. TECHNICAL REPORT STANDARD TITLE PAGE
1. Report No. 2. Government Accession No. 3. Recipienr's Catalog No,

WA-RD-39.2
4. Title and Subtitle

EFFECTS OF VELOCITY AND NUTRIENT ALTERATIONS ON STREAM .
PRIMARY PRODUCERS AND 'ASSOCIATED ORGANISMS 6. Performing Organization Code

5. Heport Daws
November 1978

7. Author(s)

: 8. Performing Orgamization Report No.
Richard R. Horner and Eugene B. Welch

WA-RD-39.2

9. Performing Organization Name and Address . . 10, Work Unit No.
Environmental Engineering and Science Program

Department of Civil Engineering, FX-10
University of Washington :
Seattle, Washington 98195

12. Sponsoring Agency Name and Address

11. Contract or Grant No.
Y-1804
13. Type of Report and Period Covered

Washington State Department of Transportation Interim
Highway Administration Building : 6/77 - 8/78
Olympia, WA 98504 ' 14. Sponsoring Agency Code

15, Suppiementary Notes
The study was conducted in cooperation with the U.S. Department of Transportation,
Federal Highway Administration, under the title Runoff Water Quality.

16. Abstract

Velocity and nutrient studies at 12 sites in Western Washington streams indicated
that 50 cm/sec is the critical average current velocity where the productive base
of the food web is impacted. Swiftly flowing streams rich in nutrients should not
be slowed to this value, and slowly flowing streams should not be altered to have
velocities greater than this value,

17, Key Words

Velocity, Nutrients, Streams, Washington
State,Aquatic Ecosystem, Periphyton

18. Distribution Sratement

19. Secunty Cla.sslf: (of thit report) 20. Secunty Classil, {of this pagel 21, No.of Pages 22. Price
Unclassified Unclassified ' 72

Form DOT F 1700.7 13-

Fomw jby- Ny
HW 6/72



The contents of this report reflect the views of the authors,
who are responsible for the facts and the accuracy of the data pre-
sented herein., The contents do not necessarily reflect the official
views or policies of the Washington State Department of Transporta-
tion or the Federal Highway Administration. This report does not

constitute a standard, specification or regulation.



TABLE OF CONTENTS

ABSTRACT
PREFACE
INTRODUCTION
The Problem in Perspective
Stream Morphology
Characteristics of Stream Periphyton
Ecological Relationships Involving the Periphyton
Periphyton Development in Response to Nutrients
Periphyton Development in Response to Current Velocity
EXPERIMENTAL METHODS
Organization of the Study
Monitoring of Periphyton Community Development
Measurement of Water Quality Variables
Measurement of Physical Variables
Data Analysis
EXPERIMENTAL RESULTS
General Summary
Elementary Data Analysis
Correlation and Regression Analyses

CONSEQUENCES OF THE RESEARCH FOR HIGHWAY CONSTRUCTION
AND OPERATIONS

General Considerations
Implications of the Research Concerning the Attached Algae

Implications of the Research Concerning the Attached
Heterotrophs

A Deterministic Model of Periphyton Development
BIBLIOGRAPHY

iii

- Y I e

13

17
20
22
24
26
29
29
33
L4

53
53
54

56
58
61



ABSTRACT

An intensive series of experiments designed to investigate development
of the periphytic community at the base of stream food webs was conducted at
twelve field sites during the summer season. Periphyton was sampled quan-
titatively from natural substrates (flattened natural stream rocks) and was
analyzed for chlorophyll & and adenosine triphosphate (ATP) as biomass measure-
ments. Site selection and scheduling largely eliminated light and temperatufe
as variables, permitting concentration on the factors velocity, incrganic
nutrients and organic carbon. The study was intended to increase understanding
of the biological roles of these variables for application to the analysis of
highway construction and operational impacts on streams., Of particular inter-
est were stream channel reconstruction activities and drainage of storm run-
off, the latter possibly increasing nutrient concentrations and both potentially
affecting velocities, Analyzing attached algal growth developing under broad
ranges of velocity and concentration of phosphorus, the limiting nutrient,
revealed that velocity increase up to approximately 50 cm sec_l enhanced the
rate of biomass accumulation when phosphorus concentration was greater than
a minimum level . This level depended on the magnitudes of the velocities and other
factors. Otherwise, greater biomass developed in slow currents. It was
hypothesized that the erosive effect of the current retarded accumulation,
unless nutrient availability was such that the positive influence of turbulent
diffusion of dissolved substances to the cells overcame frictional shear. Velo-
cities above 50 cm sec_lerodedan increasingly greater portion of periphyton pro-
duction because of the prominence of the negative scour effect. The defini-

tion and use of a heterotrophic index,as the ratio of ATP to chlorophyll a,



demonstrated that high ordinary velocities and elevated peaks following storms
favored the attached consumers relative to the primary producers.

On the basis of these results it is recommended that highway construction
and operations prevent harmful impacts on stream ecosystems by the following
measures:

1) To protect the productive base of the food web, avoid increase in _

average current velocity from less than to much more than 50 cm sec

that is particularly important for streams of low fertility like
most in the Cascades.

1,

>

2) Avoid frequent velocity peaks well above 50 cm sec_l in reaches of
streams where velocity averages less than 50 cm sec~l.

3) To reduce the risk of a nuisance condition resulting from a sub-
stantial increase in algal or bacterial acerual, aveid substantial
velocity increases within the range of 0-50 cm sec”! where limiting
nutrient concentration or organic carbon is relatively high.

4) For the same reason avoid substantial nutrient or organic carbon
concentration increases where average velocity approaches 50 cm sec™l,

5) Again for this reason, avoid decreasing velocity in a very swiftly
flowing stream rich in nutrients to less than 60 cm sec™™ unless
it can be shown that other ecological benefits are greater than
nuisance created by increased periphyton accrual.



PREFACE

This report summarizes the research work performed under Task D of the
Highway Runoff Water Quality Research Project. It presents and discusses
the most important facets of the literature review, experimental methods
and experimental results and highlights the implications of the results
for highway construction and operations. Additional detail on all aspects
of program is available in the dissertation prepared under this task by
Horner (1978).

Readers interested only in findings and recommendations may find that

the Abstract and the last section on Consequences of special interest.
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INTRODUCTION

The Problem in Perspective

Physical changes to natural channels have accompanied construction in
the vicinity of streams and rivers for many years. An activity frequently
instigating channel reconstruction projects has been highway building. The
objective in these instances is usually to remove the natural meandering
pattern from the highway's path and thus involves entirely rebuilding a
portion of the channel. In other situations somewhat less extensive modifi-
cations may be undertaken, such as stream bank reconstructicn or reinforce-
ment or dredging. Alterations such as these have the potential to change the
whole character of the stream from visual, hydraulic and biological stand-
points., Effects are numerous and complex and may extend from the affected
reach downstream, to the adjacent flood plain and even, as fish migrations are
impacted, to upstream spawning areas,

In the past, rebuilt channels often were characterized by uniformly
elevated current velocities, replacement of the natural alternating pool and
riffle pattern with a more constant channel profile, largely fine and shifting
substrate materials and bare stream banks. Replacement of varied natural
habitats with more uniform conditions of human design has led to loss of
specles diversity, an ecologically destabilizing effect (Patrick, 1973).

It is now not uncommon for channel modifications to be designed to main-
tain the original channel pattern, geometric characteristics and substrates
and to reduce vegetation removal {Washington State Highway Department, 1977).
The objectives of these measures are to provide habitats, velocities and
water temperatures in the reconstructed channel similar to the original and
to minimize erosion. Still, a lengthy stabilization period must be expected,

and the success of these techniques has not been widely evaluated.



A second potential stream impact associated with a neighboring highway
arises during regular operation and maintenance of the roadway. Storm run-
off draining to the stream transports a variety of contaminants, including
biodegradable organic wastes, mineral nutrients, silt, grease and oil, heavy
metals and organic toxicants. In the case of small streams, where the
highway runoff may substantially elevate the stream's discharge, the presence
of the highway can also significantly modify current velocity and other
aspects of the flow regime during and after storms.

All components of the aquatic ecosystem are subject to the widespread
and varied effects of altered flow conditions or water quality due to either
channel reconstruction or storm drainage. Including resident and anadromous
fish, benthic macroinvertebrates and various autotrophic and heterotrophic
microorganisms attached to surfaces within the stream, the natural ecosystem
is too diverse to permit a thorough general treatment of impacts and their
effects. Researching this problem requires matching specific members of the
biclogical community and specific environmental conditions for study.

Research under Task D of the Highway Runoff Water Quality project to date
has been concerned with the periphyton, the attached community occupying the
base of stream food webs. This segment of the ecosystem is a natural point
to begin the inquiry into the effects on stream biota of certain highway
construction and operational practices because of its direct or indirect role
in nourishing higher organisms. The algal component of the periphyton usually
represents the most - significant source of food production through.photo-
synthesis in relatively shallow and rapidly flowing streams. Herbivores
among the periphytic animal 1ife and the free-living macroinvertebrates feed

on this material and transfer its energy along the food chain to the fish.



Impacts on the periphyton selected for study were alterations of current
velocity, plant nutrients and the biodegradable organic matter which feeds
the attached heterotrophic organisms. Modification of the current is a
possible result of both channel reconstruction and draining large amounts of
storm runoff into fairly small water courses. Containing substantial con-
centrations of both inorganic and organic nutrients (Horner et al, 1977),
highway runoff is capable of increasing periphytie algal, consumer and decom-

poser growth,

Stream Morphology

In approaching a study involving the physical nature of a4 stream or the
possible effects of physically altering the water course, both subjects of
interest in this work, it is very important to understand the processes cper-—
ating to initially establish and subsequently modify the natural channel.
Knowledge of these processes is the best guide to designing channel modifi-
cations producing the least possible overall damage to the integrity of
the biological and supporting systems and to assessing the probable impacts
of human intrusion,

The course assumed by a stream in transporting water from higher to lower
elevations is determined by general physical principles and local geological
conditions. The explanations of the processes invelved were largely developed
and reported at length by Leopold and Wolman (1960) and Leopold et al. (1964)
and reviewed by Lecpold and Léngbien (1966). A summary of the extensive work
of the Leopold team follows.

The key to the form of a stream course laterally, longitudinally and in
cross-section is the natural effort to equalize and minimize the physical

work done. The most probable path is that coming closest to achieving that ideal.



Typifying river courses is a meandering pattern, which is most prominently in
evidence where the river traverses a gentle slope in a medium consisting of
fine-grained material that is easily eroded and transported but has sufficient
cohesiveness to provide firm banks. The research team demonstrated close
correspondence between typical actual stream meanders and the "sine-generated"
curve arising from the solution of mathematical equations, Such a curve is
preferred to a straight path because it produces more uniform energy dissipa-
tion over an extended reach. This particular curve also tends to form in
preference to other geometric curves because it minimizes directional change
through the reach and thus the work performed. As a consequence, bank erosion
is both minimized and distributed, rather than concentrated locally.,

The mechanism for developing and continuously changing a stream's
course is the ability of the water to erode, transport and deposit solid mat-
erials. This mechanism, coupled with the variatioms in vélocity vectors
laterally, longitudinally and with depth, produces the bed profile and cross-
sectional shape of the channel. Tﬁe circulatory system resulting from this
dynamic action erodes material from the concave stream bank and tends to
deposit it at the convex bank, forming a point bar there. Repetition of this
pattern over time shifts the stream across its valley, resulting eventually
in the channel occupying every possible position between the valley walls
in forming the floodplain.

In addition to explaining the determination of a stream's course, the
researchers documented the regularity of the familiar alternmating riffle/pool
pattern. They found that shallow zones giving rise to riffles tend to be
located alternately on each side of the stream at intervals roughly twice the

meander wavelength. These zones are interspersed with deeper pools.



On the broader scale, the Leopold team discovered that the longitudinal
profile of the entire river system is concave. Concavity concentrates the
steepest slopes near the headwaters, where discharges are smallest, and mini-
mize work in the system as a whole. There is thus a unity in the physics
of naturally flowing river systems surrounding the tendency toward minimum

but uniform energy expenditure.

Characteristics of Stream Periphyton

The periphyton includes all the organisms that are attached to a submerged
substrate but which do not penetrate into it. It is composed, typically,
of unicelluar and filamentous algae and attached protozoa, bryozoa and rotifers.
Convention frequently extends the periphyton community boundary to embrace
bacterial and fungal growth forming on substrates in an analogous manner.
Such growths are often documented to be successional forms thriving in highly
organically enriched waters (Curtis and Harrington, 1971). Given the interest
in the development of the entire attached community, the present study has
employed methods of measurement which reflect the growth of all of the above-
mentioned sessile organisms.

Generic representation in the periphytic community varies considerably
- geopraphically and environmentally, but common forms include those listed in

Table I.

The periphyton is characterized by considerable heterogeneity stemming
partially from the various surfaces available for attachment. It is thus
appropriate to broadly classify periphyton according to substrate as: (1)
epiphytic, attached to macrophytic plants; (2) epilithic, growing on submerged
rocks; (3) epipelic, associated with the sediments; (4) episammic, growing on

sand; and (5) epizooic, growing on surfaces of animals (Wetzel, 1975).
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Table I. Genera Most Commonly Represented Among the Periphyton
(Compiled from many references in the periphyton literature)

Diatoms -- Navicula, Diatoma, Cymbella, Cocconeis, Synedra, Ceratoneis,
Melosira, Gomphonema, Nitzchia, Fragillaria, Achnanthes, Cyclotella

Filamentous green alpae -- Cladophora, Tetraspora, Stigeoclonium,
Oedogonium, Tribonema, Ulothrix, Spirogyra

Filamentous blue-green algae -- Oscillatoria, Lyngbya, Phormidium

Protozoa -- Stentor, Carchesium, Vorticella, Tetrahymena, Colpidium,
Glaucoma, Paramecium

Bacteria -- Sphaerotilus, Zooglea, Beggiateca

Fungi —- Fusarium

The field component of this research should thus be specified as encompassing
the development of the epilithic periphyton.

Periphyton growth observes a general pattern of colonization followed
by a sigmoid growth curve (Kevern et al., 1966). Although mobile hetero-
trophs may colonize more rapidly, early stages are largely autotrophic.
Heterotrophs. gain importance as time proceeds and the community ages. Col-
onization accounts for a substantial portion of the initial lag phase of
growth and is a major factor to be considered in periphyton sampling pro-
grams. Properly, experiments designed to estimate growth characteristics
should be conducted between the end of the colonization period and the onset
of losses caused by the death of subsurface material. Castenholz (1961),
Neal et al. (1967), Slack et al. (1973) and American Public Health Association
(1975) were in general agreement that the colonization period normally
extends for approximately two weeks.

While sufficient exposure of sample substrates is required where the
objective is to monitor mature communities, sampling must proceed before the

sigmoid growth curve reaches an asymptote, designated as approximately two



months by Kevern et al. (1966). At this time production falls to a minimal
amount, and peeling and sloughing soon begin as underlying cells die
and lose attachment.

Rather than presenting a case for a fairly predictable sigmoid growth,
stream periphyton is actually likely to follow a highly irregular and rapidly
changing development pattern dictated by species composition and environmental
conditions. Short-lived natural occurrences frequently destabilize the system
and greatly affect the periphyton positively or negatively. High flow rates
from storm runcff generally reduce the standing crop by the scouring action
of suspended particles and the friction of elevated current velocities. A
sudden influx of nutrients contributed by urban or agricultural runoff may,
on the other hand, spur the growth of a nutrient-limited community. All of
these phenomena, arising between the conclusion of colonization and the onset
of the equilibrium phase and natural sloughing, are additional elements for
consideration in the planning and final analysis of any study of the stream

periphyton,

Ecological Relationships Involving the Periphyton

The ecological significance of any organism or community lies in its
relationships with such units in the larger system. Being a diverse assemblage
of organisms, the periphyton interacts with other groups within stream eco-
systems in various ways. In trophic terms the periphyton include algal
primary producers and microscopic primary consumers and decomposers. Each
form is a potential food source for higher organisms. Attached algae are
particularly dominant in primary production over other plant forms in shallow,

rapidly flowing, well-lighted streams.



Many investigators have been concerned with quantifying the productivity
of periphytic autotrophs. Lack of standardized procedures and the consider-
able variability of stream habitats has created such wide dispersion in
results that little can be generalized from these data. The only possible
generalization is that the level of primary production is a strong function
of environmental conditions. In some situations it is so substantial as to
be the dominant factor at the base of the food web. In other cases, especially
in wooded streams where light is low, algal production is so meager that con-
sumers must rely on organic materials produced in the terrestrial portion of
the watershed. 1In these cases Hynes {1963) concluded that, without imported
matter, the stream would be virtually barren.

Turning from production to transfer of food through the ecosystem,
several studies are relevant to the role of periphytic algae in nourishing
consumers. Cummins et al. {1966) found that herbivores in Linesville Creek,
Pennsylvania amounted to about 30 per cent of total macroconsumer biomass.
Consumers of dead organic material (detritus) represented approximately an
equal share, with secondary macroconsumers, which feed on both groups, making
up the remainder. If primary and detrital consumers are assumed to contribute
equally to the secondary group, it may be estimated that periphytic primary
production was ultimately responsible for about half of the animal biomass
in this stream,

Southworth and Hooper (1974) measured primary production in artificially
defined channels set in a natural stream enriched by inorganic and organic
materials. Benthic consumers were 30 per cent more abundant in the inorganic-
ally enriched case, where primary production was double that in control and
organically enriched channels. Elimination of primary production by restricting

light reduced grazers by 29 per cent, even though detritus was still available.



Elwood and Nelson (1972) measured periphyton production and grazing

rates in a small woodland stream by a 32

P balance method. In experiments
conducted at three different times of the year, they estimated periphyton net
production rates as 22, 24 and 16 mg ash-free dryweight n 2 day_]'and grazing
rates on periphyton for the respective periods as 23, 15 and 14 mg ash-free
dry weight m_2 day_l. Their results demonstrate that autotrophic production
is heavily used in the system; in fact, grazers control periphyton standing
crop. Eichenberger (1975) documented a similar effect in artificial channels.
Here the density of filamentous algae decreased almest directly with increase
of midge larvae density.

The expecteﬂ connection between periphyton production at the bottom of
the food chain and fish at the top has not been thoroughly explored. It has
been reported (Lyford and Gregory, 1975) that a reach of an Oregon mountain
stream experiencing increased periphyton production following removal of the
shading canopy by clearcutting had approximately twice the trout standing
crop of a neighboring control reach. Insect emergence was alsc considerably
greater in the more productive zone. Warren et al. {1964) observed increased
trout productien in a previously unproductive stream which had been experi-
mentally fertilized with sucrose that increased the production of Sphaerotilus
{bacteria). The important subject of food utilization and energy transfer

is a primary need in aquatic ecological research.

Periphvton Development in Response to Nutrients

Slideckova (1964) discussed the factors influencing the occurrence and
abundance of periphyton and concluded that the supply of dissolved nutrients

is the most important among them. With the diverse representation of organisms
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in the periphyton, a discussion of major growth nutrients must consider
mineral elements, required by algal forms, and preformed organic coﬁpounds
nourishing the heterotrophs. With reference to the autotrophs, of funda-
mental interest is the nutrient most limiting teo growth and thus having

the greatest degree of control over production, The most limiting nutrient
has generally been found to be either phosphorus or nitrogen in studies

of flowing water, with carbon (Wright and Mills, 1967; Dickman, 1973) or
trace metals (Wuhrmann and Eichenberger, 1975) occasionally identified.

The apparent paradox of strong algal growth coincident with a low con-
centration of one of the essential macronutrients is not infrequently observed
in streams and lakes. Goldman (1968) and Brehmer et al. (1969) found a nega-
tive association between algal production and nitrogen content. Cushing (1967),
Ball et al. (1969) and Brown (1973) all showed a decrease of phosphorus con-
centration to accompany ele#ated growth, while Flemer (1970) recorded his low-
est nitrogen and phosphorus concentrations during the greatest periphyton
bloom. Evidence offered by Caperon (1968), Fitzgerald (1969), Lin (1971) and
Droop (1973) suggests algae possess an ability to absorb and store quantities
of both nutrients far in excess of present needs. These stores serve as a
supply source for further growth.

Of particular interest in stream ecology is the relationship between
nutrient concentrations and the propagation of nuisance algal forms such as
the filamentous green alga Cladophora. Such organisms out-compete former com-
munity members which are preferred as food by consumers. Species diversity
and system stability decline, although community biomass and prodﬁctivity
may remain the same or increase. The research of Neil and Owen (1964) in

Lake Huron and Pitcairn and Hawkes (1973) in English rivers found an elevated
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phosphorus concentration to be the leading factor in spurring growths of
Cladophora.

The heterotrophic portion of the periphyton community is nourished by
organic compounds passing with the water or trapped in the attached mat. This
mat possesses a certain ability to trap particles from the water. Particulate
matter can be directly ingested by the animals, while the bacteria and fungi
require dissolved materials, which may be excreted by the consumers.

Ormerod et al. (1966) experimented with artificial channels fertilized by
organic and inorganic nutrients under conditions of controlled velocity and
temperature. Their results illustrated the mechanisms contrelling the develop-
ment of bacterial and fungal growth, which frequently achieves nuisance pro-
portions. The general conclusion of their research was that the heterotrophic
species ultimately established depended on the types of inorganic and organic
nutrients provided. Fertilization with specialized wastes, such as spent
sulfite waste liquor and sucrose, led to dominance by the nuisance bacteria

Sphaerotilus. Unspecialized sewage produced increases of the less objection-

able fungus Fusarium. Ehrlich and Slack (1969) and Cummins et al. (1972)
conclusively demonstrated the role of specialized wastes in creating a

Sphaerotilus-dominated periphyton community with more specific experiments.

Various observers, beginning with Kolkwitz and Marsson (1908), have
contributed to formulating a systematic portrait of the response of periphyton
to the discharge of wastewaters including inorganic and organic nutrients.
This "saprobien system" comprises descriptions of overall associations among
algae, protozoa, rotifers, bacteria, fungi and larger organisms typical of
certain water quality states. Its theoretical basis is that the periphyton,

being stationary, is subjected to all water quality conditions existing at a
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Table II: Saprobien System for Organic Waste Addition to a Stream
(generalized by Welch, 1976, from Fjerdingstad, 1964)

Zone

Oligosaprobity
(Clean)

Polysaprobity
(Septic)

@ Mesosaprobity
(Polluted)

B Mesosaprobity
(Recovery)

Chemical

BOD < 3 mg 1_1

0, high

Complete mineralization

of organic matter

HZS high
07 low
NH3 high

Amino acids high
HpS low
03 < 50% saturation

BOD > 10 mg 1~

N03 > NOZ > NH3

02 > 50% saturation
BOD < 10 mg 1-%

Biological

Diatoms diverse

Filamentous green algae
present

Filamentous bacteria and
ciliated protozoa scarce

Algae not abundant

Protozoa absent

Fecal and saprobic bacteria
(not filamentous)
abundant

Some tolerant algae (1)

Filamentous bacteria
abundant (2}

Ciliated protozoa abundant
(3)

Great biomass, low diversity

Great diatom biomass, low

diversity (4)

Ciliated protozoa (5)

Blue-green algae abundant
(6)

Filamentous green algae
abundant (7)

Notes: (1) Gomphonema, Nitzchia, Oscillatoria, Phormidium,

Stigeoclonium typically

(2) Sphaerotilus, Zooglea, Beggiatoa

(3) Colpidium, Glaucoma, Paramecium, Carchesium, Vorticella

(4) Melosira, Gomphonema, Nitzchia, Cocconeis

(5) Stentor

{6) Phormidium, Oscillatoria

{(7) Cladophora, Stigeoclonium, Ulothrix
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particular spot ‘and integrates their effects. Table II summarizes one expres-
sion of the saprobien system, organized according to the usual progression
from waste discharge, through self-purification to recovery. The full system
description presented includes the chemical changes affecting the biota.

As illustrated by the saprobien system descriptions, a leading result
of stream enrichment is succession to species with nuisance tendencies. The
most fundamental effects of succession at the base of the food web are species
shifts throughout the system, generally to organisms less efficient in trans-
ferring energy from level-to-level, and reduced diversity at all levels.
The ultimate result is usually reduced fish production or at least decreases
in fish of interest to human consumers. Other potential effects of filamen-
tous algae or slime growths are their ability to reduce dissolved oxygen
through respiration and the oxygen demand produced by their decay,as well
as interference with water supplies by creating taste and odor problems and

clogging intakes.

Periphyton Development in Response to Current Velocity

The veiocity and pattern of current flow is a dominant characteristic
in the enviromment of any organism inhabiting a stream. Of greatest impor-
tance are conditions in the immediate vicinity of the organism, in what
might be termed the "microzome'. Research on the role of the current in the
ecology of attached stream communities has centered primarily on the effects
of variable velocity on biomass accumulation, species composition, certain
physiological processes and the uptake of various dissolved substances. Most
of this work has been conducted in artificial channels because of the greater

control that could be exerted over experiments. Confirmation of results in
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natural streams is rare and not coordinated with laboratory findings.

Early studies by Butcher (1946) and Amberg and Cormack (1960) revealed
that smaller nutrient concentrations were required to attain algal growth
levels or accrual rates in flowing waters equal to those in still or more
slowly moving water. Odum and Hoskin (1957) noted increased metabolism of
periphyton communities with increased velocity. Whitford and Schumaker (1961)
measured higher rates of phosphorus uptake and respiration by several algal
specles at elevated velocity in experiments conducted in the range 0-40 cm sec_l.
Others, including Whitford (1960) and Reisen and Spencer (1970), found species
differences in the response to velocity variation, with the growth of certain
organisms advanced by an increase in the current and the development of
others retarded.

McIntire has performed a considerable amount of artificial chanonel
research on various aspects of lotic periphyton. His comparison of growth
in 9 and 38 cm sec-l currents {McIntire, 1966) revealed filamentous green
alpae dominance in the former case and diatom dominance in the latter.
Colonization was initially retarded in the faster current but growth eventually
accumulated more rapidly in that case, Export rates were about four times
as great at 38 than at 9 cm sec_l, with the result that biomasses were approx—
imately equal at the end of the experiment. Chlorophyll a level was, however,
higher in the faster current. McIntire (1968) reported on the response
of various algal species to current and light variation. Among the diatoms,
some species were indifferent to current, some were positively affected and

-1
the diatom Melosira varians was retarded by velocity increase to 35 cm sec .

Algae other than diatoms were actually more abundant in still water. Total

biomass increased with current at high illumination but not at low light level.
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As with McIntire's work, most artificial channel research has measured
growth at velocities less than 50 cm sec-l. Phaup and Gannon (1967) found
that Sphaerotilus biomass increased in proportion to velocity increase from
18 to 45 cm sec-l. The experiments of both Sperling and Hale (1973) and
Rodgers and Harvey (1976) demonstrated that substantially faster uptake of
radioactive carbon-1l4 occurs in a moderate current than in still or very
slowly flowing water. Pertinent to the periphytic heterotrophs, Wuhrmann
(1972) and Wuhrmann et al. (1975) reported a rate of sugar uptake by decom-
posing organisms twelve times as high at 24 cm sec‘1 than at 4 cm sec—l.

Field studies confirming the laboratory findings reported above are few.

Ball et al. (1969) observed the following behavior in the Red Cedar River,

Michigan:
Velocity: 0-30.5 cm sec_l Rapid colonization, slow
. growth, low standing crop
30.5-61 cm sec—l Greatest standing crop
61-91.5 cm sec Slow colonization but

substantial standing crop
at end of experiment

1

91.5-137 cm sec Lowest standing crop

Reisen and Spencer (1970) demonstrated a nmegative relationship between overall
diatom density and current velocity up to 66.3 cm sec_l over the short term
but a strongly positive relationship over the full six-week term of the exper-
iment. These results provide field confirmation of McIntire's observation
that current retards initial colonization and biomass accumulation but
assists productivity ultimately.

A rather extensive body of literature thus maintains that general peri-

phytic bioclogical activity and growth increases with current velocity increase
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up to at least 50 cm sec-l. The apparent reason for this behavior, most
clearly stated by Whitford (1960), 1s that turbulence increases the diffusion
of nutrients to all surfaces through a concentration gradient extending out
from the surfaces.

The rather sparse data collected at very high velocities supports the
belief that biomass accumulation is hindered by currents approaching 1 m sec-l
and higher. In this situation attachment is prevented in the case of many
species, and those managing to gain a tenuous foothold are easily removed by
the frictional force developed. The base for reproducticn is thus minimal,
and the community grows slowly and is limited in diversity. Rapids and riffle
areas normally have fast currents, but storm runoff can elevate velocities
considerably in any section. Following storms the great increase in suspended
particles also acts to raise the frictional force. Brehmer et al. (1969)
gave most of the blame to particulates carried by runoff for nearly destroying
the periphyton standing crop after a heavy summer storm.

Taken together, results of artificial channel and field experiments still
leave certain important questions unanswered regarding the periphytic auto-
trophs and heterotrophs of streams and the environmental forces acting upon
them. These matters include the relative importance of the many variables opera-
ting in natural streams, the interplay between current velocity and the most
important of the other variables,and reasonable means to predict the effects
at the base of the food web of altering the principal controlling factors. The
work reported here considered these and other subjects in the interest of
advancing understanding of the processes operating in the natural system.

The work had a further interest in applying the knowledge thus gained to
practical problems, such as the evaluation of stream channel reconstruction

projects and storm drainage proposals.
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EXPERIMENTAL METHODS

Orpanization of the Study

Experimental work was centered around amassing data on the accrual rate
of periphytic biomass, and the autotrophic component of the community speci-
fically, in several natural streams during the prime summer growing season.
At the same time, measurements were taken of current velocity, concentrations
of certain nutrients, the level of organic carbon carried by the streams and
certain quantities governing the light, temperature and general water quality
conditions that affect the communities studied. Streams and sites within
streams were selected to provide a range of velocities and phosphorus, nitro-
gen and organic carbon concentrations, while offering a reasonably high degree
of uniformity in light, water temperature and other important water quality
variables. The study could thus concentrate primarily on respomse to differing
velocities and levels of nourishment.

Sampling site locations are listed in Table III and located on the map
(Figure 1). Sites are numbered from downstream to upstream locations.
Sampling spots were selected where light intensity would be high throughout the
day, although some periods of shading inevitably occurred. Further, the
selection included only locations where periphyton collectors could be placed
at fairly shallow depths and in water generally low in turbidity to permit
efficient light penetration and enhance working conditions. U. S. Geological
Survey flow monitoring s;ations existed near all sampling sites except those

on the Pilchuck and Cedar Rivers.
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Table III: Stream Sampling Site Locations

Stream

Pilchuck River

Swamp Creek

Juanita Creek

Issaquah Creek

Cedar River

Big Soos Creek

Site

Number

PR-1

PR-2

PR-3

5C-1

SC-2

JC-1

. Jc-2

ICc-1

IC-2

CR-1

BSC-1

‘BSC-2

Location

Immediately north of present highway SR 2 at
Snohomish

Same
Same
Immediately south of highway SR 522 at Kenmore
Same

Immediately south of Juanita Drive in Juanita
Beach County Park

Immediately west of 100th Avenue N.E. at Juanita

Immediately north of S.E. 56th Street north of
Issaquah

Off S.E. Sycamore Drive south of Issaquah

Immediately north of highway SR 169 at Maple
Valley

0ff Auburn-Black Diamond Road at state fish
hatchery

Same
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Filochuch
River

PR-7,2,3

Snohomish

River
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_,"‘
Swamp
Creek
Miles
SC-1,2
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Punet - . reek X Mational Weather
Sound 2 E : Service Meteorclogical
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2 O University of Washington
¥ Department of Atmospheric
9 Sciences
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o Seattle . e »
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Issaquah
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Cedar River
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Big Scos
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Figure 1: Stream Sampling Site Vicinity Map
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Monitoring of Periphyton Community Development

 The selection of methods for collecting and analyzing stream periphyton
in the present work was guided by the objectives established and the experience
reported with alternative procedures (reviewed by Horner, 1978). To permit
sampling periphyton under varying envirommental conditions, an artificial sub-
strate had to be selected and collection technique devised to permit experimenta-
tion in streams of varying morphometry and discharge and fully exposed to public
access. Analysis of the collected periphyton had to be concentrated on procedures
which would best elucidate the development of the autotrophic and heterotrophic
conmunities. To permit the processing of the large number of samples gathered
in the intensive program, methods also had to be efficient and conserving of
time. Measurements of chlorophyll a and adenosine triphosphate (ATP) were
selected from among the available techniques as best filling these needs.
Found only in living organisms (Weber, 1973}, the latter quantity represents the
total living biomass, and conversion to non-detrital organic carbon can be made
with a relativel§ high degree of confidence (Holm-Hansen, 1970; 1973). As the
major photosynthetic pigment, chlorophyll a is a conveniently measured quantity
with which to assess the development of the autotrophs.

Flattened rocks gathered from streams were adopted as the means of quanti-
tatively collecting periphyton. This selection was made on the basis of the
success reported by Brenner (personal communication) in recovering samplers from
streams situated in heavily populated areas. An additional consideration was
the potential offered by the natural material for establishing communities sim-
ilar to indigenous growth. A flat, smooth surface was formed by cutting medium-
sized rocks in half on a diamond saw. Three such collectors were placed in
approximately 50 cm of water or less at each sampling site, The flat face was

oriented vertically and parallel to the flow.
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During the initial mid-summer phase of collection (July-August, 1977),
only communities expected to have completed colonization were sampled. As
advised in the literature, colonization during this summer period was estimated
to require one to two weeks. Thus, communities were sampled at the ages of
approximately two, three and four weeks. In the interest of investigating col-
onization and the development of specific communities over time, the late sum-
mer phase of collection (September, 1977) comprised weekly sampling intervals
from single substrates over a four-week period. The total sampling effort
yielded approximately 110 separate samples, each of which was analyzed for
chlorophyll a and ATF.

Periphyton was collected by carefully scraping growth from a portion of the
flat surface was a razor blade into a wide-mouth jar containing distilled water.
The scraping was followed by brushing additional material into the jar with a
tooth brush. Both processes were repeated until no visible periphyton removal
occurred. The area scraped was traced on grid paper for later measurement by
planimeter. Sample jars were transported to the laboratory in an ice chest.
Substrates involved in the continuing late summer weekly sampling program were
marked with fast-drying paint where material had been removed to insure that no
newly-colonizing growth would be gathered in subsequent weeks. The rocks were
then returned to the spots in the stream from which they had been removed.

In the laboratory the periphyton was prepared for analysis of chlorophyll
a and ATP the day of collection. Following dispersion of clumps by vigorous
shaking,measuredsubsamples were drawn for the chlorophyll a and ATP analyses.
Chlorophyll a concentration was determined fluorometrically in 90 per cent
acetone extracts as outlined in Strickland and Parsoms (1972) using a Turner

fluorometer and expressed in mg m_2 on the basis of the area sampled.
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Subsamples intended for ATP analysils were extracted in boiling TRIS buffer
according to the procedure of Holm-Hansen and Booth (1966). The extract
was analyzed in a JRB, Inc., ATP photometer, following the same procedure,

and expressed in mg ATP % of surface sampled.

Measurement of Water Quality Variables

The primary water quality variables of concern in the research were ortho-
phosphate and total soluble phosphorus, nitrate-plus-nitrite- and ammonia-
nitrogen and dissolved and particulate organic carbon. Also of interest for
generally characterizing water quality and judging possible effects on results
extraneous to the primary variables were water temperature, pH, specific con-
ductivity, total alkalinity and turbidity. All variables were measured on a
biweekly schedule corresponding with periphyton sampling throughout the program.

Water temperature was measured with a mercury thermometer immersed in the
stream. A water sample was ccllected at the same time for analyses of pH,
specific conductivity and total alkalinity onsite, and turbidity, dissolved
nutrients and organic carbon in the laboratory. The pH was measured with a
Porto-matic model 175 pH meter and specific conductivity with a Lab-line
model MC-1, Mark IV instrument. Total alkalinity was determined by titration
with 0.02 N sulfuric acid to an end point defined by mixed indicator according
to the procedure in Standard Methods (American Public Health Associat{on, 1975).
The remainder of each sample was transported to the laboratory in an ice chest.

Total scoluble and orthophosphate-phesphorus were analyzed according to the
molybdenum blue colorimetric methods of Murphy and Riley (1962), with absorbance
read at 885 nm on a Beckman model DK-2A spectrophotometer. Nitrate-plus-nitrite-

and ammonia-nitrogen were determined on a Technicon AutcAnalyzer II, the former
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by a cadmium reduction procedure and the latter using a phenolhypochlorite
technique.

The total organic carbon (TOC) is a sum of the dissolved (DOC) and parti-
culate organic carbon {(POC). TOC is generally comprised of bilodegradable
matter of mostly terrestrial origin, but aquatic production and point or non-
point sources of synthetic organic chemicals also contribute. Total organic
carbon was measured in the water sample to form a record of the relative degree
of autotrophy or heterotrophy represented by the streams studied. These data
were considered particularly in analyzing ATP results. DOC and POC were deter-
mined by combusting organics in a LECO model 507-200 induction furnace and
measuring the resulting carbon dioxide gas on a Beckman model 865 infrared
analyzer.

Turbidity is a function of all materials suspended in water, with j
suspended solids being of most concern here. The particulates that cree
turbidity interfere with light transmission by scattering incident radis
aid scour of attached growth and cause other adverse effects less releva
this work. Turbidity was measured on a relative Formazin Turbidity Unit
scale using a Hach Chemical Company model 2100A nephalometric turbidimet

Data analyses were conducted with reference to average water quality con-
ditions existing over the respective growth periods. Averages were estimated by
computing the means of readings taken over the various periods.

The nutrient most limiting to algal biomass and growth rate was determined
experimentally by algal growthrpotential (AGP) experiments according to the pro-
cedure outlined by the National Eutrophication Research Program, U.S. Environ-
mental Protection Agency (1971). According to this procedure, filtered stream
samples were fertilized with measured quantities of nitrogen, phosphorus and

the two minerals in combination and inoculated with cells of the green alga
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Selenastrum capricornutum. Experimental wvessels were incubated at 24C in a

iight incubator. Growth was monitored at set intervals by reading light
transmittance in a Coleman 130 spectrophotometer at 675 nm. Transmittance
was converted to optical density, which was in turn converted to an index.
Successive changes in this index were plotted with respect to time to produce
the growth curves. The relative maxima and slopes of the curves indicated
the nutrient most limiting to biomass and growth rate, respectively.

Results of the AGP experiments were considered in light of other observations

during the data analysis to firmly establish the most limiting nutrient.

Measurement of Physical Variables

To measure current velocity in the vicinity of the periphyton collectors,
a propeller-type current meter was designed and built at the Harris Laboratory
of the University of Washington for use in the research project. The meter
was equipped with a range selector switch and was calibrated to give a direct
needle reading in either ft sec—l or f& min_l. Measurements were taLen as
close as possible to the flat face of the periphyton collector. Velocity was
measured at every substrate at least biweekly. Where samples were taken more
frequently, velocity was measured on every sampling occasion. Depth was also
measured biweekly at every collector with a meter stick.

Data analyses were conducted with reference to average current velocities
over the respective growth periods. For sampling stations on Swamp Creek,
Juanita Creek, Issaquah Creek and Big Scos Creek, dailly discharge records at
nearby USGS gaging stations (U.S. Geological Survey, 1977) were available to
aid in estimating averages. For these stations velocities measured at each

collector over the entire study were graphed with respect to discharge.
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In many cases, particularly those where collectors rested on uniform gravel
stream beds, relationships were nearly linear. Linear regression equations with
high coefficients of determination (rz) were derived for use in estimating
velocities on each day during growth periods. Means of daily estimates were
then computed. When a linear relationship did not result, the graph was used

in making daily estimates. Sampling sites on the Pilchuck and Cedar Rivers

had no nearby USGS gaging stations to provide discharge records. Here it was
necessary to use less accurate mean velocity estimates prepared by averaging
whatever readings were taken over growth periods.

Previous research reviewed by Horner (1978), established the role of light
in periphyton growth, It was desired to eliminate light as a variable among
samplipg sites in order to concentrate on current velocity, nutrients and organic
carbon. To gage the success in reaching this goal and to permit the evaluation
of the effects of any light variation on periphyton growth, a survey was con-
ducted during the summer experimental period at each sampling station. Intensity
was measured with a Photo Research Corporation Spectra Lumicon light meter held
immediately above the collectors in the stream. The survey was conducted by
taking a series of measurements at each site throughout the photoperiod. Read-
ings were taken only during periods of full sun, and the survey at all stations
was completed within the first week of September, 1977. Spot readings were also
taken earlier to gage the differences in mid-day intensities over the summer.
Light intensities were then graphed with respect to time, and the plots were
integrated by planimeter to permit a comparison of the total light received by
each site in a day's time. The graphs were also useful in estimating the length
of time during which light was below saturation level at each site and the

approximate intensity during that period.
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It was also desired to conduct field experiments over a period expected
to be fairly uniform in solar radiation, To gage the success in achieving
this goal and to provide a basis for correcting if necessary, solar radiation
records were obtained from the University of Washington Department of Atmospheric
Sciences, These measurements were made at a point, shown on the map in
Figure 1, roughly equidistant between the northérnmost and southernmost stream
sites. Solar radiation was measured with an Eppley 180° pyranometer and

recorded by a Lintronic integrating recorder.

Data Analysis

The success of a research program in extending knowledge ultimately depends
on the uses to which the data are put. Data analysis was a distinct challenge
in this work because of the large number of variables potentially affecting peri-
phyton development and the rather numerous stream habitats_used to achieve
wide ranges in the variables of interest. Here the principal objective of
data analysis was to characterize development of the periphytie community as
a whole, and its algal component in particular, with respect to current velocity
and the limiting nutrient. The goal was to increase understanding of these
interactions for forecasting the probable effects on the base of stream food
webs created by construction which modifies velocity or storm drainage that
intermittently increases the current and the concentration of nutrients and
organic materials.

For this purpose measured areal ATP and chlorophyll a concentrations repre-
sented total and autotrophic periphyton community development (or biomass
accrual) respectively. In addition, a relative measure expressing the develop-
ment of algal food producers with respect to the total community was defined

and termed the heterotrophic index (HI):
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T = {mg ATP m-z) (250 mg carbon/mg ATP)

i -2
mg chlorophyll a m
The conversion factor transforming ATP to total living carbon biomass was
based on the recommendation of Holm-Hansen (1973). The index is a convenient
method of judging the relative dominance of heterotrophs and autotrophs in
the periphyton community.

The data analysis was aimed at discovering relationships among periphyton
development and the various measured independent variables: time; current
velocity; concentrations of orthophosphate and total scluble phosphorus;
nitrate-plus-nitrite~- and ammonia-nitrogen and total organic carbon. In
addition, the supply rates of phosphorus, nitrogen and carbon were defined as
the multiple of concentration and velocity and included in the analysis.

The importance of light variations in affecting results was also considered.

Several strategies were formulated to serve the objectives of the program.
First, graphs were produced to illustrate variations in chlorophyll a, ATP and
the heterotrophic index over time at each monitoring station for each experimental
period. Variations in average velocities over the same periods were also
shown. A second useful technique employed at an early stage in the analysis
was ranking of dependent periphyton accrual and independent environmental
variables in a side~by-side arrangement. Ranking aided in identifying general
associations which could be explored later with more powerful analytical
methods.

Preliminary analyses demonstrated that attempts to generalize results
across streams and over wide ranges of the principal independent variables
would require a multivariate approach to account for a substantial part of the
variation in dependent variables. Correlation and multiple linear regression

techniques are effective multivariate analysis tools. The former procedure
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provides information on positive and negative associations between variable
pairs and the statistical significance of these associations. Multiple linear
regression was previously employed in algal research by Goldman et al. (1968),
Brown (1973) and Dunn (1976), It is a least-squares computation of the best
fit between one dependent and a host of independent variables., The equation
form is:

Y = ao + alxl + azx2 + .. .+ anxn

The general purpose of multiple regression analyses was to formulate
descriptive models of community behavior which might be interpreted to discern
trends in the relationships. Such models represent activity without necessarily
depicting the specific mechanisms thought to be operating. Rather they are
constructed of a linear combination of all variables considered to have a
part in the activity.

Correlations and multiﬁle regressions were performed by the STEPWISE
digital computer program developed by Rao (1977), available at the University
of Washington Academic Computer Center. It was run on the CDC Model 6400
computer at the Center. For these statistical analyses a logarithmic trans-
formation was applied to the dependent chlorophyll a and ATP variables. Trans-
formation generally normalizes distributions, producing compliance with thé
assumptions of statistical procedures. This practice follows the precedents
of Barnes (1952), Cassie (1963}, Goldman et al. (1968) and Brown (1973) in

previous aquatic primary production studies.
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EXPERIMENTAL RESULTS

General Summary

The experimental program yielded a wide range of velocity, phosphorus,
nitrogen and organic carbon values, as desired, while confining temperature,
pH, specific conductivity, total alkalinity and light variations within
much narrower limits, also according to plan. Water samples from various
monitoring stations were generally comparable in turbidity, but the two major
rainstorms during the experimental period produced moderately to highly ele-
vated readings. Table IV shows the measured ranges of the physical and
chemical variables, and Table V lists means over the entire experimental period
for each station.

Weather conditions during the study were of interest because of the effects
cf sclar radiation and temperature on primary production and of storm runoff
on the attached community as a whole., A U.S. Weather Service station located
in Seattle at a point about equidistant from the northernmost and southernmost
stream sampling stations (see Figure 1) served as the primary reference for
meteorological data (U.S. Department of Commerce, 1977). Field notes kept during
the sampling program included the observed effects of weather on stream condi-
tions and the periphyton.

Significant meteorological events during the period included the extended
drought from July 12 to August 23 and the rainstorms of August 23-26 and
September 18-20. Clear conditions prevalled during most of the drought period,
maximizing light intensity and total light received by the autotrophic peri-
phyton. The only rains substaﬁtially increasing stream discharges, depths,
current velocities and turbidities were the late August storm and the smaller
event of September 18-20. The earlier storm most likely affected mature
periphyten communities sampled during the period and colonization of bare

substrates planted before the :cessation of elevated discharge.
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Table IV: Overall Ranges of Experimental Variables

Variable Unit Minimum Maximum
Current Velocity cm sec:_l 0.3 137.2
pH - 6.6 7.6
Specific conductivity umho c:m_l 66.0 198.0
Total alkalinity mg 171 as caco, 24,0 66.0
Turbidity FTU 0.4 64.0
Temperature C 11.5 i8.0
Orthophosphate phosphorus LE 1-'l 2.6 78.9
Total soluble phosphorus ug 17t 8.9 118.0
Nitrate-plus-nitrite-nitrogen HE l'-l Trace 1029.0
Ammonia-nitrogen g 171 9.0 100.0
Dissolved organic carbon ug 171 0.8 12.3
Particulate organic carbon ug 11 28.7 1003.0
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Weekly sampling documented considerable substrate scouring during the September
- storm.

As described previously, a plot of measured velocity versus discharge
on the same day was found to be a feasible means of estimating velocity on
any day. Fourteen of the twenty-four plots prepared assumed a nearly linear
form, suggesting the use of linear regressions of velocity on discharge to
express the relationship. These regression equations explained 82.3 - 99.6
per cent of the variation in velocity due to variation of discharge, and thus
served as an excellent means of estimating velocity each day of the experimental
period. Nonlinear curves were less satisfactory but represented an improvement
over relying on infrequent field measurements where USGS stream gauging .stations
existed.

Light variations among monitoring stations proved to be minor in the
context of the general uniformity and to not have an important influence over
results. With regard to variation over time, however, the total daily solar
radiation recorded at the central station indicated two periods of distinctly
different weather (July 7 - August 25 and August 25 - September 21}, producing
daily mean values of 450.7 and 310.0 g cal cm—z, réspectively. These means
represent a highly statistically significant difference (P <0.001). Moreover,
they correspond to very different average intemsities: 28.2 and 20,7 g cal cm-2
hr-l with approximately 16 and 15 hr photoperiods, respectively. Additionally,
the spot readings on July 7 showed a maximum mid-day intensity approximately
33 percent higher than in the first week of September.

Reference to the light inhibition literature reviewed by Hornmer (1978)
demonstrates that elevated mid-day intensities existing for an extended
period during the summer drought exceeded the level generally known to inhibit

algal photosynthesis. Measured chlorophyll a and ATP accumulations were overall
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substantially smaller in the mid-summer compared to the late summer period,
- probably as a result of light inhibition. Accordingly, data were analyzed by
treating the two periods separately.

Algal growth potential experiments conducted on a sample of each stream
monitored were unanimous in demonstrating that phosphorus fertilization in-
creased both the rate of growth and the ultimate biomass of the test alga
much more effectively than nitrogen. This indication of phosphorus limitation
is confirmed by examining the relative amounts of nitrogen and phosphorus
present in the water samples. The ratios of nitrate-plus-nitrite nitrogen to
orthophosphate-phosphorus and of total inorganic nitrogen (nitrate, nitrite
and ammonia) to total soluble phosphorus in the assayed water samples exceed
the average ratio in algal cells of 7.2:1(Sverdrup et al., 1942), thus indi-
cating phosphorus limitation. The ratios in samples drawn for assaying are
higher than the averages in some streams over the full experimental period
because of the occurrence of nitrogen depletion during periods of heavy algal
growth. On these occasions the inescapable conclusion is that nitrogen is momen-

tarily most limiting or that N and P limit simultaneously.

Elementary Data Analysis

The overall strategy of data amalysils was to initially search for trends
in the results ccllected at each stream and then to analyze a combined data
set to discern general tendencies. Of particular interest was the establish-
ment of trends appearing to fit data from both specific streams and combined
streams. As the major step in the first direction, plots of chlorophyll a and
ATP biomass, as well as heterotrophic index, versus time were prepared to com-
pare periphyton development between stations on each stream for each experi-
meﬁtal period. The same graphs contained plots of average velocities versus

time over the same periods. The purpese of the graphs was to investigate the
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role of velocity in influencing periphyton growth under uniform, or at least

- very similar, envirommental conditions other than velocity. This exercise

was most satisfying when applied to the experiment of August 25 - September 21,
when four weekly measurements of periphyton accrual were available, except
where collectors could not be recovered due to the storm which congcluded the
experiment.

Figures 2-4 present representative plots, selected from those prepared for
the late-summer experiment, which illustrate important tendencies in the re-
sults. Figures 2 and 3 contatn time series plots of chlorophyll a and ATP,
respectively. Figure 4 illustrates representative data on heterotrophic index_
versus time. In each graph the curves representing periphyton development
were smoothed to represent the pattern expected between sampling dates.

The storm beginning on September 18 was represented by a slope change on that
date. Where the exeistence‘of USGS gauging stations provided daily records,
weekly means were used to plot velocity versus time curves. Otherwise, the
plots were based on measurements taken on weekly sampling occasions.

The curves of Figure 2 demonstrate several key points concerning the
assistance velocity provides periphytic algae under certain conditions and,
conversely, the results of frictional scouring in other circumstances. Thé
most basic point demonstrated by the graphs is that current velocity is a
critical determinant of attached autotrophic growth in streams. Two sites
on Juanita Creek with very similar nutrient content have chlorophyll a accrual
which differs by thirty-fold after 20 days of growth. Other stations alsc
demonstrate considerable divergence among sites. Velocity should,'indeed, be
recognized in efforts to characterize stream primary production.

More specifically, the graphs for the Pilchuck River, Juanita Creek and
Big Soos Creek indicate that cﬁlorophyll 2 accrual is inversely related to

velocity. On the other hand, the Swamp Creek plot shows that higher biomass
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develops in faster flowing water. It is notable that POA-P concentration

in Swamp Creek averaged 51.5 u g 1'1 for the period and is substantially
higher than the other streams considered in Figure 2. Moreover, the velocity
at site SC-2 averaged 50-60 cm sec _1, lower than at sites PR-1, PR-2 and
JC-2. The same trends were apparent in the experiments performed earlier in
the program: growth at the site with faster current generally exceeded that
at the site with slower flow in the relatively rich Swamp Creek, in contrast
to that in the streams having lower phosphorus concentrations. This evidence
that velocity assists algal growth to a greater degree in ricﬁer than in
poorer waters was noted for other phases of data analysis. Whereas velocity
increase up to a point does appear to advance the level of ultimate biomass
accrual, at least where the limiting nutrient concentration is sufficient, all
plots in Figure 2 demonstrate that initial colomnization is favored by lower
velocities.

Runcff assoclated with the storm of September 18-20 accounts for scouring
of periphyton growth exhibited by the curves in Figure 2. Results for Swamp,
Juanita and Big Soos Creeks also demonstrate that communities adapted to
higher average velocities decline to a smaller degree than do those inhabit-
ing sites having slower currents ordinarily. The considerable loss of chlo-
rophyll a at site JC-1 in connection with a peak velocity not substantially
higher than average suggests that erosion may be due more to elevated turbid-
ity than current.

Two selected time-series plots for ATP. presented in Figure 3, represent
devélopment of both autotrophic and heterotrophic segments of the periphyton.
Excepting a frequently-noted tendency for ATP to decline earlier than chl a,
these curves show trends similar to the chl a results, which represent the
algai component alone. Again, moderately high velocity favored growth in the

rich Swamp Creek more obvicusly than in streams having lower nutrient concen-
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trations. This tendency of the faster flowing Swamp Creek site to build
higher ATP biomass was also evident in experiments performed in July and
August. Initial colonization was favored by lower velocity, however, con-
sistent with chlorophyll a8 results. Where scour of the ATP biomass occurs
25" a result of elevated runoff, another parallel with the chlorophyll_g re-
sults was apparent. Communities adapted to higher pre=storm velocities again
suffered lessduringtﬁu&high discharge period than those normally existing at
low velocities.

The heterotrophic index was defined and employed to permit a direct com-
parison of the behavior of autotrophic periphyton with the community as a
whole. Representative plots of heterotrophic index with time are illustrated
in Figure 4. These Curves express two important points concerning the effect
of velocity on the periphyton. 1In eévery case the collectors having higher
average velocities had higher indices than the lower velocity station.
Graphs of the results of earlier experiments generally confirm this tendency.
Thus, velocity assisted the heterotrophs to a greater extent than the algae.
Secondly, erosionlresulting from the storm of September 18-20 usually increas-
ed the heterotrophic index, with the greatest increase in each stream occurr-
ing at the site experiencing the greater amount of scour. Quite clearly, the
heterotrophs withstand the friction of rapid and turbid storm flows better
than do algal forms.

The most elementary step in analyzing a combined data set involved rank-
ing the magnitudes of dependent and independent variables side~by-side, from
1argest—to-smallest, for comparative purposes. This exercise was performed
for five separate experiments spread through the entire period of study and
Tepresenting periphyton communities of different ages.

The ranking tables prepared as described were investigated to discover

assoéiations between specific dependent and independent variables. High and
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low values for periphyton accrual were thus assoclated with high, modera;e

or low measures of environmental variable where possible. At this point it
was discovered that very similar associations appeared whether young or ma-
ture communities were considered. The numbers of times each association
occurred in the five exercises were then totaled. Those associations arising

most frequently were finally tabulated and are presented in Table VI,

Table VI: The Most Conclusive Associations Resulting from the Ranking
Exercise

Dependent Variable Independent Variable Association

High chl. a Moderate average velocity

Moderate peak velocity

Moderate-high P04-P concentration
Moderate-high total soluble phosphorus

concentration

Low chl. a High velocity
High peak velocity
Low P04—P concentration
Low total soluble phosphorus concentration

Low N03+N02-N concentration

High ATP Moderate average velocity
Moderate peak velocity
Low ATP None

High heterotrophic index Moderate-high average velocity
Moderate-high peak velocity

Low heterotrophic index Moderate-low velocity

Moderate-low peak velocity
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The summary of the ranking exercise reveals several interesting and po-
tentlally important points, which may be regarded as preliminary conclusions
subject to further verification by other data analyses. Quite clearly,
building a large biomass requires moderate average and peak velocities.
High-ranking chlorophyll a and ATP almost never occurred at the highest (near
100 cm sec-l) or lowest (near zero) velocities. Conversely, the lowest bio-
mass was usually associated with very high velocities. While these trends
appear in both chlorophyll a and ATP data, they are better established in
the former case.

The association of high chlorophyll a with moderately high POA—P and
total soluble phosphorus concentrations and low chlorophyll a with low phos-
phorus levels adds evidence to the conclusion from algal growth potential
experiments that P is the limiting nutrient at most times in the streams
studied. Nitrate-plus-nitrite nitrogen is less important, but low levels
apparently are involved along with low phosphorus in retarding growth. This
analysis did not show ammonia-nitrogen concentration to have a major role in
determining periphyton accrual. Likewise, dissolved and particulate organic
carbon concentrations were not obviously instrumental in building ATP bio-
mass. The supply rates of nutrients demonstrated much less association with
biomass than did concentrations, although moderately high P04—P and total
soluble phosphorus supply rates did seem to increase chlorophyll a accrual.

A final point expressed by Table VI is that, other factors heing equal,
velocity increase almost always favored the decomposing organisms over the
algae, yielding a high heterotrophic index. In addition, high indices were
usually associated with sites less endowed with mineral nutrients. This
association is quite natural, since many heterotrophs can subsist on organic

materials produced on land and'dropped or washed into the stream.
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Correlation and Regression Analyses

Following graphing of individual stream results and ranking of variables
in a combined data set, selected statistical procedures were applied to the
combined data to further develop general trends. These methods possess the
advantage over the elementary techniques of expressing quantitatively the
association between one dependent and any number of independent variables
simultaneously in a computationally efficient manner. On the other
hand, the linear form of the correlation and regression analyses employed
may not correspond to the character of natural processes. Thus, the methods
are best applied in biological work to determine the direction and strength
of tendencies, rather than to model behavior for predictive purposes and
understanding of processes.

Correlation expresses positive or negative associations ameng variables
by means of the correlation coefficient, R. Simple correlation considers
pairs of variables in isolation from others. The statistical significance
- of correlation coefficients computed here was evaluated by means of a t-test
(Rohif and Sokal, 1969).

Results of correlating measures of periphyton community development with
environmental variables are presented in Table VII. Among the nutrients,
orthophosphate and total soluble phosphorus concentrations demonstrated a
highly significant positive association with chlorophyll a. Nitrate-plus
nitrite-nitrogen was also positively correlated at a lower significance
level, again demonstrating the primary role of phosphorus in limiting algal
growth in the streams studied. No significant correlations with nutrient
supply rates occcurred.

The highly significant negative correlation with current velocity should
not be regarded seriously in a functional sense, given that ranking exercises

showed moderate, rather than the lowest or highest, velocities to best pro-
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mote chlorophyll a accrual. The relationship between periphyton development
and velocity or any multiple of velocity is thus nonlinear and not amenable
to correlation analysis. Time-series plots in Figure 2 alsoc suggested an
interaction between velocity and limiting nutrient which introduces a com-
plexity not manageable by simple correlation techniques. The best strategy
for further work thus appeared to be multivariate analyses of periphyton
growth in limited.velocity ranges.

Correlations involving ATP demonstratedthe dual control exerted over
that quantity by both inorganic and organic nutrients. Orthophosphate-phos-
phorus concentration and supply rate and dissolved organic carbon concentra-
tion and supply rate all correlatedpositively and significantly with ATP.

The heterotrophic index had strong negative correlations with total sol-
uble phosphorus and nitrate-plus-nitrite nitrogen concentrations and a highly
significant positive association with velocity. These tendencies are all con-
sistent with those resulting from ranking and graphing exercises. Dissolved
and total organic carbon supply rates showed significant positive associations
with the index.

The results of the previously reported ranking, graphing and simple cor-
relation exercises all strongly implied that full representation of periphy-
ton growth must be approached with reference to several independent variables.
The creation of a multivariate expression describing how a system behaved
may be conveniently accomplished with multiple linear regression techniques.
The result of applying the method is a mathematical relationship linking one
dependent with several independent variables, with each term in linear form.

With the guidance provided by all the methods of data analysis reported
heretofore, the work proceeded to investigate subsets of the data by means
of multiple regression techniques. The key observations guiding the design

of this phase were the apparent ability of moderate velocities to enhance
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Environmental Variables

Log Chlorophyll a

Current velocity

Orthophosphate—
phosphorus
concentration

Total scluble
phosphorus
concentration

Nitrate-plus- '
nitrite-nitrogen
concentration

Ammonia-nitrogen
concentration

Orthophosphate-
phosphorus
supply rate

Total soluble
phosphorus
supply rate

Nitrate-plus-
nitrite supply
rate

Ammonia-nitrogen
supply rate

Dissolved organic
carbon concentration

Total organic carbon
concentration

Dissolved organic
carbon supply
rate

Total organic carbon
supply rate

Notes:

=%k

+REk

hkk

+%

N.A.

N.A.

N.A.

N.A.

(1) Positive correlation:
94, *

(2) Number of samples

(3) N.A. -- not applicable

+.

*%

*k%k

Correlations Among Periphyton Development Measures and

Heterotrophic
Log ATP Index
- SRRk
+%k%k -
+ =%k
- —hkk
+x% +
+ +
- %
+hkk +
- —%
+hkk ek
- +%

Negative correlation

indicates statistical
(P< 0.05).

indicates high statis
{((P< 0.01)

indicates very high s
ficance (P< 0.001).
peorted correlation is
significant.

significance
tical significance
tatistical signi-

Otherwise, the re-
not statistically
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periphyton growth relative to very low and very high currents and the sugges-
tion of an interaction between velocity and limiting nutrient. The full data
set was thus subdivided into three velocity ranges: less than 20 cm sec-l;
i0-50 cm sec_l; 50-80 cm sec_l. The > 80 cm sec_l range was not included in
this ‘analysis because of its representation of a very narrow range of phos-
phorus concentrations. Because of the considerably higher level of growth
noted during the late-summer {August 25 - September 21) compared to the ear-
lier expefiments, separate analyses were conducted for the two periods.

For each data subset, regression equations were developed for the hetero-
trophic index and logarithmic transformations of chlorophyll a and ATP.

Several strategies exist for selecting independent variables in multiple
regression equations‘(Draper and Smith, 1966). The most commonly applied
techniques are to preselect all of the variables on theoretical grounds or
to employ the stepwise procedure, which applies statistical criteria to
evaluate the acceptance of variables into the equation (Draper and Smith,
1966; Rao and Miller, 1971). A combination of the two strategies proved
to be the most workable procedure in this analysis. Thus, variables of
greatest interest were preselected, while selection of those of secondary
concern was left to the stepwise option.

The usefulness of a multiple regression equation developed as described
depends on its fit to trends hypothesized on sound theoretical grounds and
the proportion of variance which it explains. The latter criterion is ex-
pressed by the square of the multiple correlation coefficient (RZ) repre-
senting the association among variables.

The most satisfactory multiple regression equations developed from the
combined data set, those largely fitting expected trends and explaining an

acceptable proportion of the variance, involved chlorophyll a (logarithmic-
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ally-transformed). Table VIII presents this set of equations. Indepen-
dent variables in these equations were time, current velocity and ortho-
phosphate-phosphorus concentration, all preselected. Nitrate-nitrogen and
light intensity were also tested for optional selection on the stepwise
basis. The fact that the former variable was rejected points out the pri-
mary effect of phosphorus over nitrogen as a determinant of algal growth.
Rejection of the second demonstrates the experimental control achieved over
light differences among sampling stations.

Investigation of the multiple regression equations shows several trends
of interest and importance. Algal (chl a) accrual in both experimental
periods responded positively to velocity in the range 20-50 cm secﬂl. On
the other hand, response was negative in both periods in the 50-80 cm sec_l
range. At the lowest velocities the relationship of accrual to velocity
was inconclusive, being negative in one case and positive in the other.
Thus, the equations predict that velocity increase beyond 50 cm sec_l will
decrease the accumulation of periphytic algae, while increases in the range
terminating at 50 cm see-l are likely to aid algal growth.

It may also be noted in Table VIII that both equations developed for
the 20-50 cm sec-l velocity range have negative initial coefficients (ao),
although these coefficients are positive in every other case. This occurr-
ence 1s coupled with sharp increases in the phosphorus coefficients in both
cases compared to the respective equations for the < 20 cm sec_l range.
These tendencies together express mathematically the prediction that a ve-
locity increase from the low to the medium range would hinder chlorophyll
a accumulation where phosphorus concentration is relatively low but ad-
vance growt? at higher concentrations. This behavior is illustrated more
clearly by Figure 5, a generalized plot portraying trends in algal accrual

predicted by the equations for both experimental periods.
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A consistent pattern thus appeared in the analysisof results for the
individual stream cases and in the statistical treatment of the combined
data set. Graphing results for the respective streams generally showed
chlorophyll a accumulation to be inversely related to velocity, except when
orthophosphate-phosphorus concentration continuously surpassed 45 ug 1-1.

In these instances, which occurred mostly on Swamp Creek, growth at the
station having a velocity of approximately 50 cm sec:-l exceeded that at
10-20 cm secﬁl after about two weeks of growth. The results for ATP, which
exhibited behavior parallel to chlorophyll a in most cases, confirmed these
observations. Multiple regression equations derived from the full data set
for both the earlier and later experimental periods demonstrated the same
trend: chlorophyll_g.accumulation is predicted to be favored by velocity
increase as long as orthophosphate-phosphorus exceeds a minimum value,

which depends on the two velocities being compared. Otherwise, accrual is
more rapid at relatively low velocity. Graphs of individual stream results
and multiple regression predictions also agree where high velocities are
concerned: the lowest standing crops are both observed and predicted in
that region. It should be noted that these results are in general agreement
with the consensus of the literature. Specific confirmation of the inter-
action between velocity and nutrients noted here does not appear because pre-
vious studies did not encompass the wide range of both velocity and limiting
nutrient concentration investigated in this work.

In explanation of the tendencies described, it is hypothesized that off-
setting mechanisms, both functions of velocity, are involved. Velocity in-
crease apparently assists the uptake of dissolved nutrients by improving
turbulent diffusion. In contrast, any increase adds to the shear stress
tending to tear material from the attachment surface. The latter effect

must predominate unless nutrient abundance is sufficient to establish an

»
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Figure 5: Generalized Plot of Multiple Regression Results
Illustrating Predicted Dependence of Chlorophyll a
on PO,-P Concentration and Velocity (14 Days' Growth).
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efficient delivery system. Velocity increase to a level well above 50 cm s.-:ec'-l

increases friction to the point that improved nutrient delivery is of little

practical wvalue.
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CONSEQUENCES OF THE RESEARCH FOR
HIGHWAY CONSTRUCTION AND OPERATIONS

General Considerations

The practical objective of the research effort was to gain sufficient
understanding of biological activity at the base of stream food webs to
better analyze impacts on the ecosystem created by flow and runoff modifi-
cation. It was hypothesized that channel reconstruction activities and
highway runoff discharges which substantially alter current velocity have
a significant influence on the periphyton. Another effect was expected as
a result of elevated concentrations of nutrient materials in storm drainage.
Sufficient understanding of the assoclations among periphyton development,
velocity and nutrients resulted from the experiments to make several state-
ments concerning the_management of highway construction and operational prac-
tices which impingg on streams.

A point which should be made prior to this discussion is that managing
a complex, initially balanced natural system must proceed very cautiously
and with reference to specific conditions existing in the case at hand.
With the periphyton serving as a basic food source of great importance in
most sﬁall and medium-sized streams, the level and type of growth at the
first food web position has consequences throughout the ecosystem. In addi-
tion to the effect on_food supply, it must also be recognized that modifi-
cation of environmental conditions may directly impact higher organisms
among the macroinvertebrates and fish through habitat disruption. These
particular impacts were not considered in the research reported here, which
represents only one phase of the problem, Efforts are underway
to expand the knowledge of channel reconstruction impacts at all ect

levels by studying a section of the Pilchuck River being rechannelec
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highway construction. This study will document pre-construction background
physical, chemical and blological conditions for comparison with measurements

to be taken during the post-construction recovery period.

Implications of the Research Concerning the Attached Algae

Results of the experiments confirmed the truth of the hypothesis that
the current velocity has considerable, even overriding, influence over the
development of attached algal communities in streams. Speaking generally,
chl a readings at two sites in the same stream, only meters apart and ex-
periencing identical light, temperature and water quality conditions, fre-
quently differed widely. Only average velocity varied in these cases; thus,
the role of the current cannot be dismissed in any investigation of peri-
phytic algae.

The influence of velocity is most dramatically seen when storm flows
increase it to a highly erosive level. Experiments embracing the two storms
during the program documented losses of a substantial majority of the pre-
storm chl a in such situations. Monitoring before and after the storm of
August 23-26, 1977, revealed greatly increased levels of algal biomass in
the period after the storm compared to that before where normal and storm
flows differed greatly. In addition to apparently more favorable light in
the later period, likely causes of this pattern were the existence of much
bare area suitable for colonization and little competition for nutrients.
Where velocity variation is considerable, then, periphytic biomass alternates

between very low and relatively high levels. Accordingly, food supply for.

- herbivores fluctuatesover a wide range. It is reasonable to expect that

frequ