edwards et al. 2002; Stockner and Ashley 2003).

Young salmon are quite small when they leave their natal freshwater streams for the ocean, weighing between
1-20 grams. Depending on the species, they will spend between one and four years at sea, and gain between 2-
10 kilograms before returning to spawn, and subsequently die, in their natal streams. An adult salmon is
typically 0.36% phosphorous, which translates to roughly 18 kg of phosphorous uploaded into the freshwater
stream ecosystem per 1,000 fish (Murota 2003).

Anadromous fish in fresh waters may be considered keystone species for the role that they play in supporting
vertebrate predators and scavengers (Willson and Halupka 1995). The flow of energy transmitted by returning
adult salmon into fresh water ecosystems has been likened to a tree, with it’s roots in the form of small fishes
and zooplankton in the ocean that are prey for salmon, it’s stem being the returning adult salmon escapement in
rivers, the boughs, twigs and leaves being mammals, birds (and stream biota) that feed on the salmon, and the
tree’s hypothetical seeds being the excreta of these animals (Murota 2003).

Serious declines in productivity and diversity in salmonid ecosystems have occurred throughout the world, due
in large part to the impacts of human activities, such as watershed development, forestry practices and fishing,
in addition to global climate change and natural variability (Naiman and Bilby 1998). The dramatic declines and
extinctions have prompted intense focus on conservation of wild salmonid populations during the last ten or so
years. However, the ecological coupling of freshwater, terrestrial, and marine ecosystems through spawning
salmon migrations is still not well understood and the long-term effects of salmon declines not known.
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Improvements in existing monitoring programs to assess salmon populations and implementation of
management practices strongly rooted in scientific understanding (i.e. harvest, recruitment, etc.) are critical to
preserving remaining salmon stocks and to the ecological integrity of coastal ecosystems.

Several studies in parts of Alaska have shown that marine, or to be more specific, salmon-derived nutrients play
a crucial role in subsidizing the productivity of stream food webs, and riparian and terrestrial plants and animals
((Kline, Goering et al. 1990; Willson, Gende et al. 1998; Wipfli, Hudson et al. 1998; Chaloner, Martin et al.
2002; Wipfli, Hudson et al. 2003). Studies in southeast Alaska have demonstrated that MDN are incorporated
into multiple trophic levels in stream-riparian ecosystems (Chaloner, Martin et al. 2002), influence the
productivity of multiple trophic levels in streams (Wipfli, Hudson et al. 1998; Wipfli, Hudson et al. 1999) and
contribute to the growth of resident and anadromous salmon (Wipfli, Hudson et al. 2003).

Stable isotope approaches have provided some of the strongest evidence for incorporation of MDN in
freshwater food web components because marine C, N, and S are isotopically heavier relative to terrestrial and
freshwater sources. The large isotopic disparities among these nutrient pools provides a novel means of tracing
the contribution of MDN entering freshwater ecosystems through salmon spawning returns (Kline, Goering et
al. 1990; Chaloner, Martin et al. 2002). Specifically, stable C and N isotopes represent a powerful approach for
resolving source (i.e. food sources) and process (i.e. trophic status) information in the reconstruction of food
webs (Peterson and Fry 1987). In principle, this works because C and N isotopes are subject to fractionation
along trophic pathways. Fractionation for the latter is the most dramatic, whereby consumer organisms
preferentially retain the heavier nitrogen isotope ('°N), resulting in an approximate 3-5 per mil (relative to & -
notation) enrichment at each step along the food chain. Consistent nitrogen isotopic enrichment across trophic
levels indicates position within the food web. C isotope fractionation, however, is much more subtle, ranging
from approximately 1-2 per mil at each consumer step. The relatively minor enrichment along trophic
pathways is useful for evaluating carbon sources in food webs. In fact, several studies have illustrated the
effectiveness of using such approaches to quantify the extent of MDN incorporation into freshwater food
(Kline, Goering et al. 1990; Bilby, Fransen et al. 1996; Chaloner, Martin et al. 2002). Our work further
exploits the stable isotope-based approach for evaluating marine-derived subsidies to freshwater and riparian
food webs, extending analyses to capture temporal variability and patterns at watershed (i.e. along river
corridors) and regional scales.

The utility of S isotopes in food web studies has received much less attention, although S has been used to
understand food web relations in salt marshes (Kwak and Zedler 1997). S isotopes exhibit a large disparity
between marine and freshwater nutrient pools. In particular, sulfur isotopes are unique in that the original
signature is largely conserved across consumer trophic levels (i.e. little to no fractionation). The semi-
conservative nature greatly adds to the resolving power of sources comprising the base of food webs,
particularly when used in conjunction with stable C isotopes. To the best of our knowledge, our work presents
the first data available in which the utility of stable S isotopes has been explored to study interactions between
MDN and freshwater and terrestrial food webs.

Recent experimental evidence indicates higher fatty acid levels and omega-3 fatty acids (i.e. marine signal) are
expressed in stream fishes exposed to MDN (Heintz, Nelson et al. In revision). Increased growth rates, body
size and lipid content likely lead to higher salmonid production and survival (Olsen 1998; Wipfli, Hudson et al.
2003; Heintz, Nelson et al. In revision). Evidence also indicates that the ratio of RNA to DNA may be a
valuable indicator of instantaneous growth in fishes, creating the potential to trace the allocation of energy, and
hence the effects of MDN in stream food webs. Fluctuations in lipid content generally are the result of
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fluctuations in the amount of lipid stored as triacylglycerols. There are data that provide evidence for a direct
effect of the presence of fish carcasses on the pattern of lipid storage during the year (Gardiner and Geddes
1980), however there are no data describing differences in growth throughout the year. Energy allocation
strategies among juvenile salmonids are likely to depend on their developmental stage, with younger fish
emphasizing energy storage, and older fish emphasizing growth (Schultz and Conover 1999). It is apparent
from these, as well as other recent studies (Jauget, Pittman et al. 2003; Nakajima and Ito 2003; Reimchen,
Mathewson et al. 2003) that understanding the relative importance of MDN, as well as increasing our
understanding of the different pathways for nutrient incorporation into food webs, is crucial for improved
fisheries and ecosystem management.

Studies on the effects of MDN in stream and riparian systems have not extended into nearshore ecosystems.
These systems may be gaining substantial benefit from nutrient subsidies associated with congregating fish at
river mouths, as well as nutrients from fish carcasses exported from upstream. The Alaska Coastal Current
(ACC), which dominates the circulation along the Kenai Peninsula, receives significant amounts of freshwater
from the many small watersheds that drain into the Gulf of Alaska. Because of the glacial and mountainous
origin of this substantial freshwater input, the ACC is relatively nitrate poor(Weingartner, Coyle et al. 2001).
This creates the potential for watersheds receiving anadromous species to be a significant nutrient source to
nearshore environments as MDN are exported from watersheds.

Thus far, streams on the Kenai Peninsula remain productive, yet many are subject to increasing pressure from
human-induced forces. The goal of this research was to examine terrestrial and marine-derived nutrient sources
to stream, riparian, and nearshore environments on the southern Kenai Peninsula. The streams on the southern
Peninsula, are encompassed by the Alaska Department of Fish and Game Lower Cook Inlet Management Area,
and have several distinctive characteristics which set them apart from other streams in south central Alaska.
Knowledge gained from this study will be useful for developing fisheries and land management strategies,
especially in the Cook Inlet region, by building understanding of the utility of nutrient proxies, stable isotopes,
and fatty acid ratio-based indicators of variability in MDN in food web components at both watershed and
regional scales.

Objectives
Objective 1: Document the presence of MDN from salmon in watershed components.

Hypotheses:

H,,: Stream and riparian ecosystems with anadromous salmon runs have higher marine signals of C, N,
and S (6C B SN and 8S 34), than non-anadromous systems.

Hab: @3:06 fatty acid ratios are higher in biota in systems with anadromous salmon runs than in non-
anadromous systems.

H,.. Nearshore areas adjacent to anadromous watershed systems have higher levels of nutrients
(especially nitrogen) seasonally associated with the salmon runs than non-anadromous systems.

Rationale: Simply because salmon enter streams does not mean their nutrients will be sequestered by receiving

food webs, although most evidence so far shows that food webs in Alaska do quickly incorporate these nutrients
(Kline, Goering et al. 1990; Kline, Goering et al. 1997; Chaloner, Martin et al. 2002), Chaloner et al. 2002).
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Existing water chemistry, food web structure, and other physical, chemical, and biological properties of
watersheds and ecosystems will dictate if, and the extent to which, food webs sequester MDN (Wipfli, Hudson
et al. 1999). Additionally, in-situ N cycling may potentially confound interpretations of MDN incorporation
into food web components. For instance, nitrification likely becomes an important process during periods
corresponding to ammonium pulses (excretion, carcass decomposition). Nitrification results in considerable
fractionation that yields isotopically lighter nitrate while leaving the residual ammonium pool progressively
enriched in SN'°. Primary producers preferentially take up ammonium over nitrate, yet both forms of inorganic
nitrogen are likely simultaneously used for in-stream production (microbial and algal uptake). The net result is
that food web components may be heavily subsidized by marine sourced nitrogen; yet not reflect such subsidies
in terms of 8N'° values. Further, in-situ N cycling may be very important at the reach scale, yet little is known
about longitudinal patterns along river continuums. Supplementing a traditional stable isotope-based food web
study with stable sulfur isotope analysis and information on the isotopic composition of nutrient pools will
greatly enhance our ability to quantify the importance of MDN in freshwater and riparian food webs.

Objective 2: Measure the effects of MDN on the productivity and health of key food web species in stream,
riparian and nearshore ecosystems along a potential marine-derived nutrient gradient from nearshore to
headwaters.

Hypotheses:

Hs,. Streams with anadromous salmon runs have higher
macroinvertebrate and fish densities and standing stock than non-anadromous systems.

H3p: Fish are consuming marine-derived food (salmon eggs, tissue) in systems that contain salmon runs.

Hs,. Fish and macroinvertebrates in streams with anadromous salmon runs have higher levels of whole-body
lipids than those in systems without salmon.

Hsq4. There is a decrease in the degree of marine influence along the spatial continuum from stream mouth to
headwaters.

Rationale: Simply detecting marine isotope and fatty acid signatures in food web components does not provide
direct evidence for increased productivity (in the form of increased growth, production, or health of species) or
other food web effects. This part of the study will complete MDN story by tying in measures of productivity
(marine-derived nutrient effects) with delivery of marine-derived nutrient (Objective 1), occurrence and cycling
of MDN (Objective 2), and will show if food webs (stream, riparian, nearshore) are responding to MDN, and
will show the magnitude of response.

Objective 3: Determine if a water chemistry proxy (e.g., NH," or soluble reactive phosphorous (SRP) can be
developed as a tool for monitoring salmon and other anadromous fish runs.

Hypotheses:

H,,. NH4 and SRP concentrations are correlated with salmon escapement levels.
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Hip: The stable N isotopic composition of the dissolved NH,4" pool should strongly reflect a marine
origin (salmon-derived), exhibiting elevated SN values relative to streams and rivers that receive no
marine-derived nutrient subsidizes.

Hi.: The stable N isotopic composition of the dissolved NOs™ pool will exhibit longitudinal enrichment
patterns in a downstream direction as a result of nitrification (microbially-mediated conversion of NH,"
to NO5'), whereas the residual NH;" pool will become more isotopically enriched from headwaters
toward nearshore areas.

Rationale: Accurately estimating salmon escapements is crucial for effective fisheries management throughout
Alaska. Weirs, sonar, and towers have been commonly used to detect return levels, but are often prohibitively
expensive (Nicky Szarzi pers. comm.). Because of this, estimating salmon escapements is not done for most
river systems in Alaska and other places, or is done at very limited scales or for only part of the season. Based
on preliminary research and observations in both southeastern and southcentral Alaska, NH," and possibly SRP
appear to be good possible indicators of the timing and magnitude of salmon returns. These two forms of key
nutrients (N and P) naturally occur in watersheds, typically at low concentrations, but are abundant in
anadromous fish tissue (or as waste products from returning fishes). Water column concentrations of these two
nutrients quickly spike when salmon enter streams (Wipfli et al. in prep). Routine water chemistry methods are
available for measuring these chemical forms, and if this technique proves effective and reliable, it could easily
be developed as an inexpensive and rapid tool for monitoring anadromous fish returns. Furthermore, isotopic
analysis of dissolved inorganic N pools will help resolve confounding controls over available dissolved nitrate
and ammonium pools, such as processes involved in N cycling (ammonification, denitrification, nitrification).
Additionally, these data will provide the first insight into the microbial use of MDN in these systems, especially
in the context of longitudinal patterns. Quantifying changes in process rates in response to the influx of salmon-
derived nutrients would represent the first step toward understanding the temporal effects on in-stream
productivity, particularly with respect to the conservation of the marine signature in freshwater and terrestrial
systems (i.e. how long MDN remains after carcass decomposition is complete).

Study Area

The southern part of the Kenai Peninsula, bounded by Cook Inlet to the west and the Caribou Hills to the east
has gently rolling topography, with wide river valleys and extensive peat wetland systems. Elevations range
from around 950 meters to sea level. Climate in the study area is transitional between maritime and continental,
in general becoming more continental towards the north. Homer, located at the southern end of the Peninsula,
has an average winter (January) temperature of —5.2 ° C and average summer (July) temperatures of 11.9° C.
The average annual precipitation in Homer is 61.7cm, with the majority of rain occurring in fall (September
through November). Snowmelt and ice breakup contribute to high stream flows in spring (April-May) (Mauger
2005).

The southern Peninsula supports many wildlife species including a wide variety of seabirds, waterfowl,
shorebirds, raptors, and songbirds, moose, black and brown bears, fox, lynx, coyote, and a variety of small
mammals. The streams in this area support numerous small fish and salmonid species including king
(Oncorhynchus tshawytscha), silver (O. kisutch), steelhead (O. mykiss) pink and Dolly Varden (Salvelinus
malma).

The economic base for communities on the southern Peninsula is largely composed of commercial fishing, sport
fishing and tourism. Land ownership in the area includes Federal, Native Corporation, State, Borough and
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private holdings. Land use on the southern Kenai Peninsula has changed dramatically over the past 15 years,
especially due to increased forest practices in response to the spruce bark beetle epidemic, and to increased
development activities associated with a growing population. Population growth is expected to continue (KBRR
and NOAA/CSC 2001).

Methods

Developing Monitoring Techniques for MDN in Stream Food Webs (Objectives 1 and 2)

We began the project with pilot investigations in year one conducted in two watersheds on the southern
Peninsula. The two chosen watersheds are similar geomorphically, and with respect to human land uses and
wetland extent. The treatment watershed, the North Fork and Chakok tributaries of the Anchor River, is 283
square kilometers, while the control watershed, Happy Valley Creek, is 28 square kilometers (Figures 2) (Baird
and Walker 2004). The Anchor River system supports anadromous runs of king, silver, and steelhead, as well
as anadromous and resident populations of Dolly Varden. The Happy Valley System has resident Dolly Varden,
but no anadromous runs due to the presence of a waterfall near the mouth of the creek (Figure 1).

In year one, investigations were conducted in the two pilot watersheds by establishing five sampling stations
along the river continuum extending from mouth to headwaters, representing a hypothesized MDN gradient.
Each station included approximately 200 meters of stream. Sampling was done three times per year; prior to
the initiation of spawning runs in the spring (May), after the king salmon run (July) and after the silver salmon
run in the fall (end of October). The spring sampling enabled us to capture residual effects of MDN from the
previous years’ runs, and the fall sampling enabled us to examine the importance of MDN resulting from the
current year, prior to overwintering. In year one, we also explored sampling potential effects of MDN into
nearshore environments by examining nutrient outflow from the two systems.

Figure 1. Pilot investigations were conducted in two watersheds: Happy Valley Creek, for which salmon runs
are blocked by a waterfall near the mouth (left); and the North Fork Anchor River, which is a salmon spawning
stream (right).

The Anchor River has a short mainstem (approximately 2 km) near the ocean, and then divides into the North
Fork and South Fork. The Alaska Department of Fish and Game operates a sonar station and weir on the
mainstem, below the divide. ADFG has not escapement to the forks separately, but estimates that the North
Fork captures 25-40% of the salmon that enter the river (Nicky Szarzi pers. comm.). In year one, we established

EVOS GEM Project Number 040726 Final Report 13



a weir on the North Fork of the Anchor River. We used the weir to measure escapement through all salmon
runs beginning May 15 and extending through September 15.

To assess the incorporation of MDN in food webs, we collected samples of fish (Dolly Varden and sculpin; n =
10), macroinvertebrates (focusing on dominant species and including species representing functional feeding
groups), riparian vegetation (willow and horsetail), collecting enough sample material to allow for all tissue
analyses, and water chemistry samples at each station.

Water samples were collected for analysis of ammonium, nitrate, total N, particulate and dissolved inorganic C,
particulate and dissolved organic C, orthophosphate, soluble P and total reactive P using standard procedures on
a monthly basis (American Public Health Association 1995). The samples were held on ice for transport and
hand delivered to the Cook Inlet Water Quality Laboratory in Homer, AK.

Fish were collected using minnow traps that were baited with salmon eggs enclosed in a perforated whirlpak
bag, and deployed appropriately, where the current was slow enough for juvenile fish to enter the traps. The
traps were checked after one hour, and left for up to 24 hours, depending on fishing success. The fish were
placed live in large whirlpak bags marked with the station name and date, and filled with stream water. The fish
bags were then placed in buckets or a cooler with ice and transported to the laboratory the same day. In the case
of overnight sampling trips, captured fish were stored in liquid nitrogen dewars until delivery to the laboratory
the following day.

In the laboratory, fish samples were weighed and fork-length measured in the laboratory to calculate fish
condition factor (Fulton Condition Factor K = mass/length’). Stomach contents were removed from fish via
gastric lavage, and the contents were placed in ethanol in individual whirlpak bags, labeled with fish
identification, station identification, and date. Fish stomach contents were analyzed for the proportion of
marine, terrestrial, and freshwater content based on volume in order to determine relative amounts of marine-
sourced food the fish are consuming.

The fish were then frozen in a minus 70° freezer until being shipped in an insulated freezer box to the National
Oceanic and Atmospheric Administration (NOAA) Auke Bay Laboratory in Juneau for lipid and fatty acid
analysis. At the Auke Bay Lab, the fish were homogenized individually and half of each fish, by volume, was
shipped back to the Kachemak Bay Research Reserve (KBRR). At KBRR, the fish were oven dried, pulverized,
prepped for stable isotope analysis, before being sent to the United States Geological Survey (USGS) stable
isotope laboratory in Denver, Colorado.

Stream macroinvertebrates were collected by a combination of kick-net, drift-net and hand picking off of woody
debris and stones. Macroinvertebrates were sorted in the field and directly picked into pre-labeled 2-mL
polypropylene vials. Two full 2-mL vials were collected for each species. Field notes included the number of
individuals in each sample and any information on instar stage. Several representatives of each taxon were
preserved for later identification (or confirmation) using standard taxonomic keys. One portion of each was
oven dried, pulverized and prepped for stable isotope analysis before being sent to the USGS stable isotope
laboratory in Denver, Colorado. One portion was frozen in a minus 70° freezer until shipped in an insulated
freezer box to the Auke Bay Laboratorty for lipid and fatty acid analysis.

Riparian vegetation leaves were picked and placed in a plastic bag, labeled with station identification, site
number and date. Leaves were oven dried, pulverized and then shipped to the USGS stable isotope laboratory
in Denver, Colorado for analysis.
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Stream discharge curves were developed for each station by measuring the cross-sectional velocity of the
stream over a wide range of flow conditions at one of the sample sites. The sample site for stream discharge
measurement will be chosen based on channel morphology.

Figure 2: Aerial image showing treatment (North Fork Anchor River) and control (Happy Valley Creek)
watersheds on the southern Kenai Peninsula. Numbers correspond to station number.
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In year one, we attempted to sample water chemistry, algal chlorophyll production and biomass in the nearshore
environment of each system by placing bricks in replicates in five locations within each stream, ranging from
the extent of high tide to the mouth, and placed buoys outfitted with settling plates at a distance into the Inlet.
However, these efforts were thwarted by high sedimentation rates due to longshore transport and the use of the
stream mouth areas as fishing areas (moorings were removed and algal collection bricks ended up in campfire
rings), therefore we decided to abandon the nearshore sampling effort in subsequent years as the confounding
difficulties appeared to make long term monitoring efforts impractical in this environment. We also made an
attempt to record the biota (presence and abundance) in the nearshore environment using underwater video,
however the wave energy in the vicinity stirred up the particulate matter such that we could not get a clear
image.

Following our investigations in the two pilot watersheds in year one, we expanded our sampling efforts to nine
watersheds in three different regions:(1) Cooper Landing, (2) north side of Kachemak Bay, and (3) the south
side of Kachemak Bay in order to investigate potential differences in response to MDN in watersheds with
different underlying geology. The Cooper Landing and south side of Kachemak Bay watersheds drain systems
with nutrient-poor underlying parent geology and the north side of Kachemak Bay sites are characterized by
underlying nutrient-rich geology, as noted by high levels of ambient P (Mauger 2005). Otherwise, all systems
are similar to the extent possible (i.e., similar basin area, elevation, channel slope, climate, geomorphology and
surrounding land use. One salmon-free reference stream and two salmon spawning streams were sampled in
each region. The reference streams allowed us to ensure that any signal we saw in stream food webs is truly a
response to MDN and not attributable to natural variability in the system. Performing the same tests in systems
with and without anadromous salmon runs allowed us to determine whether the proposed methods were clearly
measuring the effects of MDN. The Cooper Landing set consisted of the Russian River and Quartz Creek as
salmon-bearing streams and Juneau Creek as the salmon-free reference. Juneau Creek has a waterfall
approximately 3 km upstream of its confluence with the Kenai River which blocks salmon access to most of the
basin. The north side of Kachemak Bay set consisted of the North Fork of the Anchor River and the South Fork
of the Anchor River as the salmon-bearing streams and Happy Valley Creek as the salmon-free reference. The
south side of Kachemak Bay set consisted of Humpy Creek, Barabara Creek, and China Poot Creek. China
Poot Creek supports a terminal run of sockeye in the lower reaches, however upstream progress is blocked by a
waterfall less than 2 km from the mouth. Sockeye fry are stocked in China Poot Lake, and the lake is fertilized
regularly to support the fry. We sampled China Poot Creek above the lake.

In each watershed, we sampled three locations along the stream continuum; one station at the headwaters, above
any salmon spawning; one station midway from the headwaters to the outlet; and one station near the stream
outlet (Figure 3). The three stations represented a hypothesized MDN gradient, from high MDN influence near
the mouth of the streams to lower MDN influence near the headwaters. Specific sample site selection for the
upstream sites was based on water depth (less than one meter), stream substrate (gravels/cobbles), and
accessibility (trails, landowner permission, etc.).

Our main objectives for years two and three were to (1) examine the ability of various stable isotope and fatty

acid measures of MDN assimilation in stream-resident fishes to differentiate among sites that vary in the
number of spawning salmon and (2) understand the relationships among these measures.
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Figure 3. Map illustrating study areas for year 2 and 3 food-web and nutrient gradient responses to MDN. BC=Barabara
Creek, CPC=China Poot Creek, HC=Humpy Creek, ARSF=Anchor River South Fork, ARNF=Anchor River North Fork,
HVC=Happy Valley Creek, RR=Russian River, QC=Quartz Creek, JC= Juneau Creek.

Sampling and laboratory processing methods for years two and three were similar to those employed in year
one, with the following refinements:

e A total of 5 Dolly Varden and 5 sculpin were retained from the traps.

e Only horsetail leaves were selected.
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Developing a Water Chemistry Proxy for Salmon Escapement (Objective 3)

Our goal in exploring the potential of a nutrient proxy for salmon escapement was to compare the number of
returning salmon with the concentration of NH,", NOs", and SRP. Nutrient loading in response to salmon can
be expressed as:

N=T+F-B

where N = nutrients
T = terrestrial inputs
F = fish over time x fish decay rate {F(t) x FDR (t)}
B = biological uptake

By measuring fish and nutrients over time, we can estimate the fish decay rate, which provides one of the pieces
we need to begin tying nutrient levels to fish escapement.
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Figure 4. Hypothetical nutrient response curve to MDN inputs from spawning salmon.

In year one, we operated a picket weir on the North Fork of the Anchor River between May 1 and September
15, 2004 to enumerate coho and chinook salmon returns. All adult coho and chinook salmon passing through
the weir were counted, and sexed (determined by external morphology). Every sixth chinook and every tenth
coho salmon was sampled for age, sex and length consistent with Division of Sport Fish objectives for the
Anchor River. Weekly water chemistry samples were collected from North Fork Anchor River in the vicinity
of the weir. Weekly water samples were also collected from Happy Valley Creek, the system without
anadromous runs, in order to verify that our sampling methods are capable of detecting marine derived
nutrients. Water samples collected were analyzed for NH;" , NOs’, total N, particulate and dissolved inorganic
C, particulate and dissolved organic C, orthophosphate, SRP and total reactive P using standard procedures on a
weekly basis at the Cook Inlet Keeper laboratory in Homer, Alaska (American Public Health Association 1995).

In years two and three, we expanded the number of study systems for the water chemistry proxy investigations
to include streams outside of the lower Kenai Peninsula that receive moderate to high densities of spawning
salmon under a range of settings, including watersheds with different underlying geologies and lake fed
systems (Figure 5). The requirements for a system to be chosen were: (1) daily salmon escapement was being
enumerated; (2) daily discharge measurements were available; and (3) obtaining and transporting water samples
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in a timely manner was feasible. Meeting these requirements meant coordinating with ADFG salmon
enumeration projects.

Figure 5. Expanded study site locations for examining the potential of a water chemistry proxy.

The Anchor River, Deshka River and Crooked Creek are non-lake fed systems with underlying geology rich in
P. The Buskin and Russian River systems are lake-fed systems with underlying geology that is not P rich. In
year 3, Crooked Creek was dropped as a potential site for investigation due to difficulties in obtaining discharge
measurements; and Humpy Creek, located on the south side of Kachemak Bay was added. Humpy Creek is a
non-lake fed system with underlying geology that is not P rich.

In year two, we deployed a continuous automated nitrate sampler (Satlantic MBARI ISUS) on the Anchor
River, at the site of the sonar and partial weirs. The results of the continuous sampler were compared with the
weekly grab samples in order to assess whether stream MDN concentrations in the Anchor vary significantly
within weekly measurement periods.
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In year two, we also explored the use of chloride in developing a water chemistry proxy. Chloride is known to
be a component of most ground water systems, and can be used to track groundwater inputs to streams because
the amount of chloride does not fluctuate with stream flow. Chloride is also known to be a metabolic by-product
of fishes, yet unlike nitrate and ammonia, chloride is not biologically active, creating the potential for
developing a nutrient proxy that is not confounded by the inherent biological productivity of the stream system.
In year 2, we analyzed the weekly water samples for chloride to test this idea.

Results

Developing Monitoring Techniques for MDN in Stream Food Webs (Objectives 1 and 2)

Our approach for year one of this three-year effort was to link stream chemistry, marine isotope signatures, and
lipid and fatty acid measures along a gradient from headwaters to river mouth in two watersheds with and
without spawning salmon (i.e., North Fork Anchor River and Happy Creek, respectively) (Figure 2). Year one
spawning runs delivered 13,000 kg of chinook (Oncorhynchus tshawytscha) biomass and 2000 kg of coho (O.
kisutch) biomass to the North Fork Anchor River (Figure 6). In 2004, 16% of the total Chinook return and 12%
of the total coho return went up the North Fork of the Anchor River. Prior to this information, ADFG had
anticipated 25-40% of the total Anchor River escapement returning to the North Fork.
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Figure 6. Cumulative salmon biomass (left) and salmon distribution (right) for the North Fork Anchor River in
2004.

The first round of food-web component sampling was intended to reveal conditions prior to the salmon runs.
This spring sampling event revealed a longitudinal pattern in water chemistry on the Anchor (the site with
anadromous fish runs). NOs.was low at the headwater station, but much higher at the remaining downstream
sampling stations. The patterns were very similar in May and October, yet NOs- was much lower in August,
which is likely reflective of increased biological activity. There were no distinct longitudinal patterns evident at
Happy Valley Creek, (the site without anadromous runs), mainly because the range in concentrations was so
narrow compared to the North Fork Anchor River (Figure 7).

In every comparison in which the same taxa were collected from the North Fork Anchor River and Happy
Valley Creek, the Anchor taxa were more enriched, suggesting the incorporation of MDN into the Anchor River
food web. Longitudinal patterns were also evident, in which biota, (Dolly Varden char, horsetail and
macroinvertebrates), from salmon spawning sites in the North Fork Anchor River consistently showed enriched
8N '° values relative to salmon-free Happy Valley Creek. Biota in both streams showed a trend toward 8N °
enrichment along a gradient from headwaters to mouth, suggesting that trophic complexity increased with
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stream size regardless of spawning salmon presence (Figure 8). The sampling site located at the headwaters of

the North Fork Anchor River and pre- and post-chinook spawning 8N '° values were similar, suggesting that
salmon-derived N is stored and gradually released.
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Figure 7. Longitudinal nutrient profiles in the North Fork Anchor River (with salmon) and Happy Valley
Creek (no salmon) during pilot investigations. Top panel: North Fork nutrient concentrations were highest at
sites with spawning salmon (AR2-AR4). North Fork nutrient levels were proportional to discharge. Bottom
panel: No consistent pattern was discerned in Happy Valley Creek.
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Figure 8. Results from year one pilot investigations show stable isotopes tracking MDN in stream food webs
along a longitudinal watershed gradient.
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Results from water samples taken from the three geologic regions show that ambient P concentrations were
generally below detection limits in the Cooper Landing and Seldovia streams. Homer region streams had higher
ambient P concentrations, suggesting P was not limited (Figure 9). NH," and P0, spiked in most streams
during salmon spawning and returned to pre-spawn levels by October. NH;" in Homer region streams did not
increase above levels in the salmon-free reference, suggesting rapid N uptake in these N-limited streams. It is
not clear why Barabara Creek (in the Seldovia region) did not show a nutrient spike (Figure 10).
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Figure 9. Ambient N: P in the three study regions.
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Figure 10. NH," and P04 concentrations across longitudinal gradients in each of the three study regions. These
profiles suggest rapid N uptake in Homer region streams.
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Macroinvertebrates and Equisetum from salmon streams generally, but not always, showed enriched SN
during salmon spawning, SN'> enrichment in a downstream direction, and enriched 3N’ relative to salmon-free
reference streams (Figure 11). High variability in 8N is likely due to spatial variability in N sources and
cycling, indicating that SN'> may not be reliable for tracking MDN inputs at the watershed scale.
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Figure 11. 3N"along a longitudinal watershed gradient for macroinvertebrates and Equisetum in the two
salmon-bearing streams from the Cooper Landing region. Similar patterns and variability were evident in
salmon streams of the other two regions.

Across the three regions, we found resident fish C, N, and S stable isotope ratios were consistently higher at
sites with relatively high salmon abundance than at those with few or no salmon, with the sole exception of 5S**
in Homer streams (Figure 12). 5S** and 8N '° showed broad ranges of values and were positively correlated in
fish from Cooper Landing and Seldovia streams (r2=0.79; Figure 13). In Homer streams, however, S** and 5N
1% showed narrow ranges and were relatively high in all fish, including those from salmon-free sites. It appears
that Homer watersheds have isotopically heavy nutrient sources that obscured or diminished the effect of MDN
on S and N isotope ratios.
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Higher o3:w6 fatty acid ratios in Dolly Varden from the pilot watersheds (North Fork Anchor River, which has
anadromous runs, and Happy Valley Creek, which is salmon free), provided evidence of direct incorporation of
MDN into stream foodwebs, and when normalized for Dolly Varden size, showed m3:w6 fatty acid ratios
increasing in a downstream direction (Figure 14). Dolly Varden o3:w6 fatty acid ratios correlated with body
size in the North Fork of the Anchor River (r* =.21) but not in Happy Valley Creek, suggesting that larger fish
incorporated more MDN (Figure 15).
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Figure 14. ®3:m6 fatty acid ratios in Dolly Varden from the pilot treatment and reference watersheds (left); and
longitudinal gradient in Dolly Varden w3:w6 fatty acid ratios (right).
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The ratio of ®3:w6 appears to be the most reliable fatty acid measure of MDN assimilation in Dolly Varden
(Figure 16). Detection of significant differences between treatments in Seldovia streams was probably
hampered by small sample size.
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in the three geographic regions. Bars with different lower-case letters are significantly different (a=0.05).
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Figure 17. Relationship between fatty acid measures in stream resident fishes (Dolly Varden and sculpin)
across the three geologic regions.
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Fatty acid measures were positively correlated, with the two similarity measures (to salmon eggs and to salmon
flesh) showing the tightest relationship (r2=0.59) (Figure 17).

Developing a Water Chemistry Proxy for Salmon Escapement (Objective 3)

We investigated the potential for developing a water chemistry proxy for salmon escapement by estimating the
relationship between a suite of water chemistry components and salmon numbers. Initial investigations in the
pilot watershed, North Fork of the Anchor River, revealed nutrient concentrations were unrelated to salmon
escapement, but was strongly correlated to stream discharge (Figure 18).
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Figure 18. Nutrient flux for the North Fork Anchor River. Nutrient flux was not correlated with the
biomass of salmon entering the system (Panels A,B), but was correlated with stream discharge (Panels C,D).

We hypothesized that the P rich underlying geology of the Homer region may make these systems relatively
unresponsive to additional nutrient inputs from anadromous salmon. We also hypothesized that higher fish
densities may be necessary in order to see a response. In order to explore these possibilities, we expanded our
investigations to streams in regions with different underlying geology and moderate to high salmon densities.
The three necessary data sets we needed from each system were: (1) estimates of daily discharge; (2) estimates
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of daily escapement; and (3) weekly water samples. We encountered several logistical difficulties in obtaining
all the necessary information from each site. In 2005, the first year that we collected samples from additional
sites, accurate discharge measurements were not obtained from several sites; the Buskin River-because of faulty
equipment; the Deshka River-because the existing USGS rating curve was shown to be outdated; Crooked
Creek; and the Anchor River-because we only had data for one Fork of the Anchor. For these reasons, we were
only able to analyze results from three systems in 2005 (Anchor River, Deshka River and Russian River). To
deal with the lack of accurate discharge data, we resorted to using stage data, which is collected for each
system. To remove the potential colinearity between water chemistry and river discharge, we regressed river
stage data collected at the weirs against the water chemistry concentrations. The residuals from that regression
were then regressed against cumulative king salmon numbers. Results showed that cumulative fish accounted
for 24% of the total variability in NH," in the Anchor River, but less than 1% of the total variability in the
Deshka and Russian Rivers. Cumulative fish accounted for 11% and 14% of the total variability in NO,+NO;
levels in both the Anchor and Deshka Rivers, respectively, but less than 1% of the total variability in NO>+NO3
levels in the Russian River. In both the Anchor and Deshka Rivers, cumulative chinook accounted for 46% and
43% of the total variability in PO,’". These results indicated some promise for development of a water
chemistry proxy for salmon escapement, especially in nitrogen limited streams. Therefore, in 2006, we
attempted to create a new discharge curve for the Deshka River by taking discharge measurements during a
range of flows. For high flows, we used an Acoustic Doppler Current Profiler. However, the weir on the
Deshka was inoperable due to flood conditions for a substantial portion of the salmon escapement, thus we
dropped the Deshka from our 2006 data set. In 2006, we also encountered difficulties in obtaining accurate
salmon escapement from Humpy Creek because the remote video system that was employed was inadequate for
assessing daily fish counts since the fish held in the vicinity of the camera’s view, making it impossible to
distinguish which fish crossed the demarcated line on the stream bottom. For this reason, we were only able to
analyze three systems in 2006 (Anchor River, Buskin River and Russian River- see Figure 19).

We analyzed water chemistry samples for chloride concentrations in addition to nutrients. Results from the
chloride analyses revealed a very narrow range in chloride levels for each river system. Since chloride levels in
streams are generally linked to ground water flows, we did not expect them to change with discharge. This was
true for the Anchor and Deshka River, however in the Russian River, chloride was strongly correlated with
discharge. Fish numbers were not correlated with chloride levels in any of the systems.
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Figure 19. Daily fish and water chemistry data for the Anchor and Russian. The Anchor River (top) shows a
clear lag-time and decay curve for NH,4", NO,+NO; and PO," response. The lag time and decay are less clear
for the Russian River (right).

Discussion

The role of nutrients in determining the carrying capacity of salmonid ecosystems has been identified as an
important consideration in developing ecosystem based management approaches for salmon escapement (Bilby,
Fransen et al. 2001; Knudsen, Symmes et al. 2003). The work presented here contributes towards that goal by
determining which approaches most reliably represent the presence and effects of MDN inputs at multiple
stream trophic levels across seasons, watersheds and regional scales. This information can then be used to build
monitoring programs for tracking MDN inputs, and ultimately provide input to habitat-based assessment models
for salmon escapement models(Nickelson and Lawson 1998; Bradford, Myers et al. 2000).

Ambient nutrient levels in different regions proved to be an important consideration in how stream ecosystems
respond to MDN inputs. Although we commonly expect P to be the nutrient in shortest supply in freshwater
ecosystems, and therefore most limiting (Stockner and Ashley 2003), this was not the case in one of the regions
investigated for this study. Ambient P concentrations were below detection limits in all streams from two
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regions (Cooper Landing and Seldovia), however Homer region streams had higher ambient P concentrations,

suggesting P was not limited. Indeed, streams in all regions responded to MDN inputs from spawning salmon,
however NH;" in Homer region streams did not increase above levels in the salmon-free reference, suggesting

that N delivered by returning adult salmon to these N-limited streams was at least as important as P.

The differences in ambient nutrient levels were also noteworthy in our attempts to develop a water chemistry
proxy for salmon escapement. In general, we found that the complexity of nutrient cycles in stream ecosystems
confounded a clear water chemistry signal; however the locations where a water chemistry response was
evident were in the system (Anchor River) that was nitrogen limited due to the P rich underlying geology. In
this system, a clear response in NHy4" to daily fish escapement was evident. This indicates some promise for
developing a water chemistry proxy for salmon escapement in this (or other N-limited) systems if other factors,
such as fish decay rate, biological uptake and terrestrial inputs can be accounted for. Our attempts to detect a
water chemistry signal that can be correlated with salmon returns shows little promise in lake-fed systems,
presumably due to buffering effects of lakes; and unfortunately, our attempts to measure a water chemistry
signal in phosphorous-limited systems without lakes failed due to difficulties encountered in estimating
escapement through the use of remote video technology.

We were able to achieve a better understanding of the utility of using C, N and S stable isotopes for tracking
MDN in stream systems (Kline, Goering et al. 1990; Kline 2003). Our results showed that while
macroinvertebrates and riparian plants from salmon spawning streams showed patterns of enriched 8N '° during
salmon spawning, the high degree of spatial variability in SN ' makes the utility of using these trophic levels as
reliable predictors of MDN inputs at the watershed scale questionable. Stable isotopes ratios appear to be much
more effective indicators of MDN assimilation when measured in resident stream fishes (Dolly Varden and
sculpin). C, N and S stable isotope ratios in these resident streams were consistently higher at sites with
relatively high salmon abundance, compared to those with few or no salmon, in the two regions (Cooper
Landing area and Seldovia area) with low ambient P levels. However, in the Homer region, where ambient P
levels are higher, SN '° and 8S ** values were relatively high in all fish, even those from salmon-free systems. It
appears that watersheds in the Homer area have isotopically heavy nutrient sources that obscure or diminish the
effect of MDN on stable N and S isotopes. Stable C isotope values are indicative of the source of C feeding the
food web. Our longitudinal gradient water chemistry analyses indicate some very light C values in the food
web, which are often characteristic of slow moving water where there is reduced air-water exchange and higher
respiration rates. This suggests the possibility that headwaters are the chief source of carbon during periods
corresponding to low MDN inputs.

For measuring the effects of MDN on growth and survival of stream fish, the ratio of ®3:®6 fatty acids appears
to be the most reliable measure of MDN assimilation.

Conclusions

We tested a variety of methods in different trophic levels at seasonal, watershed and regional scales in an
attempt to determine the most reliable measures of MDN in stream ecosystems. Our results show that stable
isotopes and fatty acids were both effective indicators of MDN assimilation in stream resident fishes. Fatty
acids were most effective when quantified as ®3:w6. Our results also show that underlying geology and
isotopically heavy nutrient sources other than spawning salmon can affect how a watershed system responds to
MDN subsidies, making it important to develop monitoring programs on a system by system basis.
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