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Abstract
An artificial stream system was constructed to study responses of autotrophic and
heterotrophic stream communities to salmon-derived nutrients. The artificial stream
system contained 12 raceways (1.2 m long x 20 cm wide x 13 cm tall) that were provided
with a constant flow of well water. The experimental treatment group consisted of clay
pots filled with pureed salmon carcasses and agar to simulate decomposing salmon
carcasses; a control group was included consisting of pots containing agar without
salmon tissue. Unglazed clay tiles were placed downstream from the clay pots for
periphyton to colonize. Periphyton samples were collected from these tiles.
Measurements were taken twelve times over the course of 84 experiment days.
Water samples were analyzes for nitrogen (total nitrogen, ammonium, and nitrate+nitrite)
and phosphorus (total phosphorus, soluble reactive phosphorus). Periphyton samples
collected were analyzed for chlorophyll, ash-free dry weight, and respiration.
The artificial stream successfully introduced salmon-derived nutrients, especially
salmon-derived nitrogen, in a manner that enhanced periphyton. Total nitrogen and
ammonium were usually significantly higher in the fish+agar treatments than in the agar
treatment group. Phosphorus leached rapidly from the experimental treatment group,
while the agar treatment group followed the source water fairly consistently. Periphyton
was rarely different among treatments. This may have been due to high background
nutrient concentrations in the source water. In addition, there was extensive growth of
periphyton along the raceway sides in the fish+agar treatment group that was not
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reflected in the growth on the tiles and may have shaded periphyton growth on the
fish+agar tiles.
I determined that the artificial stream system was an appropriate tool for studying
the effects of salmon-derived nutrients on autotrophic and heterotrophic communities.
Subsequently, other researchers modified the water source and periphyton sampling
procedure to successfully study the movement of salmon-derived nutrients into stream
communities.

v

Acknowledgements
This study would not have been possible without the kind support, encouragement, and
assistance of many individuals. Special thanks should to go to my advisor Dr. Robin
Matthews whose support, insight, and guidance throughout my Master’s degree program
has been immeasurable. My appreciation also goes to my committee members, Dr. Peter
Homann and Dr. Leo Bodensteiner, who have provided guidance in the development and
completion of this research project. Joan Vandersypen and Mike Hilles, with the Institute
for Watershed Studies, provided important insights and assistance with laboratory
techniques and procedures. Deka Olson helped collect data. Western Washington
University Scientific Technical Services needs to be especially thanked for doing a
fantastic job of building the artificial stream system and other implements that I could not
make. Funding for this project was provided by the Graduate Program Committee at
Huxley College and Research and Sponsored Program. Finally, special thanks needs to
go the numerous undergraduate volunteers and friends who helped me collect data and
maintain my system: Cordillia Worthington, Kimmi Norvell, Audrey Kuklok, and Hanna
Winter.

vi

Table of Contents
Abstract…………………………………………………………………………………

iv

Acknowledgements……………………………………………………………………

vi

List of Figures…………………………………………………………………………

ix

List of Tables…………………………………………………………………………… xii
Introduction……………………………………………………………………………

1

Objective……………………………………………………………………………

1

Why Study Salmon-derived Nutrients? …………………………………………

1

Salmon-derived nutrient information………………………………………...

2

Why an Artificial Stream? ………………………………………………………..

5

Artificial Streams and Substrates…………………………………………………

6

Research Objectives………………………………………………………………

8

Methods…………………………………………………………………………………

9

Artificial Stream System……………………………………………………………

9

Nutrient Enrichment Treatments……………………………………………………

10

Nutrient Enrichment Experimental Design…………………………………………

12

Water Quality Measurements………………………………………………………

12

Sample collection……………………………………………………………

12

Total phosphorus and total nitrogen………………………………………

13

Soluble reactive phosphate, nitrate + nitrite, and ammonium……………

13

Nutrient analysis……………………………………………………………

14

Periphyton Measurements…………………………………………………………

14

Sample collection……………………………………………………………

14

Chlorophyll measurements…………………………………………………

15

Ash-free dry weight measurements………………………………………

17

Respiration measurements…………………………………………………

18

Dissolved Oxygen, Temperature, and Raceway Flow Measurements……………

20

Quality Control and Statistical Analyses…………………………………………

21

vii

Table of Contents
Results…………..………………………………………………………………………

23

Baseline Conditions………………………………………………………………… 23
Baseline water quality in raceways…………………………………………

23

Post-treatment water temperature, dissolved oxygen, and raceway flow rate

24

Nitrogen and phosphorus concentrations in clay pots……………………

26

Nutrient Enrichment Experiment……………...……………………………………

27

Raceway nitrogen concentrations…………………………………………

27

Raceway phosphorus concentrations…..……………………………………

29

Chlorophyll, ash-free dry weights, and respiration results.………………

30

Discussion………………………………………………………………………………

32

Introduction of Nutrients into the Artificial Stream………………………………... 32
Theoretical decomposition scenario…………………………………………. 37
Periphyton Growth in the Artificial Stream System………………………………..

38

Successes and Limitations of Artificial Stream System……………………………

40

Conclusions……………………………………………………………………………

43

References………………………………………………………………………………

44

Appendix A: Procedure for Acid Washing Bottles……………………………… 82
Appendix B: Procedure for Acid Washing Filters………...…………………… 83
Appendix C: Quality Assurance……………………………………………………

84

Appendix D: Non-significant Results……………………………………………

105

viii

List of Figures
Figure 1: Artificial stream system located at the Hannegan Rd. Environmental Research
Facility, Western Washington University. Stream dimensions are 2.44 m long, 1.22 m
wide, and 15 cm tall.

48

Figure 2: Diagram showing raceway layout with locations for clay pots and tiles. Tile
ID positions are indicated by raceway numbers, row numbers, and column numbers.
Treatment codes: F=Fish+agar treatment; A=Agar treatment.

49

Figure 3: Photograph showing nutrient delivery system consisting of a clay pot
containing either treatment (Fish+Agar or Agar), inside a beaker. Source water flowed
into beaker before entering artificial stream raceways.

50

Figure 4: Raceway layout showing sampling points for nutrient and water quality
measurements.

51

Figure 5: Photograph of artificial stream system showing sampling ports at end of
raceways

52

Figure 6: Statistical analysis flow chart

53

Figure 7: Boxplots (n=6 per treatment group) showing water temperature by treatment
group for each experiment day. The decrease in temperature was caused by a seasonal
decrease in ambient temperature. The black triangle indicates a significant difference
between treatments (day 84).

54

Figure 8: Boxplots (n=6 per treatment group) showing dissolved oxygen concentrations
by treatment group for each experiment day. The black triangles indicate significant
differences between treatments (days 52 and 71).

55

Figure 9: Relationship between dissolved oxygen and temperature. As temperature
decreased, oxygen increased (Kendall’s tau=-0.50, p-value =< 2.2e-16).

56

Figure 10: Boxplots (n=6 per treatment group) showing raceway flow rate by treatment
group for each experiment day. Black triangles indicate significant differences between
treatments (days 0, 7, 34, 71, and 84).

57

Figure 11: Relationship between raceway flow and total nitrogen showing lack of
significant correlation (Kendall’s tau= 0.037, p-value = 0.51).

58

Figure 12: Boxplots (n=6 per treatment group) of total phosphorus concentrations in
clay pot nutrient amendment solutions at the beginning and end of the experiment.

59

ix

List of Figures
Figure 13: Boxplots (n=6 per treatment group) of total nitrogen concentrations in clay
pot nutrient amendment solutions at the beginning and end of the experiment.

60

Figure 14: Boxplots (n=6 per treatment group) of total nitrogen results by treatment
61
group for each experiment day. Two extreme outliers were not graphed, but are included
in boxplot statistics (day 71 fish+agar = 400 µg/L; day 84 fish+agar = 762 µg/L). Black
triangles indicate significant differences between treatments (days 0, 4, 7, 14, 21, 28, 34,
44, 52, 58, 71, and 84).
Figure 15: Boxplots (n=6 per treatment group) of ammonium results by treatment group
for each experiment day. Two extreme outliers are not shown on graph, but are
included in boxplot statistics (day 21 fish+agar = 190 µg/L ; day 84 fish+agar = 154
µg/L). Black triangles indicate significant differences between treatments (days 0, 21,
28, 34, 44, 52, 58, and 71).

62

Figure 16: Boxplots (n=6 per treatment group) of dissolved inorganic nitrogen results by 63
treatment group for each experiment day. Two extreme outliers are not shown on graph,
but are included in boxplot statistics (day 21 fish+agar = 225 µg/L; day 84 fish+agar =
242 µg/L). Black triangles indicate significant differences between treatments (days 0,
4, 21, 28, 34, 44, 52, and 58). Autoanalyzer detection limit derived from ammonium
and nitrate+nitrite detection limits.
64
Figure 17: Boxplots (n=6 per treatment group) of organic nitrogen results by treatment
group for each experiment day. One extreme outlier is not shown on graph, but are
included in boxplot statistics (day 84 fish+agar = 673 µg/L). The black triangle indicates
significant difference between treatments (day 0).
Figure 18: Boxplots (n=6 per treatment group) of nitrate+nitrite results by treatment
group for each experiment day. Black triangles indicate significant differences between
treatments (days 4, 14, 44, and 84). On days 14 and 44 the fish+agar medians were
significantly lower than the agar medians; on days 4 and 84 the fish+agar medians were
significantly higher than the agar medians.

65

Figure 19: Boxplots (n=6 per treatment group) showing soluble reactive phosphate
results by treatment group for each experiment day. One extreme outlier was not
graphed, but are included in boxplot statistics (day 14 agar = 68 µg/L). Black triangles
indicate significant differences between treatment groups (days 0, 4, and 28).

66

Figure 20: Boxplots (n=6 per treatment group) of organic phosphorus results by
treatment group for each experiment day. Four extreme outliers were not graphed, but
are included in boxplot statistics (day 52 agar = 238 µg/L and fish+agar = 254 µg/L; day
71 fish+agar = 611 µg/L; day 84 fish+agar = 910 µg/L). Black triangles indicate
significant differences between treatment groups (days 0, and 71).

67

x

List of Figures
Figure 21: Boxplots (n=6 per treatment group) showing total phosphorus results by
68
treatment group for each experiment day. Four extreme outliers are not displayed on this
graph, but are included in boxplot statistics (day 52 agar = 247 µg/L and fish+agar =
263 µg/L; day 71 fish+agar = 627 µg/L; day 84 fish+agar = 918 µg/L) Source water for
experimental day 4 was deleted because it was extremely high, much higher than the
agar result on the same date. The black triangle indicates signficant differences between
treatment groups (day 0).
Figure 22: Boxplots (n=6 per treatment group) showing chlorophyll results by treatment 69
group for each experiment day. Black triangles indicate significant differences between
treatments (days 44 and 58).
Figure 23: Boxplots (n=6 per treatment group) showing ash-free dry weight results by
treatment group for each experiment day. The black triangle indicates a significant
difference between treatments (day 44).

70

Figure 24: Boxplots (n=6 per treatment group) showing respiration results by treatment
group for each experiment day. There were no significant differences between
treatments

71

Figure 25: Boxplots (n=6 per treatment group) showing the autotrophic index by
treatment group for each experiment day. Black triangles indicate significant differences
between treatments (days 44, 58, and 71).

72

Figure 26: Boxplots (n=6 per treatment group) of the autotrophic index result using a
different y-axis scale to show lower values. Black triangles indicate significant
differences between treatments (days 44, 58, and 71).

73

Figure 27: Photographs showing the dense algal and fungal mats in the fish+agar
raceways (A, C) and the less dense periphyton growth in the agar raceways (B, D).
Photographs were taken on experiment day 55.

74

xi

List of Tables
Table 1: Summary of study analytical methods and parameters

75

Table 2: Quality control methods

76

Table 3: Summary of total nitrogen (µg-N/L) and total phosphorus (µg-P/L)
concentrations in source water for the artificial stream system at the beginning of the
experiment before treatments were placed in the system (n=12 per treatment group).

77

Table 4: ANOVA results for pre-experiment nutrient data analyzed by day and assigned
treatment group (n=6 per treatment group) showing absence of significant differences
between treatment group raceways.

78

Table 5: Summary statistics for total phosphorus (µg-P/L) and total nitrogen (µg-N/L)
concentrations in pot solutions by experiment day (n=6 per treatment group).

79

Table 6: Kruskal Wallis test results showing significant differences between treatment
groups (n=6 per treatment group) for nitrogen (µg-N/L) and phosphorus (µg-P/L).

80

Table 7: Kruskal Wallis test results showing significant differences between treatment
groups (n=6 per treatment group) for chlorophyll (mg/m2), ash-free dry weight (mg/m2),
and respiration (absorbance units/m2).

81

xii

Introduction
Objective
The first objective of my study was to construct an artificial stream system to facilitate the
study of the relationship of salmon-derived nutrients to water chemistry and periphyton
growth. The second objective of my study was to test the effectiveness of the autotrophic and
heterotrophic stream communities’ responses to salmon-derived nutrients in an artificial
stream system using artificial substrates. In addition to this objective, the construction of this
artificial stream system will create a research tool that can be used by future graduate
students exploring salmon-derived nutrients.

Why Study Salmon-derived Nutrients?
Salmon populations in the Pacific Northwest of the United States have been declining in
recent years. In 1991, the Endangered Species Committee of the American Fisheries Society
reviewed the status of Pacific salmon stocks in California, Oregon, Idaho, and Washington
(Nehlsen et al. 1991). They reported that out of 214 stocks of salmon, 18 were probably
extinct and 101 were at risk. Nehlsen et al. (1991) also estimated that approximately 75% of
the Pacific salmon populations were severely depleted and over 40% have disappeared from
historic ranges.
The decline in salmon is a broad concern, not just to scientists and regulators, but also
to commercial fishers, recreational anglers, and the general public. Salmon provide esthetic
appeal and are a multimillion-dollar commercial resource. Washington anglers alone spent
$704 million on gear, bait, fuel, and other fishing items in 1998 (Koenings 1999). This in
turn produced 16,700 jobs, generated $46 million in state sales tax, and produced $40 million

in federal income tax. These numbers do not take into consideration the revenue generated
by commercial fishing.

Salmon-derived nutrient information
In the Pacific Northwest, many headwaters of streams and rivers have low primary
productivity (Gregory et al. 1987). Traditionally, inorganic nutrients were thought to flow
primarily downstream, starting with low concentrations in the headwaters and increasing
concentrations in the lower reaches of streams and rivers (Allan 2001). Research on the
influence of salmon-derived nutrients from spawning runs of Pacific salmon (Oncorhynchus
sp.) has greatly altered our understanding of nutrient movement in streams, revealing that the
upstream migrations of salmon provide a critical influx of nutrients in their inorganic forms
to the headwaters of many Pacific streams.
Pacific salmon (Oncorhynchus spp.) are anadromous semelparous organisms,
annually migrating to saltwater after hatching and then returning to freshwater to spawn and
die. This flux of yearly salmon carcasses stimulates the stream ecosystem by bringing
salmon-derived nutrients to these areas (Fisher-Wold and Hershey 1999, Mathisen et al.
1988, Richey et al. 1975). These carcasses can increase periphyton and macroinvertebrate
growth and density (Chaloner et al. 2007, Claeson et al. 2006, Schuldt and Hershey 1995),
while also providing food for bears (Gende et al. 2002), fertilizing the riparian community
(Helfield and Naiman 2001), and possibly creating a positive feedback loop for future
generations of salmon (Claeson et al. 2006, Wipfli et al. 1999).
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The natural addition of salmon carcasses can affect the stream ecosystem by
increasing nitrogen and phosphorus levels (Kline et al. 1990, Sugai and Burrell 1984, Richey
et al. 1975). An average 4.5 kilogram adult Chum salmon (Oncorhynchus keta) contains a
dry weight of about 3.3% nitrogen and 0.48% phosphorus (Gende et al. 2004). Although the
amount of phosphorus in salmon tissues may be depleted due to lipid and protein metabolism
from the journey upstream, nitrogen levels remain about the same (Gende 2004).
Consequently, a run of 1,000 individuals (approximately 4,500 kilograms of salmon) deposits
an estimated 150 kg of nitrogen and 21.6 kg of phosphorus into the stream ecosystem.
Experimentally, this has been shown to increase ammonium, organic nitrogen, total
phosphorus, and soluble reactive phosphate concentrations in streams with salmon carcasses
(Schuldt and Hershey 1995, Minakawa and Gara 1999). The two major routes that
incorporate salmon-derived nutrients into the stream ecosystem are consumption of carcasses
by animals and heterotrophic organisms and uptake of dissolved nutrients by autotrophic
microorganisms (Naiman et al. 2002). My study will focus on the uptake of dissolved
nutrients by microorganisms in the periphyton and will not look at nutrient incorporation via
carcass consumption by animals.
Uptake by autotrophs appears to be an important mechanism for retaining salmonderived nutrients in the stream ecosystem (Schuldt and Hershey 1995, Richey et al. 1975).
Periphyton is an important component of a stream ecosystem and is defined as a matrix of
autotrophic algae, heterotrophic bacteria, fungi, protozoa, and microcrustaceae attached to
substrates in a stream. It is an important food source, provides cover for stream organisms, is
a major component in biogeochemical cycling, and forms the base for many food chains
(Allan 2001). Periphyton populations are affected by a variety of factors including light,
3

temperature, current, and grazing, but periphyton growth in streams may also be limited by
nutrient availability, especially nitrogen and phosphorus (Allan 2001).
Based on the chlorophyll a content and ash-free dry weights of periphyton in salmon
streams, many salmon-derived nutrient studies have produced conflicting conclusions on
whether salmon-derived nutrients have an effect on periphyton. Some studies have shown
significant increases in chlorophyll and ash-free dry weight in periphyton (Chaloner et al.
2007, Schuldt and Hershey 1995) while others showed no differences (Claeson et al. 2006).
One study even showed significant differences in chlorophyll at two salmon study streams
but no differences at another study stream (Cak et al. 2008), while all three of these streams
showed significant increases in ash-free dry weight for the same study period.
It is important to study the effects that salmon-derived nutrients have on autotrophic
and heterotrophic communities and the linkage between the biogeochemical pathways and
these communities (Chaloner et al. 2007). Salmon carcasses could potentially be a positive
feedback mechanism for salmon species, with the addition of carcasses seeding streams and
increasing salmon returns (Claeson et al. 2006, Wipfli et al. 1999). The influx of salmonderived nutrients also creates a potential conflict with water quality objectives by
overstimulation of algae that could be viewed as water pollution (Claeson et al. 2006).
Researchers studying salmon-derived nutrients have discovered that there is a great
complexity to the response of the stream ecosystem (Gende et al. 2002, Naiman et al. 2002),
and there is still much to be learned about the mechanisms of how different streams respond
to this nutrient source.
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Why an Artificial Stream?
Originally, I intended to conduct a field study of the effects of salmon-derived nutrients on
periphyton in Anderson Creek, Whatcom County, Washington. In the fall of 2004 I placed
artificial substrates in the form of clay pots into Anderson Creek using rebar driven into the
substrate. Shortly after the placement of the artificial substrates in the stream, a storm
caused high bedload movement that scoured the clay pots and rebar, displacing them
downstream. To illustrate the amount of flow that must have occurred, several months later
one intact unit of rebar with its clay pot was found approximately two kilometers
downstream.
After the failure of my field study, I designed a laboratory study that was modeled
after Fairchild et al. 1985, again using clay pots. Nutrient amendments consisting of
nitrogen, phosphorus, fish+agar, and stream water (control) were added to the clay pots,
which were placed in 1L beakers and flushed daily with filtered stream water. The nitrogen
and phosphorus amendments successfully grew periphyton, but the fish+agar amendment
grew a purple biofilm. The apparent reason this purple biofilm flourished was that even with
daily water changes, oxygen levels dropped quickly in the beakers and ammonium levels
soared. The low oxygen levels created an environment more suitable for bacteria than
periphyton, and caused putrefaction of the fish+agar amendment, releasing ammonium.
Published literature reveals that these types of field and laboratory methodological
problems are common when studying the effects of salmon-derived nutrients. Examples of
other methodological problems that may skew results include instances where scavengers
carried off carcasses (Gende et al. 2004, Johnston et al. 2004), sites became light limited
rather than nutrient limited (Cak et al. 2008, Mitchell and Lamberti 2005), high flows
5

masked treatment effects (Wilzbach et al. 2005), and high background nutrient levels in
streams masked treatment effects (Claeson et al. 2006, Mitchell and Lamberti 2005). Having
one’s data compromised by methodological problems can extend the time frame for
completing a project to months or even years.
Based on the difficulties of conducting salmon-derived nutrient experiments in
natural streams, I decided to build an artificial stream system. An artificial stream system
provides an accessible alternative to studying the natural stream environment. The system I
built was close to campus, so transportation was less of a problem, and samples were able to
be processed quickly after collection. Finally, and most important, the artificial stream
system provided a way to assess the influence of salmon-derived nutrients on streams
independent of the timing of salmon runs.

Artificial Streams and Substrates
In this thesis, I will use a definition of artificial streams proposed by McIntire (1993): a
constructed raceway with a controlled flow of water used to study biological and natural
properties of natural streams. For the last 30 years artificial streams have been used to study
autotrophic communities. Recently, several salmon-derived nutrient studies have also used
artificial streams (Mitchell and Lamberti 2005, Chaloner et al. 2002). Although artificial
streams offer the advantage of control over environmental unpredictability, opportunity to
replicate treatments, and opportunity to easily replicate the experiment, McIntire (1993)
warns that the results of individual artificial stream experiments contribute little to our
understanding of natural streams. One of the most troublesome problems is that artificial
streams are too homogeneous, and reduce natural variability, thus providing an overly
6

simplified response. To address this it is important to use a logical sequence of experiments,
looking at various aspects of a question, to get a more in-depth view of how an artificial
stream might reflect natural stream functions. Chaloner et al. (2002) conducted a study with
a natural stream and an artificial stream and identified the differences between the two. They
found that while the natural stream showed a relationship between carcass loading levels and
stable isotope signatures, the artificial stream did not show the same relationship. They
theorized that the reason there was no relationship was because of the simplicity of their
artificial stream. A baseline study indicating whether their artificial stream reflected the
natural study stream might have helped avoid this issue.
Artificial substrates have also proven to be a useful tool in studying autotrophic and
heterotrophic communities in aquatic systems (Mitchell and Lamberti 2005, Wipfli et al.
1999). Artificial substrates can come in many forms, shapes, and sizes. The advantages of
using artificial substrates to study salmon-derived nutrients include ease of sampling and
control of nutrient amendments. The primary disadvantages are similar to artificial streams:
natural variability is reduced because the substrates do not provide the same complexity as a
natural stream substrate.
For my study, I chose to use clay pots and unglazed clay tiles to provide different
types of artificial substrates. The clay pots were used to provide the nutrient source and the
tiles were used to collect periphyton growth. Field studies using clay pots as nutrient
diffusing artificial substrates have demonstrated that nitrogen and phosphorus amendments
(often in an agar matrix) will slowly diffuse out of the pots, promoting periphyton growth
(Kutka and Richards 1997, Scrimgeour and Chambers 1997, Allen and Hershey 1996, Ghosh
and Gaur 1994, Grimm and Fisher 1986, Fairchild et al. 1985, Fairchild and Lowe 1984).
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For my experiment, the nutrient amendments consisted of salmon tissue suspended in an agar
matrix (fish+agar), which was placed in sealed clay pots to simulate decomposing salmon
carcasses. Clay pots containing just the agar matrix (agar) served as my control.
Downstream from these artificial “salmon carcasses” I placed unglazed tiles to
simulate rocks and give periphyton a surface for colonization. Unglazed ceramic or clay tiles
are commonly used as artificial substrates to collect periphyton (Mitchell and Lamberti 2005,
Wipfli et al. 1999, Fairchild et al. 1985). Several other salmon-derived nutrient studies have
successfully used unglazed tiles as ‘artificial rocks” (Mitchell and Lamberti 2005, Johnston
et al. 2004), producing results comparable to those from natural substrates found at the same
site (Johnston et al. 2004).

Research Objectives
I propose to evaluate the effectiveness of using an artificial stream system to assess the
influence of salmon-derived nutrients on periphyton growth on clay tile substrates. I
hypothesize that the salmon-derived nutrients in the fish+agar treatment will enhance
periphyton growth more than the agar alone. In addition, my study will provide the
groundwork for future salmon-derived nutrient studies using a constructed artificial stream
system.
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Methods
Artificial Stream System
My study was conducted in an artificial stream system (1.22 m long x 2.44 m wide x 15 cm
tall) constructed using medium density overlay plywood sealed with Quikrete epoxy paint
and 100% DAP aquarium sealant (Figure 1). The streams were located at the Western
Washington University Hannegan Environmental and Education Center on a table 61 cm tall
set at a 2˚ angle. A 16:8 hour light:dark cycle was provided using four 1.2 m long light
banks (240-watt UV plant and aquarium bulbs) hung 55 cm above the table (Figure 1) to
simulate natural light conditions.
The artificial stream system was divided into 12 raceways (1.2 m long x 20 cm wide
x 13 cm tall; Figure 2) that were provided with a constant flow of well water from a local
well. Separate flows were provided to each raceway using 25.4 mm (1 inch) diameter vinyl
tubing (Figure 3). The tubing was placed into 1 L beakers that contained the clay pots used
to deliver nutrient treatments to the individual raceways. Unglazed clay tiles (5 x 5 cm) were
placed in the raceways downstream from the beakers to provide substrates for sampling
periphyton (Figure 2).
The tiles were pretreated by soaking for one week in water collected from a nearby
creek (Squalicum Creek) to leach out impurities and inoculate the tiles with local periphyton
(Fairchild et al. 1985). After the tiles were soaked, they were scrubbed with a hard bristle
brush to remove most of the periphyton. A unique identification number was written on the
underside of each tile using a permanent marker. This identification number consisted of
three numbers representing the raceway, row, and column where the tile was to be located
(Figure 2).
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A total of 42 tiles were placed in each raceway in 14 rows, with 3 tiles per row
(Figure 2). The water depth in the raceway covering the tiles ranged from 3.9 cm at row 1 to
5.4 cm at row 14. Rows 1 and 14 were omitted from sampling to reduce variability
associated with edge effects.

Nutrient Enrichment Treatments
A nutrient enrichment experiment was used to measure the influence of salmon-derived
nutrients on periphyton growth. Nutrients from decomposing salmon were delivered to the
raceways using clay pots measuring 10 cm in diameter (Figure 3). Each pot was pretreated
by soaking in Squalicum Creek water in the same manner as the tiles. Salmon tissue was
prepared by homogenizing the muscle tissue and internal organs of Chinook salmon
(Oncorhynchus tshawytscha) excluding skin and fins, using an Oster® 14 speed blender.
Water was added to aid in homogenizing, and then cooled liquid agar was added for a final
concentration of 15% agar and 85% fish tissue. The fish+agar solution was immediately
poured into six clay pots and allowed to solidify. A control treatment proportion to 15% agar
and 85% distilled water was added to six additional clay pots. Each clay pot contained 260
ml of either the fish+agar solution or agar solution.
Past nutrient amendment studies have used 2-3% agar (Wu et al. 1996, Fairchild et al.
1985, Fairchild and Lowe 1984), but because of the liquid consistency of the blended fish,
and my desire to keep the density of the solution closer to that of a salmon carcass, I
increased the agar concentration to 15%. Fifteen percent agar to 85% liquid is a standard
amount used for plating in most microbial experiments (APHA 1995-9000-Microbial
Examination).
10

After the agar solutions solidified, Plexiglass disks measuring 10 cm in diameter were
sealed to the bottom of each pot using 100% silicon DAP® aquarium sealant. These disks
were attached to make sure that the treatments did not fall out of the pot during the
experiment (Wu et al. 1996, Fairchild and Lowe 1984). Small holes at the top of the clay
pots were sealed with a dab of the same aquarium sealant used to seal the bottoms of the
pots. All pots were placed into 1 L beakers and randomly assigned to raceways (Figures 2
and 3).
Samples of the fish+agar and agar solutions were collected at the beginning and end
of the nutrient enrichment experiment to measure initial and final total phosphorus and total
nitrogen concentrations in the treatment solutions. The initial samples were collected when
the individual pots were filled, and were frozen for later analysis (n=6 per treatment).
Additional samples were collected at the end of the experiment by breaking open each pot
and sampling the solution remaining in the pot (n=6 per treatment). The initial and final
samples were analyzed for total phosphorus and total nitrogen (Table 1) by combining 1 g of
sample with 100 ml of distilled deionized water in a 125 ml Erlenmeyer flask, and then
analyzed for total phosphorus and total nitrogen.
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Nutrient Enrichment Experimental Design
The nutrient enrichment experiment was started on September 19, 2005 and ended on
December 12, 2005, which was a total of 84 experiment days. Samples were collected on
experiment days 0, 4, 7, 14, 21, 28, 34, 44, 52, 58, 71 and 84. Water quality samples were
collected and processed in the morning; periphyton samples were collected and processed in
the afternoon; dissolved oxygen, temperature, and raceway flow rate (discharge)
measurements were collected in the evening. All water samples were transported to the
Institute for Watershed Studies on Western Washington University’s campus for processing
and analysis. Raceway flow rates, temperature, and dissolved oxygen were measured at the
site.

Water Quality Measurements
Sample collection
All water quality samples were collected in a specific downstream to upstream manner to
minimize disturbance of the raceway. Two water samples were collected per raceway: one
downstream from the tiles at a sampling port at the end of the raceway and the other
upstream from the tiles collected directly from the flow exiting the beaker (Figures 3, 4, and
5). One additional water sample was collected directly from the well water before it entered
the artificial stream system to provide a baseline for the measurement of nutrient
concentrations. Before collecting the water sample from the downstream sampling port,
water was allowed to run through the tubing to flush accumulated debris. Samples were
collected in 1-liter acid-washed polyurethane bottles that were rinsed two times with sample
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water, filled with sample water, and transported on ice to the Institute for Watershed Studies
for nutrient processing and analysis (Appendix A).

Total phosphorus and total nitrogen
Total phosphorus and total nitrogen samples were analyzed following Standard Methods
(Table 1), with a modified potassium persulfate digestion (APHA 2005). One gram of
potassium persulfate and 0.5 ml of 30% sodium hydroxide were added to 100 ml of mixed
sample in a 125 ml Erlenmeyer flask. The flasks were capped with foil and autoclaved for 35
minutes. After cooling, the foil caps were removed and the flasks were covered with
Parafilm and stored at 4º C until analysis.

Soluble reactive phosphate, nitrate+nitrite, and ammonium
Processing for soluble reactive phosphate, nitrate+nitrite, and ammonium was conducted by
filtering samples through a 0.45 µm acid washed membrane filter (Appendix B). Ninety
milliliters of the filtered sample was decanted into an acid-washed polyurethane bottle and
frozen for soluble reactive phosphate and nitrate+nitrite analyses using the methods
summarized in Table 1. The remaining filtered sample was poured into a 50 ml centrifuge
tube, the volume was adjusted to equal 25 ml, and 0.125 ml of 0.1 N hydrochloric acid was
added to acidify the solution. This acidified solution was placed in a cold room at 4º C until
analysis for ammonium could be completed.
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Nutrient analysis
All nutrients were analyzed within the 28-day holding time on an ALPKEM O-1 Analytical
Autoanalyzer. All frozen samples were allowed to thaw before analysis. All liquid samples
were shaken before being poured off for analysis. Concentrations of nutrients were
determined using a standard curve made from a set of standards prepared on the same day as
analysis. If concentrations were beyond the standard curve, the samples were diluted to
ensure an accurate determination of the concentration.

Periphyton Measurements
Sample collection
After water sampling was completed, periphyton samples were collected from the raceways.
Each sampling day three tiles per raceway were randomly chosen. The tiles were carefully
lifted out of the raceway and scraped with a razor blade to remove periphyton. The loosened
periphyton was washed into 50 ml centrifuge tubes using a small amount of pre-treatment
source water and then the final volume in each tube was brought to 10 ml. After scraping,
the tiles were placed upside down in their original locations in the raceways to limit changes
in flow patterns. Before partitioning the periphyton sample for different analyses, the
centrifuge tube was thoroughly vortexed to create a homogenous mixture.
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Chlorophyll measurements
A slightly modified version of the direct extraction method for chlorophyll a was chosen
because it reduced the amount of time spent processing the samples and the expense of filters
(APHA 2005, Fisher-Wold and Hershey 1999). One drop of MgCO3 and 9 ml of 100%
acetone were added to 1 ml of homogenized periphyton sample in a 16 x 100 mm glass test
tube. The test tubes were covered with Parafilm and placed in the dark at 4º C overnight.
The samples were centrifuged the next morning (20 minutes/2000 rpms) and the supernatant
was poured off into clean 13 x 100 mm glass test tubes to analyze on a Turner Designs 700
Fluorometer. The samples were measured before and after acidification with 0.1 N
hydrochloric acid to correct for phaeophytins (APHA 1995).
To calculate chlorophyll concentrations, the difference in fluorescence before and
after acidification was multiplied by an appropriate correction factor (correcting for the
optical properties of the glass and acetone) and a dilution factor of 10. The total amount of
chlorophyll per tile was extrapolated by multiplying a ratio of scraped volume (ml) to tile
area (cm2), and the final values were converted to mg/m2.

C= (Fb-Fa)Cf (Ve)

(

S (ml)
C (cm2)

)

Where:
C = Chlorophyll (mg/cm2)
F = Fluorescence before acidification
Fa = Fluorescence after acidification
Cf = Instrument correction factor *
Ve = Volume of extract
C = Area of tile (cm2)
S = Total milliliter of periphyton scraped from tile
*Experiment days 0-7 used a correction factor of 2.02, while
days 14-84 used 2.01.
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A preliminary experiment was conducted to compare the modified APHA 2005 direct
extraction method to the APHA 1995 and 2005 filtering method using a homogenized sample
of aquarium algae. Eight replicate algae samples were extracted using the direct injection
method described above. Eight more samples were extracted by filtering 1.0 ml through a
GF/C filter. The filters were then wrapped in aluminum foil and frozen at -20º C until
extraction. The filters were thawed, ground with 8.0 ml of 90% acetone, poured into clean
16x100 mm glass test tubes, covered with Parafilm, and placed in the dark at 4º C overnight
(APHA 2005). The next morning the samples were centrifuged and analyzed using the direct
extraction method (Appendix C).
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Ash-free dry weight measurements
Ash-free dry weight was measured following procedures outlined in APHA (1995) with
modifications described by Vollenweider (1969). A known volume of the periphyton sample
was placed into pre-weighed 57 ml aluminum weighing dishes. The samples were allowed to
dry at 60° C for 24 hours and then were placed in a desiccator for 24 hours. After
desiccation, the samples were weighed to the nearest 0.0001 g to obtain dry weight. To
measure ash-free dry weight, the samples were ashed at 550° C for 1 hour and cooled
overnight. The next day, 5 ml of distilled deionized water was added to compensate for clay
and mineral dehydration (APHA 1995). The samples were again dried at 60° C for 24 hours,
desiccated for 24 hours, and weighed to the nearest 0.0001 g to obtain the ash weight.
To compute ash-free dry weight, the difference between the ash weight and dry
weight was calculated and the results were divided by the original sample volume to obtain
ash-free dry weight in g/ml. To normalize to area of tile, a ratio of total scraped volume (ml)
to tile area (cm2) was computed and multiplied by the sample ash-free dry weight. This
amount was converted to meter squared for comparisons.

P=

(

)(

D (g) – A (g)
M (ml)

)

S (ml)
C (cm2)

Where:
P = Ash-Free Dry Weight (g/cm2)
A = Ash Weight (g)
D = Dry Weight (g)
M = Amount of sample dried (ml)
S = Total milliliters of periphyton scraped from tile
C = Area of tile (cm2)
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Respiration measurements
The following procedure was performed by Deka Olson, Western Washington University
undergraduate student (Biology Department) as part of an independent study project to
provide respiration estimates for my thesis. Respiration must be measured immediately after
collecting the periphyton samples, so Deka’s project was added to collect data that would be
otherwise unavailable due to time constraints. Deka estimated periphyton respiration based
on the reduction of iodonitrophenyl tetrazolium chloride (INT) to INT-formazan. The INT
method was chosen for its reliability, comparability to other tests (ATP and O2 uptake) and
simplicity (Awong et al. 1985). The electron transport system of almost all respiring
organisms reduces INT to INT-formazan, which is deposited as dark red intracellular spots
(Zimmermann et al. 1978). The reduced INT-formazan is soluble in acetone and can be
quantified using colorimetric methods on a spectrophotometer.
To measure respiration, the periphyton sample was thoroughly vortexed and two 0.5
ml aliquots were placed into separate scintillation vials. Next, 0.5 ml of 0.2%
iodonitrophenyl tretrazolium chloride (INT) was added to each vial (Lee et al. 1988). One
vial immediately received 0.5 ml of 37% formalin and served as a “killed” background
reference; the second vial did not receive formalin until the end of the respiration period. All
vials were incubated for 1 hr at room temperature and in the dark (to minimize
photosynthetic oxygen production).
After incubation, 2.5 ml of dimethylsulphoxide (DMSO) was added to each vial and
0.5 ml of 37% formalin was added to the second set of vials to stop respiration. The vials
were allowed to extract for 1 hr at 4○ C in the dark and then the sample absorbance were
measured on a Milton Ray Spectronic 21D spectrometer at 490 nm (Lee et al. 1988).
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Initially, all vials were decanted to read absorbance. After a few weeks, the periphyton
samples would become too cloudy so the samples were centrifuged prior to measuring
absorbance.
Respiration was estimated based on the production of INT-formazan, which was
obtained by taking the difference in absorbance between the killed background sample and
incubated sample. This was converted to INT-formazan per ml of tile periphyton sample,
and the relative amount of respiration per tile area was calculated by multiplying a ratio of
scraped volume (ml) to tile area (cm2). The INT-formazan was not converted into oxygen
consumption per unit area, so it represents relative respiration measured by absorbance units.
Conversion into oxygen consumption units is theoretically possible (Packard and Healy
1968), but was beyond the scope of Deka’s project.

R= (RI-Rk)

(

S (ml)
C (cm2)

)

Where:
R = Relative Respiration (absorbance units/cm2)
RI = Relative Incubated Respiration (absorbance units)
Rk = Relative Killed Respiration (absorbance units)
C =Area of tile (cm2)
S = Total ml of periphyton scraped from tile
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Dissolved Oxygen, Temperature, and Raceway Flow Measurements
After the water quality and periphyton samples were processed, dissolved oxygen,
temperature, and raceway flow measurements were collected. This usually occurred in the
early evening around six pm near the end of the light cycle. Dissolved oxygen and
temperature were measured using a YSI 550A dissolved oxygen meter in three locations per
raceway: inside each beaker, upstream from the tiles, and downstream from the tiles (Figure
4).
Raceway flow was measured several times each week as well as on each sample
collection day. Flow was determined by measuring the amount of time required to fill a precalibrated jar to 500 ml. The flow rate was adjusted to 1 L/min using the in-line flow valve
located at the end of the vinyl tubing at the beginning of each raceway.
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Quality Control and Statistical Analyses
Quality control samples were analyzed for 10% of all water quality measurements except
temperature and dissolved oxygen, and for all periphyton samples except ash-free dry weight.
After partitioning the periphyton sample for the other tests, there was not enough sample left
to conduct separate quality control samples for ash-free dry weight. Instead, a preliminary
experiment was conducted to test the efficiency of the ash-free dry weight procedure. Eight
replicate algae samples were analyzed using the ash-free dry weight methods described
above except that the samples were ashed for 20 min instead of 1 hr (Appendix C). Quality
control samples were not collected for temperature data or for dissolved oxygen data because
of time constraints.
Quality control samples included field duplicates and method duplicates (Appendix
C). Field duplicates involved collecting two separate water samples and partitioning off two
periphyton samples from the sample tile to measure sample variability; method duplicates
involved sampling individual water samples twice to check for analytical precision. Method
blanks and field blanks were also included to check for contamination. Spikes and check
standards were included during each autoanalyzer run to check for accuracy and analyte
recovery (Table 2).
The data were entered in an Excel spreadsheet and checked for errors. The data were
also examined graphically, and all outliers were double checked to ensure accuracy of
results. Replicate raceway results were pooled by averaging the values for each raceway on
each experiment day to avoid pseudoreplication when comparing differences among
raceways (n=6 raceways per treatment, per experiment day). All statistical analyses and
figures were produced using R 2.6.1 (R Development Core Team 2007). Boxplots were used
21

to examine the effect of different treatments over the course of the experiment and the data
from each sampling day were analyzed separately to check for significant differences
(Chambers et al. 1983; n=6 per treatment).
To compare the experimental treatment group and the control treatment group for
each of the variables separately all data were analyzed following the flow chart in Figure 6.
The first step consisted of determining if the data were normally distributed using the
Shapiro-Wilks test (Zar 1994). If the data were normally distributed, they were tested for
homogeneity of variances using Bartlett’s test; if not normally distributed, Fligner’s test was
used. Transformations were used to attempt to correct for heteroscedasticity. Data that were
both normally distributed and homoscedastic were analyzed using Analysis of Variance
(ANOVA) to test for significant differences among treatment groups (Zar 1994). When the
data could not be corrected for heteroscedasticity, the non-parametric Kruskal-Wallis test
was used instead (Sheskin 1997).
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Results
Results for the nutrient enrichment experiment are graphed in Figures 7-26 as boxplots
showing the range of concentrations for each treatment by experiment day (n=6 per treatment
group). Nitrogen and phosphorus graphs (Figures 14-21) also include the nutrient
concentrations for the source water (well water). Statistically significant differences between
treatment concentrations were determined using the Kruskal-Wallis test (Sheskin 1997) and
are indicated on the figures by a black triangle.

Baseline Conditions
Baseline water quality in raceways
Water samples for total phosphorus and total nitrogen were collected prior to the initiation of
the nutrient enrichment experiment from each raceway from August 11- 28, 2005. The water
samples were collected five times over the course of 18 days (Days before beginning of
nutrient enrichment experiment = -39, -34, -30, -25, and -22). Table 3 shows the minimum,
maximum, mean, and median for total nitrogen and total phosphorus concentrations by
experiment day. The ANOVA results revealed that there were no significant differences in
total phosphorus and total nitrogen between treatments on each sampling day (Table 4).
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Post-treatment water temperature, dissolved oxygen, and raceway flow rate
Water temperature, dissolved oxygen, and raceway flow (Figures 7-11) were sampled
throughout the nutrient enrichment experiment to determine whether there were major
physical differences between treatment groups other than the intended nutrient treatment
effects. There was a decrease in temperature in all raceways over the course of the study
(12.1°C to 9.6°C) due to seasonal changes in ambient outdoor temperature (Figure 7). This
change in temperature was consistent in all raceways and matched changes that often occur
in natural salmon streams (Cak et al. 2008).
There was a significant difference between treatments on the last day of sampling
(Figure 7). On this date the median temperature in the fish+agar raceways was significantly
lower than the agar raceways by 0.2○ C. This difference could have been from thick
periphyton growth shading the raceway in the fish+agar treatment group (see discussion on
Successes and Limitations of the Artificial Stream System).
Contrasting to the decline in temperature, dissolved oxygen (Figure 8) increased over
the course of the study from 7.1 mg/L to 9.4 mg/L. Because oxygen saturation in water is
most effected by partial pressure and temperature, the decrease in temperature can account
for most of the increase in dissolved oxygen (Allan 2001). Graphing dissolved oxygen
against temperature confirmed that the temperature and oxygen trend were related and
statistically significant (Figure 9; Kendall’s tau=-0.50, p-value= < 2.2e-16). During the last
half of the nutrient enrichment experiment, however, there were two days when the fish+agar
oxygen concentrations were significantly lower than the agar oxygen concentrations. Since
temperatures were not significantly different on these dates, the difference may be a
treatment effect. By this point in the experiment, the fish+agar raceways were filled with
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thick periphyton (see discussion on Successes and Limitations of the Artificial Stream
System), so the lower oxygen levels may have been due to periphyton respiration or less
raceway aeration caused by the thick mats.
While temperature and dissolved oxygen mostly showed predictable seasonal
changes, raceway flow was more variable and less predictable, especially during the first few
weeks of the experiment (Figure 10). The median raceway flow rate stayed around 20
ml/sec, with variability decreasing over the course of the experiment. There were five dates
when the raceway flow rates were significantly different between treatments. Because
velocity can effect periphyton growth (Allan 2001), the initial variability of the system may
have interfered with measuring the treatment effects. To check for this possibility, raceway
flows were graphed against total nitrogen concentrations, a result that proved to be highly
significantly different between treatments (see results - Raceway nitrogen concentrations and
Figure 11). There was no significant correlation between raceway total nitrogen and flow
rate, so flow rate does not appear to have added an unintended confounding effect (Kendall’s
tau= 0.037, p-value = 0.51).
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Nitrogen and phosphorus concentrations in clay pots
The nitrogen and phosphorus concentrations in the fish+agar and agar solutions inside the
clay pots were measured at the beginning and end of the experiment to determine whether
nutrients were moving into the stream raceways from these “artificial salmon carcasses”
(Figures 12-13). The concentrations of total nitrogen and total phosphorus were very high
and nearly equivalent in the figh+agar solutions (Table 5; median TNday0 = 9,091 µg-N/L,
median TPday0 = 11,168 µg-P/L; median TNday84 = 7,617 µg-N/L, median TPday84 = 3,616 µgP/L). Gende (2004) reported a much higher ratio of nitrogen to phosphorus in salmon tissue,
which suggests that the fish+salmon solutions may not have been analyzed accurately.
Although the samples were diluted for analysis, the dilutions may not have been sufficient.
Alternatively, the chemicals used for the persulfate digestion may have been too dilute to
solubilize all of the nutrients in the sample.
Although the nutrient concentrations in the fish+agar solutions may have been
underestimated, the total phosphorus and total nitrogen concentrations were significantly
higher in the fish+agar solutions compared to the agar solutions on both dates (TNday 0 chisquared=8.31, p-value=0.004; TPday 0 chi-squared = 8.43 p-value=0.004; TNday 84 chisquared=8.31, p-value=0.004; TPday 84 chi-squared = 8.31 p-value=0.004). In addition, there
was a significant decrease in the fish+agar total phosphorus concentrations from day 0 to day
84 (chi-squared=8.31 p-value=0.004), but no significant differences for the agar solutions
(chi-squared=2.11 p-value=0.15). Total nitrogen concentrations were not significantly
different between the beginning of the experiment and the end of the experiment for both
treatments (fish+agar chi-squared=0.10 p- value=0.75; agar chi-squared=1.26 p-value=0.26).

26

Nutrient Enrichment Experiment
Raceway nitrogen concentrations
Raceway nitrogen results showed the most number of significantly different days between
treatment groups. In particular, total nitrogen, ammonium, and dissolved inorganic nitrogen
showed the greatest amount of differences during the experiment (Figures 14, 15, 16, and
Table 6): organic nitrogen and nitrate+nitrite values showed the least amount of change
(Figures 17, 18, and Table 6).
Total nitrogen values in the fish+agar treatments were significantly different on 10
out of the 12 sampling days (Figure 14 and Table 6). Total nitrogen values ranged from 71
µg-N/L to 400 µg-N/L, with one extreme outlier of 762 µg-N/L on experiment day 84 in one
of the fish+agar treatments. From the beginning until the end of the nutrient enrichment
experiment there was a gradual increase in all total nitrogen values (fish+agar, agar, and
source water; Figure 14). The total nitrogen concentrations in the agar raceways were
similar to the source water values until the end of the experiment when the variability
increased in the agar raceways. There was an initial flux in the fish+agar total nitrogen
concentrations at the beginning of the experiment (days 0 and 4) followed by another flux at
the end of the experiment (days 71 and 84), with the fish+agar medians consistently higher
than agar or source water medians.
The ammonium results showed slightly fewer significant differences than the total
nitrogen results, with eight experiment days displaying ammonium concentrations higher in
the fish+agar treatment groups (Figures 15 and Table 6). Ammonium concentrations were at
or below the detection limit (<10 µg-N/L) for most of the agar and source water results,
contrasting sharply with the mostly detectable concentrations of the fish+agar results (Figure
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15). Ammonium values ranged from <10 µg-N/L to 190 µg-N/L, with the majority of the
samples that contained >20 µg-N/L collected on experiment date 14.
Similar to the total nitrogen values, dissolved inorganic nitrogen (DIN=ammonium +
nitrate + nitrite) concentrations increased gradually in all treatments and in the source water
(Figure 16). Concentrations ranged from 16 µg-N/L to 242 µg-N/L, with eight days where
dissolved inorganic nitrogen values were significantly higher in the fish+agar treatments
(Table 6).
Organic nitrogen concentrations (ON=total nitrogen-dissolved inorganic nitrogen)
were similar in all treatments and in the source water throughout most of the experiment
(Figure 17 and Table 6). The notable exception occurred on day zero when the fish+agar
concentrations were significantly higher than the agar treatments and source water. From
days 4 through 58 the organic nitrogen concentrations were low and similar between
treatments; on days 71 and 84 the concentrations were higher in both treatments and the
source water.
In contrast to the total nitrogen and ammonium results, there were only two days
when nitrate+nitrite concentrations were higher in the fish+agar treatments. There were also
two days when nitrate+nitrite levels were significantly lower in the fish+agar treatments
(Figure 18 and Table 6). As with total nitrogen and dissolved inorganic nitrogen, the
nitrate+nitrite concentrations increased steadily over time in all treatment groups and in the
source water.
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Raceway phosphorus concentrations
Overall, the phosphorus results showed fewer significantly different days between treatments
than the nitrogen results (Table 6). There was a steady decrease in all soluble reactive
phosphate concentrations (fish+agar, agar, and source water) during the first three weeks of
the experiment, then the concentrations stabilized and remained approximately the same
throughout the rest of the experiment (Figure 19). Soluble reactive phosphate concentrations
were significantly higher in the fish+agar treatment groups on three experiment days,
including days 0 and 4 (Table 6). Source water soluble reactive phosphate concentrations
slowly decreased from day 0 through 21, then stabilized through the end of the experiment.
Similar to the soluble reactive phosphate results, organic phosphorus (OP=total
phosphorus-soluble reactive phosphate) concentrations decreased or were low until day 52
when concentrations increased in both treatments to extremely high values and became
highly variable (Figure 20). This change did not appear to be related to treatment since both
fish+agar and the agar treatment groups had high organic phosphorus concentrations on day
52 and 84 and low concentrations on 58. Only the fish+agar treatments had high
concentrations on day 71. Organic phosphorus concentrations were significantly higher in
the fish+agar treatment group on days 0 and 71 (Table 6). Source water values for organic
phosphorus initially decreased from experiment days 0 through 14, then stabilized through
the rest of the experiment.
Total phosphorus concentrations decreased during the first two weeks of the
experiment, then stabilized until near the end of the experiment, following a similar pattern
as the soluble reactive phosphate concentrations (Figure 21). From day 52 through 84 the
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total phosphorus values followed the same variable pattern as the organic phosphorus results.
Day zero showed significantly higher values for the fish+agar treatment (Table 6).

Chlorophyll, ash-free dry weights, and respiration results
Periphyton growth was measured using chlorophyll a concentrations, ash-free dry weights,
and respiration. The autotrophic index (APHA 1995-#10300 C) was calculated to help
determine the trophic nature of the periphyton community in the raceways.

I=

A (mg/m2)
C (mg/m2)

Where:
I = Autotrophic Index
A = Ash-free Dry Weight (mg/m2)
C = Chlorophyll a (mg/m2)
Large autotrophic index numbers indicate that a community contains a large
proportion of heterotrophic organisms (high ash-free dry weight relative to chlorophyll
concentration), while small numbers indicate a more autotrophic community. Typical stream
communities have autotrophic indices of 50-200, while communities receiving large inputs of
organic matter often have autotrophic indices >200 (APHA 2005).
There were few significant differences between treatments, especially when
compared to the nutrient results (Table 7). Over the course of the experiment, chlorophyll,
ash-free dry weight, and respiration all increased exponentially, with variability also
increasing (Figures 22-24). In contrast the autotrophic index values decreased exponentially
(Figures 25-26). Chlorophyll was significantly higher in the fish+agar treatment group on
three experimental days and ash-free dry weight was significantly higher on only one day
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(Figures 22-23, and Table 7). Respiration increased in all raceways during the experiment,
but showed no significant differences between treatments (Figure 23). There were three
significantly different days for the autotrophic index where fish+agar treatments were lower
than the agar treatments, indicating a more autotrophic community in the fish+agar raceways
(Figures 25-26, Table 7).
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Discussion
Introduction of Nutrients into the Artificial Stream
One of the primary objectives of my study was to determine whether the artificial stream
system could be used to simulate the effects of decomposing salmon in natural streams. To
do this, the artificial stream system needed to introduce salmon-derived nutrients, especially
salmon-derived nitrogen, in a manner that would enhance periphyton growth (Cak et al.
2008, Chaloner et al. 2007, Johnston et al. 2004, Fisher and Hershey 1999). The artificial
streams proved to be very effective at introducing salmon-derived nitrogen, especially
ammonium, into the treatment raceways. Both total nitrogen and ammonium concentrations
were frequently significantly higher in the fish+agar raceways (Figures 14 and 15). This
corresponded to results from salmon-derived nutrient studies in natural streams (Cak et al.
2008, Chaloner et al. 2007, Hood et al. 2007, Claeson et al. 2006, Mitchell and Lamberti
2005, Johnston et al. 2004, Minakawa and Gara 1999).
Although there were often significantly higher nitrogen concentrations in the
fish+agar raceways, the results were masked by high nitrogen concentrations in the source
water. The source water was drawn from the local well water, which is usually
recommended over tap water because it is often closer to natural stream water (Guckert
1993). In addition, I was concerned about chlorine levels in the local tap water. The high
nitrogen concentrations in the source water were unexpected. At the beginning of my
experiment, I tested the well water and found low nitrate+nitrite levels. Unfortunately, those
levels increased over time, masking the treatment effect and introducing a seasonal effect
(Figure 18). While the source water nitrate+nitrite did not completely mask the influence of
decomposing salmon on nitrogen in the artificial streams, it made it much more difficult to
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distinguish the treatment effect. The influence of the source water nitrate+nitrite
concentration was clearly evident in the total nitrogen, dissolved inorganic nitrogen, and
nitrate+nitrite figures (Figures 14, 16, 18), but not in the ammonium and the organic nitrogen
results (Figures 15 and 17). As a result of my research, subsequent projects using the
artificial stream system converted to dechlorinated tap water (Peterson 2008).
The ammonium and organic nitrogen concentrations were less affected by source
water background levels, and ammonium, in particular, was often significantly higher in the
fish+agar raceways (Figure 15). Elevated ammonium is a common result reported in many
salmon-derived nutrient studies, and indicated that the artificial stream system mimicked the
increases in ammonium found downstream from salmon carcasses and in other artificial
stream studies involving carcasses (Cak et al. 2008, Chaloner et al. 2007, Hood et al. 2007,
Claeson et al. 2006, Mitchell and Lamberti 2005, Johnston et al. 2004, Minakawa and Gara
1999). Elevated ammonium concentrations are easy to detect because ammonium levels are
usually very low in well-oxygenated streams. The introduction of large amounts of
decomposing proteins from fish carcasses can introduce large quantities of ammonium that
are more easily detected over the low background levels. The ammonium concentrations in
the source water of my study were low (Figure 15), and did not fluctuate much during the
experiment, allowing the treatment effects to be more easily detected. The small fluctuations
in ammonium concentrations in all raceways were probably the result of measuring
concentrations near the analytical detection limit of 10 µg-N/L. The wider fluctuations in the
fish+agar data could have been caused by uptake and release of ammonium from the
autotrophic and heterotrophic communities.
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Despite the high background levels in the source water, nitrate+nitrite and total
nitrogen concentrations were significantly higher in the fish+agar treatment group on ten
days, and dissolved inorganic nitrogen was higher on eight out of the twelve sampling days.
Total nitrogen and dissolved inorganic nitrogen are a composite measurements that includes
ammonium, so this difference was probably amplified by the higher ammonium
concentrations in the fish+agar raceways because there were very few differences in the
nitrate+nitrite and organic nitrogen concentrations. Other studies have documented increases
in dissolved inorganic nitrogen associated with salmon carcasses (Johnston et al. 2004), so
this was another confirmation that the artificial stream system was able to mimic some of the
effects of salmon-derived nutrients.
Unlike most of the nitrogen results, organic nitrogen concentrations were rarely
significantly different between treatments, and the source water concentrations were more or
less the same throughout most of the experiment (Figure 17). Claeson et al. (2006) added
carcasses to three streams and did not detect a significant increase in dissolved organic
nitrogen after carcass addition, while Hood et al. (2007) showed a significant increase in
dissolved organic nitrogen in their study stream when compared side by side with a reference
stream. In the Hood et al. (2007) study, dissolved organic nitrogen results increased after
salmon die-off, and dropped before carcasses were washed out of the system. In the
beginning my experiment there was a large release of organic nitrogen in the fish+agar
treatments, possibly due to leaching of soluble organic nitrogen during the early stages of
salmon decomposition, that mimicked this peak and drop. All raceways had very high
concentrations of organic nitrogen at the end of the experiment. This was probably caused
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by increased periphyton sloughing (see Successes and Limitations of the Artificial Stream
System).
As discussed earlier, the very high nitrate+nitrite concentrations in the source water
were a problem throughout the experiment (Figure 18). These levels increased over the
course of the experiment, probably following seasonal patterns in the wellwater at this
location. Other researchers have reported not finding significant increases in nitrate+nitrite
values in salmon-derived nutrient studies (Cak et al. 2008, Chaloner 2007, Hood et al. 2007,
Mitchell and Lamberti 2005, Minakawa and Gara 1999). In particular, Mitchell and
Lamberti (2005) saw no differences in nitrate+nitrite concentrations during salmon
decomposition, and they also had very high background values thought to be caused by
alders located in the vicinity.
My phosphorus results were not as significant as the nitrogen results, and throughout
most of the experiment there were no significant treatment effects (Figures 19-21, Table 6).
There was an initial release of phosphorus during the first few days of the experiment, similar
to the pattern observed for organic nitrogen. This was followed by decreasing and low
concentrations in both treatments, which corresponded to the decreasing concentrations in the
source water. Both the organic phosphorus and total phosphorus concentrations increased
markedly near the end of the experiment in both treatments. This pattern was similar to the
one observed for organic nitrogen (Figure 17) and was probably caused by sloughing
periphyton.
Several studies have shown significant differences in soluble reactive phosphate and
total phosphorus in natural and artificial stream system studies (Cak et al. 2008, Chaloner
2007, Hood et al. 2007, Mitchell and Lamberti 2005, Johnston et al. 2004). In many of these
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studies, soluble reactive phosphate started high and then decreased over time. Hood et al.
(2007) reported a large initial phosphorus release, followed by slight phosphorus increases
that never surpassed the first release. Mitchell and Lamberti (2005) also reported an initial
flux of soluble reactive phosphate in an artificial stream, followed by decreasing
concentrations. At the same time, they measured a sustained increase in soluble reactive
phosphate during the salmon run in a natural stream that was repeated in separate salmon run
years. They attributed the difference between the artificial stream and the natural stream to
the fact that the stream study had inputs of soluble reactive phosphate from excretion by
upstream biota as well as from carcass decomposition, while the artificial stream study only
had carcass decomposition. Mitchell and Lamberti (2005) theorized that if salmon
decomposition is similar to the decomposition rates for Bluegill sunfish (Lepomis
macrochirus), fifty percent of the phosphorus would be lost within the first ten days of
decomposition (Kitchell et al. 1975). My results for soluble reactive phosphate roughly
matches the estimates made by Kitchell et al. (1975), where more than half the phosphorus
was released within the first two weeks. Although there were only a few significant
differences in my phosphorus data, the rapid initial loss of phosphorus in the artificial stream
system mimicked the expected rapid loss of phosphorus from decomposing fish tissue.
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Theoretical decomposition scenario
Based on the nutrient data, I can theorize what happened to the fish+agar solutions inside the
clay pots over the course of the experiment. Initially, there was a rapid leaching of organic
nitrogen and phosphorus out of the pots into the stream raceways in the form of proteins,
phospholipids, nucleic acids, other soluble organic compounds from the fish+agar
amendment (Figures 17 and 19). While the pot environment was still aerobic, heterotrophic
bacteria started decomposing the organic matter, releasing ammonium, some of which may
have been converted to nitrite+nitrate via nitrification (Allan 2001). Based on my prior
observations using nutrient-filled clay pots inside static beakers (i.e., the pots that grew
purple putrefying bacteria), it is likely that the oxygen levels inside the pots dropped very
quickly, probably within the first week. In the absence of oxygen, ammonium released by
putrefying bacteria would not have been converted to nitrite or nitrate, so the soluble
ammonium would have leached out of the pots into the stream causing measurable
ammonium in the fish+agar treatments by day 14 and significantly higher ammonium
concentrations during days 21-71. By the end of the experiment there was still a
considerable amount of nitrogen inside the clay pots (Figure 13), which may explain why
high ammonium concentrations persisted for more than two months.
As indicated earlier, the phosphorus fractions of the pot nutrients appear to have
leached very rapidly from the pots. Within the first week, the soluble phosphate, organic
phosphorus, and total the phosphorus values were more or less similar to the source water
and agar treatment groups. Despite the low phosphorus concentrations in the fish+agar
streams, the raceways contained very dense periphyton growth. It is likely that any soluble
phosphorus moving in the water was quickly taken up by the periphyton, and therefore the
37

water samples underestimated the amount of phosphorus available to the periphyton
community.

Periphyton Growth in the Artificial Stream System
As might be expected, the periphyton growth increased exponentially over the course of my
study (Figures 22, 23, and 24). Nutrient concentrations in the source water were high enough
to support dense periphyton growth without the addition of decomposing salmon. In this
regard, the artificial streams failed to reproduce the expected treatment effects from the
salmon carcass addition. A few field studies have failed to detect significant differences in
chlorophyll concentrations downstream from decomposing salmon, usually theorized to be
due to increased macroinvertebrate grazer activity and salmon redd excavation (Claeson et al.
2006, Minakawa and Gara 1999). Most studies, however, found significant differences in
chlorophyll in natural environments (Cak et al. 2008, Chaloner et al. 2007, Johnston et al.
2004, Fisher and Hershey 1999) as well as in artificial streams using clay tiles as artificial
substrates (Mitchell and Lamberti 2005, Wipfli et al. 1999). In my streams, even though the
fish+agar chlorophyll concentrations were consistently higher than in the agar raceways,
there were only three days where the differences were statistically significant (Figure 22).
This could be because of the high degree of variability present in both treatments.
The ash-free dry weight results were similar to those for chlorophyll. Only one day
had significantly higher ash-free dry weight in the fish+agar treatment groups. Again, the
data failed to reproduce the results from most salmon carcass studies in natural and artificial
settings. For example, Cak et al. (2008), Chaloner et al. (2007), Mitchell and Lamberti
(2005), Fisher-Wold and Hershey (1999), and Wipfli et al. (1999) all reported significantly
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higher ash-free dry weights in sites with decomposing salmon compared to reference sites.
Notably, there are also a few studies that showed no significant treatment effect from
decomposing salmon on ash-free dry weight (e.g., Mitchell and Lamberti 2005, Claeson et al.
2006). Claeson et al. (2006) suggested that the lack of significance in their ash-free dry
weight data may have been caused by an increase in the density of grazer and scraper
macroinvertebrates.
Given the variability and lack of significant differences in my chlorophyll and ashfree dry weight data, it is not surprising that there were no significant differences for
respiration (Figure 24). However, the autotrophic index (Figures 25 and 26) revealed slightly
more information that could not be attained separately from its component parts (ash-free dry
weight and chlorophyll a) or from the respiration results. Because the autotrophic index is
the ratio of ash-free dry weight and chlorophyll, lower autotrophic indices indicate that the
periphyton community contains a larger percentage of photosynthetic organisms or fewer
heterotrophs. The autotrophic index decreased over the course of the study, dropping
dramatically between day 14 and day 21. This drop indicated that the stream community
started out more heterotrophic in nature, then rapidly became more autotrophic. At about this
time, the algal community became well established and chlorophyll concentrations increased
to detectable levels (Figure 22).
On all of the dates with significant autotrophic index differences, the agar treatment
medians were higher, indicating more autotrophic growth in the fish+agar raceways. All of
the autotrophic indices in my streams were unusually high, regardless of treatment (Figures
25 and 26). Chaloner et al. (2007) computed autotrophic index values during a six-year
study of salmon carcass streams. Their autotrophic index values ranged from 681 to 90. In
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my streams, most of the autotrophic index values were higher than 300, with agar values
rarely dropping below 400 and hovering near 600.

Successes and Limitations of the Artificial Stream System
Even though my results were not entirely as anticipated, the artificial stream system was very
successful at growing periphyton. In addition, the pots delivered nutrients from the
decomposing salmon that, in ways, generally resembled the effects of salmon carcasses in
natural streams. The best results were for ammonium and total nitrogen, which were
elevated in the fish+agar streams throughout most of the experiment, and for soluble
phosphorus, which leached very rapidly from the pots, resembling the rapid loss of soluble
reactive phosphate from decomposing salmon.
One of the most serious limitations in my study was that periphyton biomass did not
respond to the fish+agar treatment as expected. Although the fish+agar results looked higher
for chlorophyll and ash-free dry weight, due to the large amount of variation, only a few days
were statistically different.
Visual observations of the fish+agar raceways, however, revealed a very different
story. Massive mats of aquatic water molds (Family Saprolegniaceae) and algae developed
along the sides and bottom of the fish+agar raceways, but did not develop in the agar
raceways (Figure 28). These mats were attached to the raceway surfaces, not the tiles, and
parted when the tiles were lifted out of the raceways. As a result, the periphyton data
collected from the tiles seriously underestimated the actual periphyton growth in the
fish+agar raceways.
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Other researchers have observed aquatic water molds in salmon streams (Hood et al.
2007, Claeson et al. 2006, Johnston et al. 2004). Hood et al. (2007) reported 2-4 cm thick
mats of the water mold Saprolegnia that covered almost the entire stream bottom. In the
presence of these mats, the dissolved oxygen levels fell to less than 2 mg/L, confirming
heterotrophic utilization of the salmon-derived carbon from the carcasses. After these mats
developed in my study, the increase in microbial respiration most likely caused two
experiment days to have significantly lower dissolved oxygen concentrations (Figure 8).
Shading from these mats probably caused the significant decrease in temperature in the
fish+agar treatment group on experiment day 84 (Figure 7). Although unglazed clay tiles are
commonly used to provide a stable substrate for periphyton, they clearly did not sample the
periphyton biomass accurately in my study. Subsequent research by Mike Peterson (2008),
who used this artificial stream system to continue studying the movement of salmon-derived
nutrients into the stream community, used tiles to add raceway roughness, but collected
periphyton from the entire raceway.
Another limitation in my study was that the agar may have provided a nutrient source
for heterotrophic bacteria. Agar is an un-branched polysaccharide derived from marine algae
(Class Rhodophyceae), which is said to be resistant to most microbial metabolism (DIFCO
2003). Using agar as a nutrient diffusing substrate was based on several published studies
that demonstrated the efficacy of this technique (Kutka and Richards 1997, Scrimgeour and
Chambers 1997, Allen and Hershey 1996, Ghosh and Gaur 1994, Grimm and Fisher 1986,
Fairchild et al. 1985, Fairchild and Lowe 1984). In the artificial streams, however, the agar
seems to have provided a source of organic carbon, which when combined with nitrogen and
phosphorus from the source water, served as a nutrient amendment, masking treatment
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effects and increasing the autotrophic index (Figures 25 and 26). I recommend that future
studies avoid using agar as a diffusing substrate until more research is done into whether or
not it is truly metabolically inert.
The elevated nutrient levels in the source water were one of the most serious
limitations in my study. I was attempting to measure the effect of nutrients from
decomposing salmon on stream periphyton, especially the effect of nitrogen and phosphorus.
The increasing nitrite+nitrate concentrations and steady, but moderately high, phosphorus
concentrations in the well water made it difficult to detect nutrient contributions from the
decomposing salmon. Bothwell 1993 warns that nutrient concentrations in the source water
for artificial streams need to be extremely low to be able to see treatment effects.
Preliminary samples taken from the source water showed much lower nutrient levels (Table
3) than what was measured by the end of my experiment. This could have been due to
naturally occurring seasonal fluctuations in the source water. Because of these
complications, students working with these artificial streams recently switched to Bellingham
city tap water to conduct subsequent experiments on decomposing salmon (Peterson 2008,
Carruthers forthcoming).
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Conclusions
There needs to be a better understanding of the pathways between salmon-derived nutrients
and their effects on natural stream systems (Cak et al. 2008 and Chaloner et al. 2007).
Artificial streams provide a simple, yet effective method to aid in that understanding. I have
clearly demonstrated that the artificial stream system can be used to study autotrophic and
heterotrophic community’s responses to salmon-derived nutrients. I successfully grew
periphyton and aquatic molds that are found in streams with decomposing salmon carcasses
(Cak et al. 2008, Chaloner et al. 2007, Hood et al. 2007, Claeson et al. 2006, Johnston et al.
2004, Fisher and Hershey 1999). The artificial stream system produced nutrient results that
resemble those reported from natural stream studies (Cak et al. 2008, Chaloner et al. 2007,
Hood et al. 2007, Claeson et al. 2006, Mitchell and Lamberti 2005, Johnston et al. 2004,
Minakawa and Gara 1999).
Finally, the lessons learned from my project have already been used by one student to
modify the artificial stream system successfully, completing a thesis and publishable research
that adds to our understanding of the effects of salmon carcasses on stream systems (Peterson
and Matthews 2009, Peterson 2008); a second graduate project is currently underway to
compare the effects of decomposing salmon tissue and “fish surrogate tablets” that are being
used to reintroduce salmon-derived nutrients into headwater streams where historic salmon
runs are declining or absent (MarySutton Carruthers, forthcoming). The close proximity of
the stream system to Western Washington University makes them an excellent research tool
for additional research projects. With the success of these and other studies we may be able
to add to our understanding of how salmon-derived nutrients are incorporated into natural
streams by microbial communities.
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Figure 1: Artificial stream system located at the Hannegan Rd. Environmental Research Facility, Western Washington University.
Stream dimensions are 2.44 m long, 1.22 m wide, and 15 cm tall.
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Figure 2: Diagram showing raceway layout with locations for clay pots and tiles. Tile ID positions are indicated by raceway numbers,
row numbers, and column numbers. Treatment codes: F=Fish+agar treatment; A=Agar treatment.
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Figure 3: Photograph showing nutrient delivery system consisting of a clay pot containing
either treatment (Fish+Agar or Agar), inside a beaker. Source water flowed into beaker
before entering artificial stream raceways.
50

Well water delivery tube

Clay pot
Position where dissolved
oxygen measurement
was taken
1-Liter beaker
Upstream nutrient sample location
Position where dissolved oxygen
measurement was taken

Position where dissolved oxygen
measurement was taken
Downstream nutrient sample location
Figure 4: Raceway layout showing sampling points for nutrient and water quality
measurements.
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Figure 5: Photograph of artificial stream system showing sampling ports at end of raceways
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Figure 7: Boxplots (n=6 per treatment group) showing water temperature by treatment group
for each experiment day. The decrease in temperature was caused by a seasonal decrease in
ambient temperature. The black triangle indicates a significant difference between
treatments (day 84).
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Figure 8: Boxplots (n=6 per treatment group) showing dissolved oxygen concentrations by
treatment group for each experiment day. The black triangles indicate significant differences
between treatments (days 52 and 71).
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Figure 9: Relationship between dissolved oxygen and temperature. As temperature
decreased, oxygen increased (Kendall’s tau=-0.50, p-value =< 2.2e-16).
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Figure 10: Boxplots (n=6 per treatment group) showing raceway flow rate by treatment
group for each experiment day. Black triangles indicate significant differences between
treatments (days 0, 7, 34, 71, and 84).
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Figure 11: Relationship between raceway flow and total nitrogen showing lack of significant
correlation (Kendall’s tau= 0.037, p-value = 0.51).
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Figure 12: Boxplots (n=6 per treatment group) of total phosphorus concentrations in clay pot
nutrient amendment solutions at the beginning and end of the experiment.
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Figure 13: Boxplots (n=6 per treatment group) of total nitrogen concentrations in clay pot
nutrient amendment solutions at the beginning and end of the experiment.

60

2 extreme outliers not plotted

Agar
Fish
Source

200
150
50

100

Total Nitrogen (ug-N/L)

250

300

350

Total Nitrogen (ug-N/L)

0

Autoanalyzer Detection limit 10 ug-N/L

0

4

7

14

21

28

34

44

52

58

71

84

Experiment Day

Figure 14: Boxplots (n=6 per treatment group) of total nitrogen results by treatment group
for each experiment day. Two extreme outliers were not graphed, but are included in boxplot
statistics (day 71 fish+agar = 400 µg/L; day 84 fish+agar = 762 µg/L). Black triangles
indicate significant differences between treatments (days 0, 4, 7, 14, 21, 28, 34, 44, 52, 58,
71, and 84).
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Figure 15: Boxplots (n=6 per treatment group) of ammonium results by treatment group for
each experiment day. Two extreme outliers are not shown on graph, but are included in
boxplot statistics (day 21 fish+agar = 190 µg/L ; day 84 fish+agar = 154 µg/L). Black
triangles indicate significant differences between treatments (days 0, 21, 28, 34, 44, 52, 58,
and 71).
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Figure 16: Boxplots (n=6 per treatment group) of dissolved inorganic nitrogen results by
treatment group for each experiment day. Two extreme outliers are not shown on graph, but
are included in boxplot statistics (day 21 fish+agar = 225 µg/L; day 84 fish+agar = 242
µg/L). Black triangles indicate significant differences between treatments (days 0, 4, 21, 28,
34, 44, 52, and 58). Autoanalyzer detection limit derived from ammonium and nitrate+nitrite
detection limits.
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Figure 17: Boxplots (n=6 per treatment group) of organic nitrogen results by treatment group
for each experiment day. One extreme outlier is not shown on graph, but are included in
boxplot statistics (day 84 fish+agar = 673 µg/L). The black triangle indicates significant
difference between treatments (day 0).
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Figure 18: Boxplots (n=6 per treatment group) of nitrate+nitrite results by treatment group
for each experiment day. Black triangles indicate significant differences between treatments
(days 4, 14, 44, and 84). On days 14 and 44 the fish+agar medians were significantly lower
than the agar medians; on days 4 and 84 the fish+agar medians were significantly higher than
the agar medians.
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Figure 19: Boxplots (n=6 per treatment group) showing soluble reactive phosphate results by
treatment group for each experiment day. One extreme outlier was not graphed, but are
included in boxplot statistics (day 14 agar = 68 µg/L). Black triangles indicate significant
differences between treatment groups (days 0, 4, and 28).
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Figure 20: Boxplots (n=6 per treatment group) of organic phosphorus results by treatment
group for each experiment day. Four extreme outliers were not graphed, but are included in
boxplot statistics (day 52 agar = 238 µg/L and fish+agar = 254 µg/L; day 71 fish+agar = 611
µg/L; day 84 fish+agar = 910 µg/L). Black triangles indicate significant differences between
treatment groups (days 0, and 71).
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Figure 21: Boxplots (n=6 per treatment group) showing total phosphorus results by treatment
group for each experiment day. Four extreme outliers are not displayed on this graph, but are
included in boxplot statistics (day 52 agar = 247 µg/L and fish+agar = 263 µg/L; day 71
fish+agar = 627 µg/L; day 84 fish+agar = 918 µg/L) Source water for experimental day 4
was deleted because it was extremely high, much higher than the agar result on the same
date. The black triangle indicates signficant differences between treatment groups (day 0).
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Figure 22: Boxplots (n=6 per treatment group) showing chlorophyll results by treatment
group for each experiment day. Black triangles indicate significant differences between
treatments (days 44 and 58).
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Figure 23: Boxplots (n=6 per treatment group) showing ash-free dry weight results by
treatment group for each experiment day. The black triangle indicates a significant difference
between treatments (day 44).
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Figure 24: Boxplots (n=6 per treatment group) showing respiration results by treatment
group for each experiment day. There were no significant differences between treatments
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Figure 25: Boxplots (n=6 per treatment group) showing the autotrophic index by treatment
group for each experiment day. Black triangles indicate significant differences between
treatments (days 44, 58, and 71).
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Figure 26: Boxplots (n=6 per treatment group) of the autotrophic index result using a
different y-axis scale to show lower values. Black triangles indicate significant differences
between treatments (days 44, 58, and 71).
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Figure 27: Photographs showing the dense algal and fungal mats in the fish+agar raceways (A, C) and the less dense periphyton
growth in the agar raceways (B, D). Photographs were taken on experiment day 55.
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Table 1: Summary of study analytical methods and parameters
Parameter

Method

Detection Limit

Total Nitrogen (Autoanalyzer)

APHA (1995) #4500-Norg D
APHA (2005) 4500-N C

10 µg-N/L*

Nitrate+Nitrite (Autoanalyzer)

APHA (1995) #4500-NO3 E

10 µg-N/L*

Ammonium (Autoanalyzer)

APHA (1995) #4500-NH3 G

10 µg-N/L*

Total Phosphorus (Autoanalyzer)

APHA (2005) #4500-P B5; F

5 µg-P/L*

Soluble Reactive Phosphate (Autoanalyzer)

APHA (2005) #4500-P B1; F

5 µg-P/L*

Chlorophyll

APHA (2005) #10200 H

NA

Ash-Free Dry Weight

APHA (1995) #10300 C

NA

*Personal communication with Joan Vandersypen, Laboratory Manager, Institute for
Watershed Studies, Western Washington University.
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Table 2: Quality control methods
Sample Type

Used to Assess

How to Prepare

Container Blank

Field contamination

Bottle filled with distilled deionized water
sent to field, opened and treated like a sample.

Field Duplicate

Accuracy of sampling
method

Duplicate collection of field sample.

Methods Blank

Lab contamination

Purified laboratory water (distilled deionized
water).

Method Duplicate

Accuracy of laboratory
procedures

Sample prepared and analyzed twice.

Spike

Evaluate analyte recovery

Known concentration added to sample.

Check Standard

Evaluate analyte recovery

Known concentration is analyzed like a
sample.
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Table 3: Summary of total nitrogen (µg-N/L) and total phosphorus (µg-P/L) concentrations
in source water for the artificial stream system at the beginning of the experiment before
treatments were placed in the system (n=12 per treatment group).
Nutrients
Total Nitrogen

Total Phosphorus

Experiment
Day

Minimum

Mean

Median

Maximum

-39

22.30

79.66

51.76

295.10

-34

42.49

84.04

76.10

162.00

-30

33.09

64.74

67.27

125.40

-25

79.66

106.70

103.70

148.70

-22

85.44

105.80

104.60

147.00

-39

23.26

81.89

82.49

162.00

-34

35.36

40.08

40.58

45.29

-30

39.48

47.38

45.17

61.69

-25

57.49

99.36

88.49

223.80

-22

72.02

158.10

141.70

295.10
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Table 4: ANOVA results for pre-experiment nutrient data analyzed by day and assigned
treatment group (n=6 per treatment group) showing absence of significant differences
between treatment group raceways.
Test
Total Nitrogen (µg-N/L)

Total Phosphorus (µg-P/L)

Experiment Day

ANOVA
F
p-value

-39

0.18

0.68

-34

0.43

0.53

-30

0.60

0.46

-25

2.11

0.18

-22

2.95

0.12

-39

0.09

0.77

-34

0.15

0.71

-30

2.80

0.12

-25

0.71

0.42

-22

0.18

0.68
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Table 5: Summary statistics for total phosphorus (µg-P/L) and total nitrogen (µg-N/L)
concentrations in pot solutions by experiment day (n=6 per treatment group).
Treatment

Nutrient

Exp day

Minimum

Mean

Median

Maximum

Fish+agar

Total Phosphorus

0

6,049

11,123

11,168

16,685

Agar

Total Phosphorus

0

0

7

2

30

Fish+agar

Total Phosphorus

84

1,446

3,562

3,616

5,925

Agar

Total Phosphorus

84

2

11

11

22

Fish+agar

Total Nitrogen

0

2875

8,488

9,091

13,779

Agar

Total Nitrogen

0

206

239

238

275

Fish+agar

Total Nitrogen

84

5,511

7,862

7,617

10,510

Agar

Total Nitrogen

84

126

212

219

258
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Table 6: Kruskal Wallis test results showing significant differences between treatment groups
(n=6 per treatment group) for nitrogen (µg-N/L) and phosphorus (µg-P/L).
Test

Experiment Day

Total Nitrogen

0
4
7
14
21
28
34
52
58
71

Kruskal-Wallis Result
Chi2
p-value
8.31
0.004
5.77
0.016
4.33
0.037
8.31
0.004
6.56
0.010
5.77
0.016
8.31
0.004
6.56
0.010
7.41
0.006
3.10
0.078

Ammonium

0
21
28
34
44
52
58
71

3.69
8.31
8.31
8.31
8.31
3.10
4.33
6.56

0.055
0.004
0.004
0.004
0.004
0.078
0.037
0.010

Dissolved Inorganic Nitrogen

0
4
21
28
34
44
52
58

6.29
5.35
9.00
9.69
9.08
9.69
5.79
6.29

0.043
0.068
0.011
0.008
0.010
0.008
0.055
0.043

Organic Nitrogen

0

8.31

0.004

Nitrate+Nitrite

4
14
44
84

3.69
5.77
3.71
8.31

0.055
0.016
0.054
0.004

Soluble Reactive Phosphate

0
4
28

8.31
7.41
5.03

0.004
0.006
0.030

Organic Phosphorus

0
71

8.31
3.10

0.004
0.078

Total Phosphorus

0

8.31

0.004
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Table 7: Kruskal Wallis test results showing significant differences between treatment groups
(n=6 per treatment group) for chlorophyll (mg/m2), ash-free dry weight (mg/m2), and
respiration (absorbance units/m2).
Test

Experiment Day

Chlorophyll

34

Kruskal-Wallis Result
Chi2
p-value
3.10
0.078

44

8.31

0.004

58

5.03

0.025

Ash-Free Dry Weight

44

3.69

0.055

Autotrophic Index

44

6.56

0.010

58

6.56

0.010

71

4.69

0.030

Temperature

84

4.89

0.027

Dissolved Oxygen

52

8.37

0.004

71

6.61

0.010

0

4.35

0.037

7

3.10

0.078

34

3.71

0.054

71

3.69

0.055

84

3.69

0.055

Raceway Flow Rate
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Appendix A: Procedure for Acid Washing Bottles
Polyurethane bottles were acid washed prior to collection of water samples for nutrient
analysis. All bottles were rinsed with cold tap water, and then washed in a dishpan using
Labtone® phosphate free soap. After being scrubbed to remove all particulates, bottles were
rinsed 5-7 times with warm tap water, then were filled with 2N Hydrochloric acid, capped,
and allowed to soak overnight. After soaking, the bottles were rinsed ten times with distilled
water, filled with distilled water, capped, and allowed to soak overnight. The next morning
the bottles were emptied and rinsed with distilled water, then inverted to dry.
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Appendix B: Procedure for Acid Washing Filters
The filters used to process for soluble reactive phosphate, nitrate+nitrite, and ammonium
were acid washed, following IWS procedures. Filters were placed in a 100 ml plastic cup
filled with 2 N Hydrochloric acid and allowed to soak for 30 minutes. While still in the cup,
all the filters were rinsed ten times with distilled deionized water. Then the filters were
flushed with a steady stream of distilled deionized water for 15 minutes. The rinsed filters
were used within 30 days.
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Appendix C: Quality Assurance
To ensure accuracy of the tests performed, quality controls were processed for all
measurements, except for dissolved oxygen and temperature. The preliminary experiment
that was conducted to test the efficiency of the ash-free dry weight procedure produced no
significant differences between replicates (ANOVA, F=0.24, p-value=0.17). Similarly, the
direct extraction and filter methods for chlorophyll analysis showed no significant
differences between chlorophyll concentrations (ANOVA, F=0.19, p-value=0.67).
Field duplicates were collected and analyzed for 10% of the samples (Figures C1C8). All field duplicates were significantly correlated with the sample measurements.
Method duplicates were performed for 10% of the nitrogen and phosphorus results (Figures
C9-C13). All nutrients tests were significantly correlated with duplicated results.
To check for contamination and analyte recovery; container blanks, method blanks,
spikes, and check standards were included in nutrient analysis. Almost all container and
method blanks results were near or below autoanalyzer detection limits, indicating that errors
were not induced from container or method contamination (Figures C14-C17). Spike results
were near 100%, with only a few results being extremely low or high (Figures C17-C19), and
check standards were significantly correlated with their true values (Figure C20).
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Figure C1: Kendall’s tau correlation between raceway flow rate field duplicates. One outlier
was not plotted on graph (value 1 = 3.80; value 2 = 39.59) but was included in the correlation
statistics.
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Figure C2: Kendall’s tau correlation between total nitrogen field duplicates. One outlier was
not plotted on graph (value 1 = 634.16; value 2 = 404.17) but was included in the correlation
statistics.
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Figure C3: Kendall’s tau correlation between ammonium field duplicates.
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Figure C4: Kendall’s tau correlation between nitrate+nitrite field duplicates.
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Figure C5: Kendall’s tau correlation between soluble reactive phosphate field duplicates.
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Figure C6: Kendall’s tau correlation between total phosphorus field duplicates. One outlier
was not plotted on graph (value 1 = 1223; value 2 = 920) but was included in the correlation
statistics.
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Figure C7: Kendall’s tau correlation between chlorophyll a field duplicates. One outlier was
not plotted on graph (value 1 = 73; value 2 = 50) but was included in the correlation
statistics.

91

500

Value 2 (m2)

1000

1500

Respiration Field Duplicates (m2)

0

Tau=0.72
p-value <0.05
0

500

1000

1500

Value 1 (m2)

Figure C8: Kendall’s tau correlation between respiration field duplicates. Two outliers were
not plotted on graph (value 1a = 1282, value 2a = 3232; value 1b = 1572, value 2b = 1425)
but were included in the correlation statistics.
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Figure C9: Kendall’s tau correlation between total nitrogen method duplicates.
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Figure C10: Kendall’s tau correlation between ammonium method duplicates. Three outliers
were not plotted on graph (value 1a = 129, value 2a = 96; value 1b = 121, value 2b = 8; value
1c = 12, value 2c = 96) but were included in the correlation statistics.
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Figure C11: Kendall’s tau correlation between nitrate+nitrite method duplicates.
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Figure C12: Kendall’s tau correlation between raceway soluble reactive phosphate method
duplicates.
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Figure C13: Kendall’s tau correlation between total phosphorus method duplicates. One
outlier was not plotted on graph (value 1 = 174, value 2 = 354) but was included in the
correlation statistics.
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Figure C14: Nitrogen container blank results testing bottle washing procedures.
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Figure C15: Phosphorus container blank results testing bottle washing procedures. One
outlier for total phosphorus was not graphed (84 µg-P/L on experiment day 52).
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Figure C16: Nitrogen method blank results testing for contamination in analysis.
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Figure C17: Phosphorus method blank results testing for contamination in analysis.
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Figure C18: Nitrogen spike recovery results testing for analyte recovery.
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Figure C19: Phosphorus spike recovery results testing for analyte recovery.
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Figure C20: Kendall’s tau correlation between check standard values ran during all
autoanalyzer runs. One outlier was not displayed on the graph (measured value = 5,010; true
value = 5,000).
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Appendix D: Non-significant Results
Table D1: Kruskal Wallis test results showing lack of significant differences between
treatment groups (n=6 per treatment group) for post-treatment water temperature (°C),
dissolved oxygen (mg/L), and raceway flow rate (ml/sec).
Test

Experiment Day

Kruskal-Wallis Result
Chi2
p-value

Temperature

0
4
7
14
21
28
34
44
52
58
71

0.96
1.71
0.82
0.18
0.30
0.48
0.01
0.02
2.83
0.74
0.00

0.33
0.19
0.37
0.67
0.59
0.49
0.93
0.87
0.09
0.39
1.00

Dissolved Oxygen

0
4
7
14
21
28
34
44
58
84

0.78
1.64
1.86
0.03
3.41
1.87
0.06
0.16
0.42
2.56

0.38
0.20
0.17
0.87
0.07
0.17
0.81
0.69
0.52
0.11

Raceway Flow Rate

4
14
21
28
44
52
58

2.56
0.41
1.64
0.41
0.92
2.56
1.26

0.11
0.52
0.20
0.52
0.34
0.11
0.26
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Table D2: Kruskal Wallis test results showing lack of significant differences between
treatment groups (n=6 per treatment group) for nitrogen results (µg-N/L).
Test

Experiment Day

Kruskal-Wallis Result
Chi2
p-value

Total Nitrogen

44
84

1.64
0.10

0.20
0.75

Ammonium

4
7
14
84

1.64
0.03
1.26
0.41

0.20
0.87
0.26
0.52

Dissolved Inorganic Nitrogen

7
14
71
84

0.31
2.71
2.23
1.00

0.86
0.56
0.33
0.61

Organic Nitrogen

4
7
14
21
28
34
44
52
58
71
84

2.56
1.64
1.26
1.26
2.08
0.03
0.23
2.56
2.56
0.41
0.41

0.11
0.20
0.26
0.26
0.15
0.87
0.63
0.11
0.11
0.52
0.52

Nitrate+Nitrite

0
7
21
28
34
52
58
71

0.16
0.10
0.16
1.64
1.26
0.10
0.10
0.64

0.69
0.75
0.68
0.20
0.26
0.75
0.75
0.42
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Table D3: Kruskal Wallis test results showing lack of significant differences between
treatment groups (n=6 per treatment group) for phosphorus results (µg-P/L).
Test

Experiment Day

Kruskal-Wallis Result
Chi2
p-value

Soluble Reactive Phosphate

7
14
21
34
44
52
58
71
84

0.00
0.23
0.41
0.23
1.26
0.23
0.10
0.64
1.26

1.00
0.63
0.52
0.63
0.26
0.63
0.75
0.43
0.26

Organic Phosphorus

4
7
14
21
28
34
44
52
58
84

0.92
0.41
2.56
0.01
0.03
0.92
0.03
0.03
0.64
0.64

0.34
0.52
0.11
0.94
0.87
0.34
0.87
0.87
0.42
0.42

Total Phosphorus

4
7
14
21
28
34
44
52
58
71
84

0.10
1.26
2.08
1.26
0.41
0.64
0.23
0.00
1.64
2.56
0.64

0.75
0.26
0.15
0.26
0.52
0.42
0.63
1.00
0.20
0.11
0.42

107

Table D4: Kruskal Wallis test results showing lack of significant differences between
treatment groups (n=6 per treatment group) for chlorophyll (mg/m2), ash-free dry weight
(mg/m2), respiration (absorbance units/m2), and the autotrophic index.
Test
Experiment Day
Kruskal-Wallis Result
Chi2
p-value
Chlorophyll
0*
4
0.28
0.60
7
0.03
0.86
14
0.16
0.69
21
1.26
0.26
28
0.10
0.75
52
2.56
0.11
71
1.26
0.26
84
0.64
0.42
Ash-free Dry Weight
0*
4
0.24
0.63
7
0.41
0.52
14
0.03
0.87
21
0.03
0.87
28
0.00
1.00
34
0.23
0.63
52
0.64
0.42
58
0.64
0.42
71
1.26
0.26
84
0.92
0.34
Respiration
0*
4
0.78
0.38
7
0.03
0.87
14
0.64
0.42
21
0.00
1.00
28
1.64
0.20
34
0.10
0.75
44
2.56
0.11
52
0.03
0.87
58
3.10
0.08
71
0.00
1.00
84
3.10
0.08
Autotrophic Index
4
1.50
0.22
7
0.33
0.56
14
0.10
0.75
21
0.10
0.75
28
0.03
0.87
34
0.92
0.34
52
3.10
0.08
84
0.92
0.34
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