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The effects of grazing, light intensity, and nitrate

enrichment (.2 mg N-NO3.1-1 ) on periphyton community struc-

ture and function were observed in six laboratory streams

over a period of 80 days. Oxytrema silicula, an herbi-

vorous snail common to coastal valleys of Oregon, were

stocked at two densities, 125 m-2 and 500 m-2 , under condi-

tions of shade (150 ft-c), nonshade (600 ft-c) and nonshade-

nitrate enrichment. Corresponding non-stocked laboratory

stream sections served as controls. Structural attributes

(periphyton biomass, chlorophyll a concentration, and

species composition) and functional properties (export,

snail growth, and rates of gross primary production and

respiration) were measured regularly as the periphyton

assemblages developed.

Of the three ungrazed control streams, mean values

for periphyton biomass, chlorophyll a concentration and

rates of gross primary production and respiration were

least in the shaded stream, intermediate in the unshaded-

unenriched stream and greatest in the unshaded-enriched

stream.

Diatoms were the most abundant group of algae observed

in all stream sections. The species composition and



diversity characteristics of the diatom assemblage in the

unshaded-unenriched stream were distinctly different than

those of the other two ungrazed streams, presumably as a

result of nitrate limitation. Melosira varians, although

never comprising more than 20% by volume of the diatom

assemblage, was particularly important in structuring the

overall growth form of the periphyton assemblage of this

community. The benthic algae of the unshaded-unenriched

stream appeared as a tufted, filamentous mat in contrast

to the closely adherent film characteristic of the other

streams. These differences between streams in periphyton

growth form and taxonomic structure were associated with

certain differences in ecological properties relating to

export and respiration.

Grazing reduced the relative abundances of the same

diatom species under each of the light-nutrient treatments.

These species were hypothesized to be intolerant to graz-

ing because of their relatively high accessibility to

grazers and their slow cell division rates associated with

relatively large cell size. In the unshaded, unenriched

streams grazing was associated with an increase in diatom

diversity since the competitive dominant species were

grazer intolerant. However in the other streams, the com-

petitive dominant species were grazer tolerant and grazing

merely enhanced the dominance of these species thereby

reducing diversity.

Grazing did not significantly effect rates of gross

primary production or respiration but did reduce periphy-

ton biomass by as much as 30%, relative to ungrazed

streams. Estimates of ingestion of periphyton by Qxytrema

accounted for less than 20% of energy losses from all

grazed streams. It is hypothesized that grazing affected /

community function most significantly by: a) mechanical

disturbance of attached algae and subsequent loss of



material through export, and b) modification of periphyton

community taxonomic structure which in turn was associated

with certain differences in ecological properties and be-

havior.

Snail growth could not be directly related to peri-

phyton biomass or rates of primary production. Growth of

snails was negatively correlated with the relative abun-

dance of blue-green algae (r =-0.73) suggesting that these

algae inhibited snail growth.

Biomass of periphyton alone was not an adequate meas-

ure of the potential capacities for the processes of graz-

ing, export, or respiration. Only by considering certain

qualitative aspects of periphyton community structure in

conjunction with biomass and rates of primary production

were certain system behaviors comprehensible. It is sug-

gested that the designation of functional groupings of

benthic algae appropriate to a process of interest and an

understanding of how these functional groups are affected

by biotic and physical factors may be useful in predicting

the role of periphyton in ecosystem dynamics.
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GRAZER-PERIPHYTON INTERACTIONS
IN LABORATORY STREAMS

INTRODUCTION

Much research has been devoted to determining why cer-

tain types of benthic algae of streams grow where and when

they do. Most studies dealing with this general question

have attempted to correlate physical factors of the stream

environment with the growth of individual algal species or

associations of species. Light intensity, temperature, in-

organic and organic nutrients, trace metals, daylength,

substrate chemistry and morphology, current velocity, and

specific combinations of these factors have been related to

the species composition of periphyton assemblages (e.g.,

see Hynes, 1970; Moss, 1973; Mur et al., 1978; Patrick et

al., 1969; Whitford, 1960; and Whitton, 1975). In contrast,

effects of grazing on periphyton community structure are

not well known. This is surprising considering our know-

ledge of the importance of such interactions in freshwater

plankton communities. In these communities, herbivory is

believed to select for certain morphological, physiologi-

cal, and life history adaptations that serve as antiherbi-

yore devices, thereby influencing successional events and

the relative abundance of algal species (Porter, 1978).

Moreover, the effects of grazing on such functional attri-

butes of periphyton assemblages as primary production,

respiration, export, and nutritional quality as a food

source are perhaps even less clear.

The objectives of the study reported in this thesis

were: 1) to gain a further understanding of the deter-

minants of periphyton community structure in lotic eco-

systems, particularly relative to grazing activities under

different physical conditions, 2) to determine functional
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differences associated with different periphyton community

structures, and 3) to evaluate the relative importance of

density dependent and density independent factors in con-

trolling grazer production in relation to productive capa-

city of the ecosystem. Specifically, this study examines

the nature of periphyton-herbivore interactions in labora-

tory streams, while generating hypotheses about these

relationships in natural streams.

Oxytrema silicula (Gould), a snail common to small

woodland streams of the Willamette Valley, was utilized in

this study as the grazing organism. This taxon was selected

over other locally occurring stream herbivores primarily

because of its lack of larval instars and related life

history characteristics of aquatic insect larvae. Further-

more, Oxytrema is probably the most prominent grazer in

lower order western Oregon streams. McIntire (1973) sug-

gests that grazing by Oxytrema along with periodically high

stream discharge and shading by dense riparian vegetation

are the most important factors in maintaining the relative-

ly low periphyton biomass typical of these streams. Thesis

studies investigating the morphology (Ching, 1957), inges-

tion and growth rates (Earnest, 1967) and population

biology of Oxytrema (Diamond, 1976) offer some insight into

the natural history of this taxon. These studies indicate

that Oxytrema is a generalized feeder, consuming periphy-

ton, Sphaerotilus natans (a filamentous bacterium),

detritus, and alder and maple leaves. Ecological growth

efficiency for a high quality prepared food was found to

be roughly 6% (Earnest, 1967). Oxytrema fecundity and

biomass is higher in large, eutrophic streams than

smaller, lower order streams, although in large streams

mortality also tends to be higher from trematode para-

sitism (Diamond, 1976).
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The use of laboratory streams allowed Oxytrema density

and physical factors to be carefully controlled, a task

which would have been nearly impossible in a natural stream.

Heterogeneity within and between streams, seasonal events,

and unstable weather conditions often combine to obscure

the influence that any one factor may have on the biology

of a natural stream community. However, in the laboratory,

by reducing complexity, one sacrifices reality to some

degree, and the investigator may be unable to discriminate

an artifact of experimental design from a true biological

phenomenon relevant to a particular problem in a natural

stream. Warren and Davis (1971) present a thoughtful

critique of the limitations of the use of laboratory

streams, particularly in reference to unrealistic coloniza-

tion and nutrient regeneration properties. Entirely

closed experimental streams such as those used by Odum and

Hoskin (1957) or Kedhe and Wilm (1972) are probably least

reflective of natural stream conditions, while once flow-

through experimental channels such as those used by Busch

(1978) and Eichenberger and Schiatter (1978) most nearly

approximate a natural stream. These streams exhibit a

continuous supply of nutrients, drifting organisms enter

from upstream, and organic material and wastes are exported

away from the community downstream. The experimental

streams used in the study presented here were of the type

used by McIntire and Phinney (1965) which did not have a

once-through downstream movement of the entire water mass

but did exchange water with a natural stream. In doing

so, large differences in the chemical properties of the

laboratory streams and the water source were prevented.

Furthermore, the streams were seeded throughout the study

by organisms entering through the water source, and only

macroinvertebrates and larger animals were excluded. From

such laboratory streams, observations of the effects of
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light intensity, nitrate concentration and grazing on the

structural and functional attributes of periphyton assem-

blages offered hypotheses about the nature of such inter-

actions in natural streams.
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LITERATURE REVIEW

Few studies have linked the activity of benthic

grazers to disproportionate decreases of certain algal

species in freshwater communities. Douglas (1958) noted

the decrease of the diatom, Achnanthes lanceolata, subse-

quent to an increase in the density of macroinvertebrate

grazers, while in another stream Dickman and Gochnauer

(1978) related increased grazing to a decrease in

Cocconeis placentula. Calow (1973) observed in an English

lake that certain species of Gomphonema which grow attached

to the substrate by stalked gelatinous tubes are ingested

disproportionately more often than other diatom species,

probably because of their relative accessibility. Similar-

ly, in a marine intertidal area, Nicotri (1977) noted that

overstory filamentous taxa growing in long chains, such as

species of the genus- Melosira, were more often ingested by

limpets and subsequently decreased in relative abundance.

In general, diatoms (Bacillariophyta) as a group are

a more acceptable food source than green (Chlorophyta) or

blue-green algae (Cvanophyta). Hargrave (1970) and Calow

(1973) indicated that food preferences are highly cor-

related with digestability and the efficiency with which

algal species are assimilated. The assimilation efficiency

for an assemblage of diatoms ingested by Hyalella azteca, a

lake dwelling species of Amphipoda, was 75% while that for

green and blue-green algae was only 50% and 10%, respec-

tively (Hargrave, 1970). The cellulose cell wall of green

algae, despite its high caloric value, is essentially in-

digestable to those herbivores without cellulase enzymes.

In addition, the high content of structural carbohydrate in

this group is associated with a relatively low protein con-

centration. Blue-green algae, although relatively high in
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protein, are surrounded by a sheath of mucopolysaccharides

that make them unacceptable as food to most herbivores

(Porter, 1978). In addition to being difficult to digest,

many blue-green algae have toxic compounds which are con-

centrated enough to inhibit grazing and sicken or kill

those organisms which ingest them (Carmichael et al., 1975;

Gorham, 1965).

In certain cases specialized herbivores with especial-

ly adapted mouth parts or digestive enzymes may actually

prefer green or blue-green algae and therefore shift the

species composition of periphyton assemblages towards a

greater relative abundance of diatoms. For example, Dick-

man (1973) observed that tadpoles in a pond decreased the

relative abundance of filamentous green algae. Moreover,

Calow (1973) reported that a stream dwelling snail, Lymnaea

pereger obtusa, fed preferentially on green algae and was

particularly adapted to do so because of the presence of a

strong radula and an abundant cellulase enzyme. Several

genera within the caddisfly family Hydroptilidae, with the

aid of piercing mouth parts, are capable of extracting the

intracellular contents from green filamentous algal cells,

while consuming successive cells in a filament as if eating

corn on the cob (Merrit and Cummins, 1978). One last

anomolous example of specialized herbivory is that of the

midge larvae of Cricotopus which live and feed exclusively

within the matrix of Nostoc colonies (Brock, 1969).

It is possible that grazing may influence not only the

species composition of periphyton during periods of com-

munity development, but also the rate or even the trajec-----

tory of succession. In a marine intertidal community,

Lubchenco (1978) observed that "in microhabitats where

algal ephemerals outcompete perennials the successional

sequence does not progress except where herbivores remove

ephemerals." Busch (1978) noted what appeared to be a
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series of successional events mediated by grazing in the

development of a stream periphyton community. Early in ---

community development, a dense mat of diatoms was observed

to decline concurrent with a conspicuous increase in in-

vertebrate grazers. Subsequently, diatoms became replaced

in dominance by green filamentous algae which prevailed

presumably because of resistance to generalized herbivory.

Busch hypothesized that the green filamentous periphyton

would ultimately be controlled by the establishment of a

population of specialized herbivores adapted to feed on

this qualitatively inferior food source. Cates and Orians

(1975) suggested that in terrestrial communities the com-

mitment of early successional plant species to herbivore

defence is generally less than that of late successional

species. The authors conclude that early successional

plant species should provide better food for generalized

herbivores. Whether or not this generalization is relevant

to periphyton-grazer interactions in lotic systems is

unknown.

Just as our knowledge of the effects of grazing on

community structure of periphyton is sparse so also is

our understanding of the influence of grazing on the bio-

energetics of periphyton assemblages. Reports of rela-

tively low periphyton biomasses concurrent with high

densities of herbivores are numerous (Elwood and Nelson,

1972; Mason and Bryant, 1975; Chutter, 1970). The midsum-

mer depression of periphyton biomass occurring character-

istically between spring and fall maxima (Whitton, 1975)

has been hypothesized to be related to an increase in

grazing pressure (Ball and Bahr, 1975). However, despite

grazer-induced decreases in periphyton biomass, primary

production may be unaffected (McIntire, 1973) or as re-

ported by Flint and Goldman (1973) and Cooper (1973) may

actually be stimulated when grazing pressure is not heavy.

This stimulatory effect has been attributed to nutrient
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regeneration and the removal of senescent cells. However,

these findings are reported for the benthos of lakes where

such effects may be more pronounced than in the flowing

water of a stream. In general, there seems to be no over-

all agreement about how important grazing might be relative

to physical factors in controlling periphyton biomass and

primary production.

Information from the literature suggests that grazing,

in addition to influencing the amount of periphyton pre-

sent, also may influence the kinds of algae present.

Furthermore, qualitative differences between algal groups

as a food source differ widely, suggesting that the species

composition of periphyton may be an important factor in

determining growth rates and productivity of grazers.

McMahon et al. (1974) found that herbivorous snail produc-

tion and fertility was greatest where protein content of

the food supply was relatively high, not necessarily where

periphyton biomass was highest. The authors concluded that

neither calories or biomass of periphyton alone was a good

estimator of the potential for herbivore growth. Even

though periphyton is abundant, herbivores may be food

limited if the periphyton is qualitatively inferior.

A fundamental assumption underlying much of contempo-

rary stream ecology is that trophic dynamic interactions

are primarily density dependent, i.e., the productivity or

biomass of one functional group or trophic level is a func-

tion of food density, given a set regime of environmental

factors and predation. The role of density independent

factors such as nutritional quality in determining trophic

dynamics have been recognized, but their incorporation into

our theoretical conception of ecosystem dynamics has been

largely overlooked. This resistence is related primarily

to the constraints of the conceptual framework of Linde-

man's (1942) energy flow theory. The appeal of the trophic
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level concept lies in its ability to unify what often

appears to be a hopelessly complex tangle of interactions

into one conceptual framework, a task which is achieved by

centering attention on the common currency of calories and

the rate and efficiency with which they pass through suc-

cessively higher trophic levels (Odum, 1953). However, the

energy flow paradigm is not well suited for the considera-

tion of food quality, selective feeding, or changes in

these relationships over successional time. In addition,

biologists have encountered difficulties with the use of

trophic levels as ecological units since many organisms may

consume food from more than one trophic level (Coffman et

al., 1971).

Recent research and theory development (Cummins, 1974)

indicate that ecological dynamics may be described more

consistently in terms of processes associated with func-

tional activities of organism (e.g., scraping, shredding,

collecting, piercing, etc.). McIntire and Colby (1978),

having compiled data from both natural and artificial

streams, have suggested that it may be most useful to link

a functional process such as herbivory to the capacity for

grazing in stream ecosystems. The need for such an

approach became evident with the realization that biomass

of periphyton present at any one time was a very poor

indicator of the capacity of the system to support grazing

(McIntire, 1973). Moreover, the concept of capacity was

created so as to accommodate within one theoretical unit

both quantitative aspects and such qualitative characteris-

tics as nutritional value and growth form. Differences in

such qualitative properties may result from species com-

position, physiological state, or the developmental history

of the biomass involved in the process of interest. Be-

fore such a theoretical concept as process capacity may be

employed in studying plant-animal interactions in streams,
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more must first be learned about specific correspondences

of ecological properties and behavior with periphyton com-
munity structure. In doing so, structural indices of bio-

mass quality may be determined appropriate to the ecologi-

cal process of interest.
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MATERIALS AND METHODS

Description of Laboratory Streams

Six laboratory streams were used for the study. Each

stream consisted of a pair of parallel wooden troughs 3 m

long, 8 cm wide, and 4 cm deep open to one another at both

ends (Figure 1). All surfaces were painted with non-toxic

oil base paint. Paddle wheels positioned at the center of

each trough continuously circulated water from one trough

to the other at a current velocity of 10 cm sec-1 . Water

from a spring-fed tributary of Oak Creek, after passing

through a series of sand filters, was exchanged with water

in each laboratory stream at a rate of 0.75 1 min-1 . Water

flowed out of each stream through standpipes positioned at

the end opposite the source of influent water. The chemi-

cal properties of the water source compiled from previous

years data are reported in Table 1. The substrate for

periphyton growth consisted of rough-surface, acrylic

plastic tiles 8.0 cm x 8.0 cm x 0.3 cm positioned on the

bottom of each stream. A florescent and incandescent lamp

fixture suspended above the streams provided an illumina-

tion intensity of 600 ft-c at the water surface. The

photoperiod was adjusted to alternating periods of 12 hours

of light and 12 hours of darkness.

Two of the six streams were shaded by layers of woven

acrylic screen which reduced light intensity at the water

surface to 150 ft-c, a light intensity typical of only the

most heavily shaded natural streams. Of the four unshaded

streams, two were continually enriched with Ca(NO3)2 so as

to maintain a N-NO
3
concentration of approximately 0.2 mg

1
-1 above background levels. There were thus three pairs
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Table 1. Chemical properties of the water source for the
laboratory streams as measured on March 6, 1962,
May 21, 1962, and November 23, 1966 by the U.S.
Department of the Interior Geological Survey.

3/6/62 5/21/62 11/23/66

Specific conductance
(micromhos at 25 C)

pH

98

7.2

178

7.7

262

7.6

Color 10 5 0

Dissolved solids
(residue on evap. at
180 C ppm) 88 125 165

Hardness as CaCO
3

(ppm) 40 76 123

Silica (SiO
2'

ppm) 22 35 32

Iron (Fe total, ppm)

Calcium (Ca, ppm)

Magnesium (Mg, ppm)

Sodium (Na, ppm)

Potassium (K, ppm)

0.53

10

3.7

4.4

0.3

0.21

19

6.8

7.5

0.5

0.05

33

9.8

9.2

0.2

Bicarbonate (HCO
3'

ppm) 52 104 166

Carbonate (CO
3'

ppm) 0 0 0

Sulfate (SO4, ppm) 1.6 0.2 0.2

Chloride (Cl, ppm) 4.8 5.0 4.0

Fluoride (F, ppm) 0.1 0.1 0.1

Nitrate (NO
3'

ppm) 0.4 0.0 0.2

Phosphate (PO4, ppm) 0.04 0.10
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of streams, each subjected to a different light-nutrient

treatment.

Experimental Design

The streams were filled with water on June 30, 1978,

and periphyton colonization of the plastic tiles was

allowed to proceed naturally from the water source for one

week. At the end of this week, the streams were seeded by

an innoculum of periphyton collected from Oak Creek, a

nearby stream. After another 13 days, populations of

Oxytrema silicula were stocked in one of each of the three

pairs of laboratory streams. The snails were collected

from Oak Creek and cleaned as described by Earnest (1967).

Only those animals between 8 and 10 mm were selected for

stocking. Each stocked stream was partitioned with wire

mesh screens so as to maintain a section of high snail

density and a section of low snail density. Screens were

placed to either side of the centrally positioned paddle

wheels, keeping snails free from this area. Snail densi-

ties in the two sections were 500 snails m2 (4 tile -1 )

and 125 snails m-2 (1 tile-1 ). Corresponding initial

shell-free dry weights estimated from wet weights and

standard conversion factors (Diamond, 1976; Earnest, 1967)

were 5.250 and 1.312 g m2, respectively. In Oak Creek,

mean shell-free dry weight of Oxytrema is approximately

4 g m2 (Diamond, 1976). The three unstocked streams also

were partitioned by wire mesh screens and acted as con-

trols for the corresponding streams stocked with snails.

In summary, three pairs of streams were subjected to

three physical (light-nutrient) treatments: shaded-

unenriched, unshaded-unenriched, and unshaded-enriched.

One of each pair of streams was stocked with snails and

was partitioned into a high density snail section and a
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low density snail section; the other stream of each pair

was not stocked with snails. The six streams will subse-

quently be referred to by the following acronyms: Sh/ng

(shaded-unenriched-ungrazed), Sh/g (shaded-unenriched-

grazed}, Lt/ng (unshaded-unenriched-ungrazed), Lt/g

(unshaded-unenriched-grazed), Lt-N/ng (unshaded-enriched-

ungrazed), and Lt-N/g (unshaded-enriched-grazed). Where

results from both the high and low density snail sections

are reported together, a plain g suffix will be used.

However, a g4 suffix will designate the high density snail

section while gl will be used to refer to the low density

snail section. For example, Sh/g4 refers to the high

density snail section of the grazed shade stream. Results

for the unstocked streams will always be expressed as the

means of both sections.

The study continued for 80 days after stocking, and

ended October 1, the last day of sampling. Periphyton bio-

mass, chlorophyll a, periphyton species composition, and

snail growth were measured on 5 sampling dates at approxi-

mately 18-day intervals. These dates, which will subse-

quently be referred to as sampling dates 1-5, were July 19,

August 6, August 25, September 13, and October 1. Rates

of periphyton respiration (R) and gross primary production

(P G ) and phosphate and nitrate concentrations in the in-

fluent and effluent water were measured on sampling dates

1-4. Export of particulate organic matter was measured

seven times (July 17, August 2, August 8, August 21,

September 10, September 16, and October 1). Water tempera-

ture in each stream was recorded twice a week.

Sampling Methods and Data Analysis

Primary Production and Respiration

Closed light-dark chambers were designed to measure

rates of primary production and respiration of the
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periphyton attached to the substrate tiles. The chambers

measured 20.0 x 9.0 x 4.5 cm and were constructed from 3/8

inch acrylic plastic. The 0.8 1 of water in each chamber

was circulated by a 12-volt pump and PVC tubing. Each of

the chambers was immersed in a water bath that maintained

the same ambient temperature as the stream channels. A

light fixture suspended above the water bath provided 600

ft-c of illumination at the water surface. Two substrate

tiles from each stream section were transferred to the bot-

tom of a chamber. A water sample was siphoned off from

the chamber into a 125-m1 BOD bottle for analysis of dis-

solved oxygen (Standard Methods, 1974), and the chamber was

then sealed with a clear plastic top. Incubation periods

were 40 to 70 min, depending on the density of the periphy-

ton samples. At the end of the incubation period, a water

sample was again siphoned off for an oxygen determination.

The chamber was left with the top off within the water bath

for 10 min before repeating the procedure with the same

periphyton samples in the dark. Gross primary production

was calculated by adding the gain of dissolved 02 in the

light (net community production) to the loss of dissolved

0
2

in the dark (respiration). Rates of respiration in the

light and dark were assumed to be equal. Four chambers

were run simultaneously, allowing the two control sections

and two grazed sections for each of the three light-

nutrient treatments to be analyzed at one time. The

nutrient concentrations and illumination intensity in the

chambers were controlled to correspond to those in the

streams from which the substrate tiles came.

Immediately following the respirometer measurements,

all periphyton from each tile was scraped with a razor

blade into 1 1 of water. This sample was blended for 30

sec in a 3.8-1 Waring blender and was subsequently divided
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into subsamples for the analysis of chlorophyll a, periphy-

ton biomass, and species composition.

Chlorophyll a

One subsample of a determined volume was filtered

through a Whatman GFC glass fiber filter. The filter was

frozen and then combined with 30 ml of 90% acetone made

basic by adding 2 drops of concentrated NaOH 1-1 (Vollen-

weider, 1969). Pigments were extracted in the dark for 3

hr at room temperature. The extract was centrifuged to

remove suspended particulates, and spectrophometric analy-

ses were made with a Beckman model DU spectrophotometer.

Chlorophyll a concentrations were determined from spectro-

phometric readings according to the extinction coefficients

used by Lorenzen (1967). Optical density readings at 750

um corrected for general turbidity, while readings at 663

um, before and after acidification (1 drop of 4 N HCL),

made it possible to quantitatively differentiate chloro-

phyll a from various degradation products (Wetzel and

Westlake, 1969).

Biomass

Biomass expressed as ash-free dry weight (AFDW) was

determined according to the procedure described by Strick-

land and Parsons (1968). A measured volume of subsample

was filtered through a preignited and weighed Whatman GFC

glass fiber filter and placed in a drying oven at 75°C for

12 hr. The filter was weighed to determine dry weight and

then ignited at 500°C for 2 hr. Weight loss on ignition

was reported as periphyton biomass. Periphyton biomass was

converted into caloric equivalents according to the conver-

sion factor: 1 g AFDW periphyton = 4.1 Kcal (McIntire and

Phinney, 1965).
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Export and Nutrients

Net particulate organic matter leaving the streams was

estimated by subtracting the amount of organic matter com-

ing in through the inflow pipe from the amount passing out

through the outflow standpipe over a given period of time

and extrapolating this to a 24-hr period. Six-liter water

samples were collected from the influent and effluent lines

at 7:00 a.m., 1:00 p.m., and 8:00 p.m. The three samples

from each source were combined and mixed thoroughly. A 3-

liter subsample, the composite sample, was then filtered

through a glass fiber filter and analyzed for ash-free

organic matter.

Inflow and outflow water samples from each stream

channel were collected at 10:00 a.m. on sampling dates 1-4

for nutrient analyses. Nitrate and phosphate concentra-

tions were determined by personnel at the Oregon State

University Forest Science Center using a nutrient auto-

analyzer (Standard Methods, 1974).

Taxonomic Structure of Periphyton Assemblages

Lugols solution was added to preserve a 50-m1 sub-

sample of the original 1-1 sample suspension. The sub-

sample was boiled for 30 min in nitric acid to clear diatom

frustules of organic material (Amspoker, 1975). Samples of

cleaned diatom frustules were mounted on microscope slides

in Hyrax. Diatom taxa were identified to species and

enumerated with a Zeiss RA research microscope at 1250X.

When a species could not be identified, it was sketched and

assigned a number. Diatom species composition was deter-

mined from counts of 500 valves per sample and expressed as

relative abundance both by cell count and cell volume.

The taxonomic structure of diatom assemblages from

each stream section on each sampling date was expressed by

selected community composition parameters. The information
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measure (Shannon and Weaver, 1949) was computed as an ex-

pression of species diversity. This measure is a hetero-

geneity index (Peet, 1974) and expresses both the species

richness and evenness components of diversity. Further-

more, its value is related to the uncertainty of choosing

the species to which a randomly sampled individual belongs.

Here,

S n. n.
1H" = (y) log2 (IT) ,

i=1
(1)

where, n
i
is the number of individuals in the i th species,

N is the number of individuals in the sample, and S is the

total number of species in the sample. H" is a biased

estimator of H', the value if the true species proportions

are known (Pielou, 1975), but bias is negligible at the

sample saize used in this study (McIntire and Overton,

1971) .

The redundancy index (REDI) is a related measure which

expresses the degree of species dominance within the assem-

blage as

REDI
H" - H" . 'cmax

H" - H"
cmax

(2)

where Hcmax" and Hc"
rra. n

are the conditional maximum and mini-

mum diversity possible based on the observed number of

species in a sample (McIntire and Overton, 1971). The cor-

responding expressions are

and

Hcmax" = log2S , ( 3)

Hcmi"
n

= -((a1 log
2 N)

+ (

N-S+1 log2
N-S

N
+1

)] (4)



Values for REDI may range from 0, when all species are

equally common, to 1, when all species but one are repre-

sented by one individual.

The dissimilarity of pairs of diatom assemblages was

compared by:

where

and

(DSIMI (1,2)) = 1
SIM(1,2)

(SD(1) SD(2))

2
SIM(1,2) = Y

N
11

N l)

i=1 1 2

S nliSD(1) = ( )

2

N1
i=1

SD(2) = 11 (n2i---)
2

i=1
N
2

20

(5)

(6)

(7)

(8)

Here, n
11

. and n
2i

are the number of individuals for the
th

1 taxon in samples 1 and 2, respectively, and N1 and N2

are the corresponding number of individuals in the samples

(Stander, 1970) .

The incidence of the co-occurence of pairs of indi-

vidual taxa was evaluated with a related measure. Here,

ESIMI(A,B) =

P P .

A3 B3
j=1 ...le

A2 2.

=1 \j=1 B3

(9)

where .

PA3
is the proportion of species A occurring at site

j and PBJ
is the proportion of species B occurring at site

J.
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Computations of taxonomic structure of diatom assem-

blages were performed with a Cyber 73 computer at Oregon

State University Computer Center using the programs AIDONE

and AIDN.

The relative abundances of single celled and fila

entous blue-green and green algae were determined from wet-

mount slides prepared from a subsample which had not been

treated with nitric acid. At 400X, total lengths of green

and blue-green algal filaments co-occurring in the same

microscope fields with 500 diatoms were enumerated with a

calibrated whipple disk. Corresponding filament volumes

were calculated by micrometer measurements and standard

geometric formulae. Dividing these figures by the mean

cell volume of 500 diatoms, as determined from the Hyrax

mounted subsample, gave relative abundance in terms of cell

volume.

Snail Growth

On sampling dates (2-5) all snails were collected,

gently blotted to remove excess moisture, collectively

weighed by stream section, and immediately placed back in

the streams. Changes in wet weight of snail were deter-

mined for, each sampling interval. These values were then

expressed as ug dry wt tissue growth per mg dry wt tissue

of snail, assuming a shell to dry weight ratio of 0.86

(Diamond, 1976) and a wet weight to dry weight ratio (with

shell) of 0.58 as determined in this study.

Since two substrate tiles were permanently removed

from each stream section on each sampling date, two snails

from the low density snail sections and eight snails from

the high density sections also were removed so as to main-

tain a consistent snail to benthos-area ratio over the

entire study. After removing the two substrate tiles and

an appropriate number of snails, the wire mesh screens were
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moved outwards decreasing the length of each experimental

section by one tile length.

Estimates of consumption of periphyton by Oxytrema

were calculated from data supplied by McCullough (unpubl.).

Oxytrema was assumed to ingest roughly 0.07 mg dry wt

periphyton per mg dry wt snail tissueday -1 where periphy-

ton remained abundant.



RESULTS

Physical and Chemical Properties

Temperature

23

Water temperatures during the 12-hr light period in

the streams varied between 25°C just prior to sampling date

(2) and 13°C just after sampling date (3), averaging 16.6°C

for the entire study period (Figure 2). Temperatures with-

in the shaded streams were typically 0.3 to 0.8°C cooler

than those in the unshaded streams. During the 12-hr dark

period, stream temperatures were from 2 to 4°C cooler than

those occurring during the preceeding light period.

Nitrate and Phosphate

Nitrate and phosphate concentrations of the influent

and effluent water of each stream on sampling dates (1)

through (4) are plotted in Figures 3 and 4. The N -NO3 con-

centration in the influent water increased to nearly 0.100

mg 1-1 on sampling date (2) but decreased by sampling date

(4) to a minimum of 0.026 mg 1-1 . The N -NO3 concentrations

of the effluent water of shaded-unenriched streams was not

notably less than that of the corresponding influent water.

However, N -NO3 concentrations of the unshaded-unenriched

stream effluent water averaged only 38% of that entering

these streams through the influent pipes. Nitrate (N -NO3)

in the effluent water of Lt-N/g and Lt-N/ng, which were

enriched with Ca(NO3)2, ranged from 0.16 to 0.21 mg 1-1 .

No consistent difference in N-NO
3
concentrations between

the effluent water of grazed and corresponding ungrazed

streams was evident for any of the light-nutrient treat-

ments.
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Figure 2. Daytime stream temperature measured in unshaded streams at
approximately semi-weekly intervals.
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The phosphate concentration in the influent water in-

creased from an initial value of 0.030 mg 1-1 on sampling

date (1) to 0.047 mg 1-1 on sampling date (3) before de-

creasing slightly by sampling date (4) to 0.041 mg 1-1

(Figure 4). Phosphate concentrations in the effluent water

from all streams usually ranged from 0.001 to 0.010 mg 1-1

below that of the influent water. During the first two

sampling dates differences between the phosphate concen-

trations in the grazed and corresponding ungrazed streams

were variable. However, on sampling dates (3) and (4),

phosphate concentrations of the three grazed streams were

10 to 50% above those of the corresponding ungrazed

streams.

Periphyton Community Structure

Diatoms

In all stream sections, diatoms were the most abun-

dant group of algae both by volume and cell count on each

of the five sampling dates. The relative abundances of the

36 species of diatoms recorded (Table 2) gradually changed

as each of the communities developed (Figures 5-9).

Nitzschia linearis, a large pennate species, was initially

the most abundant taxon in streams Sh/ng and Lt/ng, while

in stream Lt-N/ng Nitzschia linearis and Nitzschia palea

were both dominant. N. linearis remained dominant in

stream Lt/ng until the last sampling date when Synedra

ulna, a larger diatom, became more abundant numerically.

The development of diatom community structure in the other

two ungrazed streams (Sh/ng and Lt-N/ng) followed a dis-

tinctly different pattern than that of the stream Lt/ng

community. N. linearis was gradually replaced by Nitzschia

amphibia, a smaller diatom, until by the end of the study

the former species accounted for less than 6% of the cell

total in streams Sh/ng or Lt-N/ng. Concurrently, N.
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Table 2. Algal taxa recorded for samples from the labora-
tory streams.

Bacillariophyta

Achnanthes exigua Grun.
Achnanthes lanceolata (Breb.) Grun.
Achnanthes minutissima Kutzing
Caloneis ventricosa (Grun.) Meist.
Cocconeis placentula (Ehr.) V.H.
Cymbella minuta (Hilse.) Rabh.
Cymbella EURICa (Breb.) v. Heurck
Eunotia curvata (Kutzing) Lagerst.
Fragillaria capucina KUtzing
Gomphonema acuminatum Ehr.
Gomphonema clevei Fricke
Gomphonema gracile Ehr.
Gomphonema =Finns Hohn & Helium.
Gomphonema parvulum (KUtzing) Rabh.
Gomphonema subclavatum Grun.
Melosira varians Ag.
Navicula bacillum Ehr.
Navicula ETTOPEIM J.B. Petersen
Navicula crypotocephala Kutzing
Navicula elginensis (A. Mayer) Patr.
Navicula minima Grun.
Navicula radiosa Kutzing
Navicula TJETEUTum Grun.
Navicula tripunctata (0.F. Mull.) Bory
Navicula #1
Nedium bisculcatum (Lagerstedt) Cleve.
Nitzschia amphibia Grun.
Nitzschia linearis (Ag.) W. Sm.
Nitzschia palea (Kiitzing) Grun.
Rhoicosphenia curvata (Kiltzing) Grun.
Stauroneis kri-JTJET.--f.atr.
Stephanodiscus #1
Surirella angustata Kiltzing
Surirella ovata Kiitzing
Synedra rumpens Grun.
Synedra ulna (Nitz.) Ehr.

Chlorophyta

Cladophora glomerata (L.) Kiltzing
Palmella #1
Stigeoclonium subsecundum KUtzing
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Table 2 (continued)

Cyanophyta

Anabaena variabilis Katzing
Calothrix parientina (Naeg.) Thuret.
Microcoleus vaginatus (Vauch.) Gomont
Oscillatoria retzii (Ag.) Katzing
Schizothrix cYl.CTICOla (Ag.) Gomont
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Figure 5. The relative abundance of diatom species by cell number for ungrazed
stream sections (striped bars) and Heavily grazed stream sections (solid bars)
for each light-nutrient treatment on sampling date 1.
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Figure 7. The relative abundance of diatom species by cell number for
ungrazed stream sections (striped bars) and geavily grazed stream sections
(solid bars) for each light-nutrient treatment on sampling date 3.
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Figure 9. The relative abundance of diatom species by cell number for
ungrazed stream sections (striped bars) and heavily grazed stream sections
(solid bars) for each light-nutrient treatment on sampling date 5.
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amphibia increased to more than 65%. Achnanthes lanceolata

was a common though not dominant species in stream Sh/ng

which, like N. palea in stream Lt-N/ng, decreased in abun-

dance during the latter half of the study.

As a result of the difference in diatom taxonomic

structure between streams, the average diatom cell sizes

at the end of the experiment in streams Sh/ng and Lt-N/ng

were 81 and 94 um3 , respectively, while the corresponding

value for stream Lt/ng was 490 um3
(Figure 10).

The difference in community structure between stream

Lt/ng and streams Sh/ng and Lt-N/ng was clearly reflected

in the overall outward appearances of the periphyton com-

munities as well. In streams Sh/ng and Lt-N/ng, the

periphyton appeared as a closely adherent, dark brown film

while that of stream Lt/ng was observed more as a tufted,

filamentous mat. Microscopic examination indicated that

this filamentous appearance was produced by long chains of

Melosira varians which established a matrix within which

other diatoms (e.g., Nitzschia linearis, Nitzschia palea

and Synedra ulna) attached or became entangled. Although

M. varians never accounted for more than 10% by cell count

or 20% by cell volume of the diatom assemblage in stream

Lt/ng, it appeared to be an important structural component

of this community. Analysis of the co-occurrence of the 18

most abundant diatom species (Table 3) revealed that

Synedra ulna had a high co-occurrence (ESIMI > .50) only

with Melosira varians. M. varians also co-occurred highly

with Nitzschia linearis and Nitzschia palea.

Differences between ungrazed and grazed diatom assem-

blages under each of three light-nutrient treatments were

similar, in that, when grazed, the same group of diatom

species became reduced in relative abundance. A comparison

of the distribution of diatom species in grazed and un-

grazed stream sections after pooling data from all 5
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sampling dates and each of the light-nutrient treatments,

appears in Table 4. The relative abundances of Achnanthes

minutissima and Navicula minima were 2.7 and 2.2 times

greater, respectively, in grazed streams than ungrazed

streams. On the other hand, Melosira varians and Synedra

ulna were, respectively, 3.4 and 3.0 times more abundant in

ungrazed sections. On the basis of the data presented in

Table 4, the latter two species, along with Nitzschia

linearis, Surirella angustata, and Nitzschia palea were

classified as grazing intolerant while all other diatom

species recorded were designated grazing tolerant. Figure

11 shows the relative abundance of grazing intolerant

diatoms in grazed and ungrazed stream sections for each

light-nutrient treatment over the duration of the study.

With the exception of N. palea, the grazing intolerant

group consisted of the largest diatoms encountered in the

study. Therefore, the decrease in the abundance of this

group of species, through grazing, and the concurrent in-

crease in smaller, grazer tolerant species resulted in a

decrease in mean cell size in the grazed stream sections

relative to their ungrazed controls (Figure 12).

The overall impact of grazing on diatom species com-

position was assessed by plotting dissimilarity index

values (DSIMI) relating ungrazed and grazed stream sections

for each physical treatment over time (Figure 13). In

general, grazing in the shade had a lesser impact on the

diatom community structure than for either of the other

two physical treatments. Dissimilarity values comparing

streams Lt/g4 and Lt/ng were relatively low early in com-

munity development, increasing towards the end of the

study. However, under conditions of light and enrichment

dissimilarity between grazed and ungrazed streams was

relatively high early in the study and gradually decreased

thereafter.



Table 4. The relative abundance of the 18 most abundait diatom
species in ungrazed stream sections and neavily grazed
stream sections. Data from the tnree light- nutrient
treatments are pooled together.

% composition of the
diatom assemblages of
ungrazed stream sec-
ions.
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% composition of the
diatom assemblages of
neavily grazed stream
sections.

Synedra ulna 5.6 2.1

Melosira varians 3.2 1.1

Nitzschia linearis 29.0 24.5

Eunotia Curvata 7.1 5.7

Surirella ovata 0.3 0.2

Surirella angustata 2.6 1.5

Gomphonema gracile 0.1 0.1

Gomphonema subclavatum 0.1 0.0

Gomphonema acuminatum 0.1 0.4

Gompnonemaparvulum 0.6 0.3

Cocconeis placentula 1.0 1.4

Navicula crytocephala 0.3 0.2

Acnnanthes lanceolata 8.5 10.7

Nitzschia amphibia 30.1 36.3

Nitzschia palea 13.2 7.3

Navicula seminulum 1.9 1.9

Acnnanthes minutissima 0.6 2.0

Navicula minima 2.4 7.1

other diatom species 0.9 0.7
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Figure 11. Relative abundance of grazing intolerant diatoms in ungrazed
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bars) measured on sampling dates 1-5. Relative abundance is measured by
numbers of cells.
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and stars represent DSIMI values for Sh, Lt, and Lt-N treatments, respective-
ly.
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The information index (H") is plotted for the diatom

assemblages in Figures 14 and 15. Diatom assemblages of

streams Lt-N/ng and Sh/ng showed an initial increase in

diversity, followed by a decrease during the remainder of

the study. In contrast, diatoms in stream Lt/ng increased

in diversity throughout the study to a maximum H" value of

1.91 on the last sampling date; corresponding values for

streams Sh/ng and Lt-N/ng were 1.11 and 1.26, respectively.

Grazing tended to be associated with higher diversity in

stream Lt/g, and lower diversity in streams Sh/g and Lt-

N/g relative to the corresponding ungrazed control streams

(Figure 15).

In streams Sh/ng and Lt-N/ng, the general transition

of diatom assemblages dominated by Nitzschia linearis and

Achnanthes lanceolata or Nitzschia plaea to those strongly

dominated by Nitzschia amphibia is also indicated by a

measure of taxonomic redundancy, REDI (Figure 16). REDI

for these two streams was relatively high early in the

study, decreased during a transitional period when

dominance was shifting, and increased again with the

dominance of N. amphibia. Redundancy was relatively high

early in the study in stream Lt/ng, but with the decrease

in dominance of N. linearis, REDI decreased in value. REDI

values for streams Sh/ng, Lt/ng and Lt-N/ng at the end of

the experiment were 0.58, 0.32, and 0.52, respectively.

Grazing was associated with higher redundancy in stream

Lt/g4 and lower redundancy in stream Sh/g4 relative to the

corresponding ungrazed controls. No obvious differences

between REDI values for streams Lt-N/ng and Lt-N/g4 were

apparent (Figure 17).

Blue-green and Green Algae

Blue-green algae (Cyanophyta) were also an important

component of the periphyton and appeared as a deep green
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Figure 14.- Diversity of diatom assemblages in ungrazed streams for each
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and stars represent values for streams Sh/ng, Lt/ng, and Lt-N/ng, re-
spectively.



45

CL5

IS

2.0

1.5

1.0

LT

LT/ NO3

se.Salit

6046114

0°tit
sasassessessi

Massetssasastaga C

2 3
OBSERVATION

4 5

Figure 15. Diversity of diatom assembages in ungrazed stream sections
(circles) and heavily grazed stream sections (squares) for each light-
nutrient treatment, measured on sampling dates 1-5.



46

..21"
4. .

of 00.
1

.55 . -.
. 4.....,

..... 0. ,.: ior

E l
216;# b41

116,

.

0
.

LU

Cr
Ei

....
w"w4o,

..
0

41,,

.40 .
.6

. ...
.41141.0

E3dt. 01°0 .10" A
114.."---

-11- 't -N.
...1.

CI

.25111=1
2 3 4 5

OBSERVATION

Figure 16. Taxonomic redundancy of diatom assemblages from ungrazed streams.
Circles, squares, and stars represent values for streams Sh/ng, Lt/ng, and
Lt-N/ng, respectively.



20

.65

.45

.55

.35

.60

.40

SHADE

LT

LT/ NO3

47

.i..:
4.

a0" °0
00

,s0
44,4 4 0

..

ft*
*..

....I.:

ft*

14444

SININAMIPrilli
a

Ilipt

&tip
Iff 0001111616.'-

I 2 3 4 5
OBSERVATION
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light-nutrient treatment, measured on sampling dates 1-5.
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film, particularly in the shaded and enriched streams on

sampling dates (3) and (4). Their relative contribution to

the volume of periphyton in each stream section during the

experiment is plotted in Figure 18. At maximum abundances,

blue-green algae accounted for 35.8% of the periphyton

volume in stream Sh/ng and 31.8% in stream Lt-N/ng on

sampling date (4). These algae reached maximum abundance

in stream Lt/ng on sampling date (3), at which they they

accounted for only 15.9% of the periphyton cell volume.

Five species of blue-green algae were observed in the

experimental streams over the study period, the most abun-

dant of which was Schizothrix calcicola. The dominance of

this taxon was particularly strong in stream Lt-N/ng where

it accounted for 80-88% of the blue-green algal cell

volume. In this stream section, the remaining 12 to 20%

consisted of Microcoleus vaginatus, and no other blue-green

algal species was observed. In stream Lt/ng, two hetero-

cystous taxa, Anabaena variabilis and Calothrix parientina,

also were present. Oscillatoria retzii, a rare species,

was restricted to stream Sh/ng.

In the shade, grazing was associated with a decrease

in the relative abundance,of blue-green algae, with heavy

grazing associated with a lesser relative abundance than

sparse grazing (Figure 19). In contrast, grazing in stream

Lt/g was associated with an increase in the relative abun-

dance of blue-green algae. Despite these effects on the

relative abundance of blue-green algae, species composition

of this component was not notably different between streams

Lt/g and Lt/ng or between streams Sh/g and Sh/ng (Figure

20). The effect of grazing on blue-green algae in Lt-N/g

was less clear with only a slightly higher relative abun-

dance observed in the grazed sections than the ungrazed

sections. In this stream, grazing was associated with a

lesser degree of dominance by Schizothrix and the occur-

rence of Anabaena and Calothrix.
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Figure 18. Relative abundance of blue-green algae to total periphyton
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respectively.
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Figure 20. Means for sampling dates 1-5 of the relative abundance of
blue-green algal species with respect to the total blue-green algal com-
ponent of periphyton. Values are represented by black bars for ungrazed
stream sections, striped bars for lightly grazed sections, and stippled
bars for heavily grazed sections.
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The green filamentous algae, Stigeoclonium subsecundum

and Cladophora glomerata, also were observed in the de-

velopment of the periphyton communities. Stigeoclonium

appeared as isolated green tufts early in the study, while

Cladophora exhibited a few long strands after sampling date

(3). Compared to diatoms and blue-green algae the contri-

bution of green algae to the total periphyton cell volume

was minor, never exceeding 5% in any stream. Green algae

averaged 1%, 2.2% and 1.3% of the periphyton volume in

streams Sh/ng, Lt/ng, nad Lt/N ng, respectively. Grazing

apparently had no effect on these forms, although their

numbers were so few and distribution so patchy that the

sampling strategy employed may have been inadequate to

discern any such effect.

Biomass

Biomass data and other indices of community structure

are summarized in Table 5. In general, periphyton biomass

in ungrazed streams was least in stream Sh/ng, moderate in

stream Lt/ng, and greatest in stream Lt-N/ng with mean

values during the study of 7.08, 19.27, and 24.91 g m-2 ,

respectively. Corresponding maximum biomasses of 12.76,

39.25, and 48.67 g m2 were observed on sampling date (4).

Biomass in each of the three ungrazed streams followed a

similar pattern of accumulation, decreasing only during

the period between the last two sampling dates (Figure 21).

Grazing tended to be associated with relatively low peri-

phyton biomass in streams Lt/g and Lt-N/g. Grazing, how-

ever, did not make a large impact on the biomass in stream

Sh/g. Although biomass remained consistently lower in

stream section Sh/g4 than in stream section Sh/g/, sparse

grazing had no detectable effect on periphyton biomass

under conditions of shade.
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The percentage ash-free dry weight (AFDW) of periphy-

ton samples, a rough index of the abundance of diatoms in

relation to other algal groups, is plotted in Figure 22 for

each stream section. The mean %AFDW in stream Lt/ng during

the study was 29%, a value that was consistently lower than

that for either stream Sh/ng or stream Lt-N/ng which aver-

aged 35% and 31%, respectively. Both light and heavy graz-

ing was associated with higher %AFDW than corresponding un-

grazed streams under conditions of shade and nonshade-

enrichment. In stream Lt-N/g4, %AFDW averaged 37%, six

percentage points above that of the corresponding ungrazed

stream. However, the effect of grazing on this measure in

stream Lt/g was apparently less, with %AFDW in stream sec-

tion Lt/g4 exhibiting only a slightly higher mean value

than stream Lt/ng.

Chlorophyll a

In general, the chlorophyll a concentration, like

periphyton biomass, was lowest in stream Sh/ng, inter-

mediate in stream Lt/ng, and greatest in streamLt-N/ng with

means of 103, 211, and 378 mg m-2 , respectively. Maximum

chlorophyll a concentrations of 464 mg m-2 in stream Lt/ng
.and 824 mg m in stream Lt-N/ng were measured on sampling

date (4), while a maximum concentration of 158 mg m-2 was

measured in stream Sh/ng on sampling date (5). Changes in

benthic chlorophyll a concentrations in the ungrazed

streams followed a pattern similar to that of periphyton

biomass. Chlorophyll a increased until sampling date (4)

in all ungrazed streams and then decreased on sampling date

(5) in streams Lt/ng and Lt-N/ng, while continuing to in-

crease in stream Sh/ng (Figure 23). Differences in chloro-

phyll a concentrations between grazed and ungrazed streams

were similar to those observed for periphyton biomass.

Chlorophyll a concentrations of streams Lt/g and Lt-N/g
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averaged 67% and 79%, respectively, of those of correspond-

ing ungrazed streams. Chlorophyll a concentrations in the

shaded streams were not notably different between grazed

and ungrazed sections except on the last sampling date.

The ratio of chlorophyll a to biomass (Chl/B) is some-

times used to assess the photosynthetic vigor of periphyton,

although it is affected by such variables as light (Jorgen-

sen, 1969), nutrients (Rhee, 1978), and species composition

(Rabinowitch, 1945). This ratio is plotted for each un-

grazed stream over the study period in Figure 24. In

general, this measure, just as %AFDW, was lower in stream

Lt/ng than in the other two ungrazed streams (Table 5).

Chl/B decreased initially and then gradually increased

through the remainder of the study in streams Sh/ng and

Lt-N/ng. In stream Lt/ng, the ratio gradually increased

throughout the study. Chl/B showed no consistent differ-

ences between grazed and ungrazed streams for each of the

three light-nutrient treatments (Figure 25).

Periphyton Community Function

Primary Production and Respiration

The mean rate of gross primary production (PG) was

lowest in stream Sh/ng and highest in Lt-N/ng. Mean values

over the study period for the ungrazed streams were 1.78

(Sh/ng), 4.94 (Lt/ng), and 6.28 g 02 m-2 12 hr-1 (Lt-N/ng)

with corresponding maximum values of 2.54, 6.44, and 7.89

g 02 m2 12 hr-1 . Gross primary production, unlike biomass

and chlorophyll a, did not increase greatly after the first

sampling period. In all three ungrazed streams, PG de-

creased between sampling dates (1) and (2), increased be-

tween sampling dates (2) and (3), and increased further or

remained relatively constant between sampling dates (3) and

(4) (Figure 26). The relatively low PG values on sampling

date (2) were preceded by four days of hot weather which
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Figure 24. Chlorophyll a per unit periphyton biomass in ungrazed streams
of each light nutrient treatment , measured on sampling dates 1-5. Values
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and stars for stream Lt-N/ng.
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Figure 25. Chlorophyll a per unit periphyton biomass in ungrazed (solid
circles), lightly grazed (non-solid circles), and heavily grazed (squares)
stream sections for each light-nutrient treatment, measured on sampling
dates 1-5.
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increased water temperatures to 25°C. Grazing apparently

had only minor inhibitory effects on No No detectable

effect was observed in stream Lt-N/g, while PG in stream

Lt/g actually was over 50% higher than that of the corre-

sponding ungrazed stream early in the experiment.

Assimilation numbers, expressed as PG(g 02 hr-1 ) per g

chlorophyll a, are plotted in Figure 27 for each stream

section. As periphyton biomass and chlorophyll a concen-

tration increased, this ratio decreased. Initial assimila-

tion numbers were particularly high in streams Lt/ng and

Lt/g, together averaging 16.4, as compared to 3.6 and 5.2

for streams Sh/ng and Sh/g and streams Lt-N/ng and Lt-N/g,

respectively. Grazing was associated with higher assimila-

tion numbers in streams Lt/g and Lt-N/g than in the corre-

sponding ungrazed streams, but in the shaded streams there

were no conspicuous differences between the grazed and un-

grazed sections.

Rates of periphyton respiration, like PG, were typi-

cally lowest in stream Sh/ng, intermediate in stream Lt/ng,

and highest in stream Lt-N/ng with means of 1.21, 1.31, and

2.08 g 02 m2 day -1 , respectively. However, unlike PG,

rates of respiration increased between the first two sampl-

ing periods and changed relatively little thereafter

(Figure 28). With the exception of the enriched streams,

grazing was not associated with decreases in periphyton

respiration.

The ratio of the respiratory rate to biomass (R/B),

expressed as calories respiration day-1 per calorie bio-

mass, decreased over the study in all stream sections.

This ratio was consistently highest in stream Sh/ng,

averaging 0.146; mean values for streams Lt/ng and Lt-N/ng

were 0.058 and 0.071, respectively (Figure 29). Since

grazing tended to be associated with a greater decrease in

biomass than in respiration, R/B was generally higher in
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Figure 27. Assimilation numbei- in ungrazed (solid circles), lightly
grazed (non-solid circles), and heavily grazed (squares) stream sections
for each light-nutrient treatment, measured on sampling dates 1-4.
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lightly grazed (non-solid circles), and heavily grazed (squares) stream

sections for each lignt-nutrient treatment as measured on sampling dates 1-4.
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grazed stream sections than in corresponding ungrazed sec-

tions (Table 5).

Mean P
G
/R for a 24 hour period, in ungrazed streams,

were 1.24 (Sh/ng), 3.19 (Lt/ng), and 2.57 (Lt N /ng) (Table

5). As a result of the decrease in PG between sampling

dates (1) and (2), with no concurrent decrease in respira-

tion, PG/R was at its minimum for all ungrazed streams at

this time.

Export

Export of particulate organic matter per day varied

widely between streams and within each stream during the

study (Figure 30). However, mean export was considerably

greater from stream Lt/ng (1.67 g m-2 day-1 ) than from

stream Sh/ng (0.38 g m-2 day-1 ) or stream Lt-N/ng (0.65 g

m2 day 1). Export rates in each of the ungrazed streams

were at their lowest between sampling dates (3) and (4),

preceded and followed by peaks which were particularly

prominent in stream Lt/ng. The first export maximum was

subsequent to a period of high temperature and low PG/R

values.

The presence of snails was associated with relatively

low levels of export in the unshaded-unenriched stream and

relatively high levels of export in the shaded and enriched

streams. Mean export from stream Lt/g was only 64% of that

from stream Lt/ng. In contrast, export from Sh/g and Lt-N/

g was 120% and 144%, respectively, of that from corre-

sponding ungrazed streams.

Snail Growth

Snail growth, expressed as pg dry wt tissue gain day-1

per mg dry wt tissue of snail, is represented in Figure 31.

Snail growth in the heavily grazed sections was greatest in

Sh/g4, moderate in Lt/g4, and least in Lt-N/g4. Growth in

section Sh/g4 (2.715 pg dry wt tissue day-1 per mg dry wt
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Figure 30. Rates of net export of particulate organic matter from ungrazed
streams (circles) and grazed streams (squares) for each light-nutrient
treatment as measured seven times between sampling dates 1-5
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tissue) was nearly three times that achieved in section Lt-

N/g4 (0.975 ug dry wt tissue day-1 per mg dry wt tissue).

However, in the sparsely grazed stream sections, snail

growth was least in Sh/gi. Snail growth was higher in

sparsely grazed sections than heavily grazed sections of

streams Lt/g and Lt-N/g, while in stream Sh/g, growth was

higher in the heavily grazed section.

At the stocking densities used in this study, snail

growth could not be related by simple correlation to either

periphyton Pc or biomass. However, snail growth plotted

against percent abundance of blue-green algae for each

grazed stream section yielded a correlation coefficient of

-.73 (P < .10), suggesting a negative relationship between

snail growth and the relative abundance of blue-green algae

(Figure 32).
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Table 5. Comparison of values for structural and functional properties of each stream section.
Values are means from the study period.

Sh/ng Lt/ng Lt-N/ng Sh/g1 Sh/g4 Lt /g1 Lt/g
4

Lt-N/g1 Lt-N/g4

Periphyton iomass 29.03

(Kcal.m-4)

79.01 102.13 29.97 24.23 71.38 66.91 82.21 71.46

% AFDW Peripnyton Biomass 34.9 29.0 31.1 34.7 37.0 28.1 28.7 34.3 37.3

Chlorophyll a (mgm-2) 103 211 378 96 69 139 143 291 284

mg Chlorophyll per g Biomass 12.3 9.7 15.3 13.1 11.7 8.0 8.7 14.5 16.3

Gross Primary Production 5.22 14.70 18.69 5.32 5.46 16.91 16.91 20.37 20.72
(Kcai.m-L*day-1)

Assimilation Number 1

(g 02 Pcmg chlor-nr-1) 2.20 4.61 2.85 2.06 2.61 6.74 7.00 3.14 3.99

Respiration (Kcalm-2day-1) 4.20 4.61 7.28 5.14 4.82 4.83 5.34 6.98 5.78

Kcal R*Kcal Peri. Biomass-1hr-1 .146 .058 .071 .172 .200 .067 .080 .085 .081

PG/R (for 24 hrs) 1.24 3.19 2.57 1.04 1.13 3.50 3.16 2.92 3.58

Export
(net loss Kcal POMm-2-dy-I) 1.35 5.86 2.30 1.64 1.64 2.17 2.17 3.30 3.30

KcalExport Kcal Biomassdy-1 .054 .087 .026 .071 .071 .037 .037 .049 .049

Kcal Export Kcal PG-1 .258 .400 .124 .304 .304 .128 .128 .161 .161

Grazing (Kcal biomassm-2dy-I) 0 0 0 0.330 1.321 0.330 1.321 0.330 1.321 -1
c)

(continued on next page)



Table 5. (continued)

Sh/ng Lt/ng Lt-N/ng Sh/g, Sh/g4 Lt/g1 Lt/g4 Lt-N/g1 Lt-N/g4

Snail Growth per wt snail tissue --

(ug dw tissuemg dw tissue-ldy4)

Wm WO - _ 1.875 2.715 2.475 1.770 2.025 0.975

MI. OWSnail Growth per 111:2cly;I . .014 .083 .019 .054 .016 .030

(Kcal tissuem-Ldy ')

Kcal Snail Growth per Kcal ingested-- .042 .063 .058 .041 .048 .023
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DISCUSSION

When comparing the diatom assemblages which developed

under the three light-nutrient treatments, perhaps the most

striking feature was the similarity in the taxonomic struc-

tures of streams Sh/ng and Lt-N/ng. Both these communities

were characterized by a diatom flora of low diversity and

high dominance, properties that are often characteristic of

diatom assemblages in eutrophic systems with high producti-

vity (Margalef, 1968; Williams, 1964). It was not surpris-

ing that the flora in the enriched, control stream (Lt-N/

ng) developed in this way. However, the question remains

as to why the relatively oligotrophic conditions of stream

Sh/ng generated a taxonomic structure similar to that in

stream Lt-N/ng, particularly while the conditions of Lt/ng

resulted in a different and more diverse assemblage of

diatoms. Although the productive capacity of stream Lt-

N/ng was more like stream Lt/ng than stream Sh/ng, it is

hypothesized that the periphyton communities of Sh/ng and

Lt-N/ng were alike because neither community was nitrate

limited. In stream Sh/ng, the demand for nitrate (uptake

when the supply is unlimited) was probably low because

light energy was in limited supply and was therefore satis-

fied by the nitrate concentration in the unenriched water

source. In stream Lt-N/ng, where light intensity was

higher, nutrient demand was higher but was presumably

satisfied by enrichment. Thus, only in stream Lt/ng, where

nutrient demand was high and nitrate concentrations rela-

tively low, were the periphyton possibly limited by nitrate.

Relatively low nitrate concentrations in the effluent of

stream Lt/ng support this hypothesis.

It is suggested that species which were abundant in

stream Lt/ng were physiologically and morphologically

adapted to tolerate relatively low nitrate concentrations.
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One such morphological adaptation may be related to cell

size. The mean cell volume for diatoms in stream Lt/ng was

over five times greater than that in either stream Sh/ng or

stream Lt-N/ng. A given nutrient regime may select algal

cells within a certain surface area to volume ratio which

in turn can restrict the shape and size of the organisms

(Lewis, 1976; Friebele et al., 1978). Although a relative-__
ly high surface area to volume ratio (small cells) is

generally associated with more efficient nutrient uptake,

algae with a large cell-size tend to have a higher capacity

for nutrient storage which can help satisfy the demand dur-

ing periods when nutrients are unavailable in the ambient

water. Furthermore, Laws (1975) observed that while small

cells grow faster, their respiratory maintenance cost is

higher (low PG/R). He suggests that large-celled phyto-

plankton often persist in stressed environments, not be-

cause they grow faster, but because their relative respira-

tory loss is less. For these reasons, it is possible that

large-celled species tended to outcompete small-celled

species in stream Lt/ng. Further corroborating this

hypothesis is the fact that the ratio R/B was lower for

stream Lt/ng than for either of the other two ungrazed

streams, although it is unknown how much of the respiration

was microbial.

The filamentous growth form of periphyton in stream

Lt/ng also may have been a response to nutrient deficiency.

A filamentous growth such as that achieved by Melosira

varians, allows a greater percentage of the cells to be in

direct contact with the ambient water and current.

Researchers have found that a relatively high current

velocity enhances nutrient uptake, probably by maintaining

higher diffusion gradients across the cell wall (Ruttner,

1963; Whitford and Schumacker, 1961). Therefore, when

nutrients are limiting growth, species of diatoms growing
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in long chains or those such as Synedra ulna which grow

epiphytically or entangled with a filamentous overstory may

have a competitive advantage over unicellular forms closely

adherent to the substrate.

Grazing was associated with a reduction in the rela-

tive abundance of mostly the large, overstory species and

an increase in the proportion of small, closely adherent

species. The former were designated as grazing intolerant

while the latter were termed grazing tolerant. Two hypo-

theses were developed to account for this effect of grazing

on the structure of diatom assemblages: 1) large diatoms

grow more slowly than small diatoms (Laws, 1975) and there-

fore cannot divide at a rate equal to or greater than the

rate at which they are consumed; and 2) overstory species

are more accessible to grazers and are more likely to be

consumed or dislodged and exported during the process of

grazing. Nicotri (1977) noted that intertidal limpets con-

sumed proportionately more overstory than understory diatoms

even though overstory species were qualitatively poorer

food.

The three light-nutrient treatments allowed the

effects of grazing on two different types of diatom assem-

blages to be assessed. In streams Lt-N/ng and Sh/ng,

Nitzschia amphibia gradually became the dominant taxon.

Since N. amphibia was apparently a grazer tolerant species,

grazing under these light-nutrient conditions tended to

accelerate the successional trend towards the dominance of

this taxon. Diatom assemblages in streams Sh/ng, Sh/g,

Lt-N/ng, and Lt-N/g were similar by the end of the study

period. However, since the successional trajectory of the

grazed streams reached the final state relatively early in

the study, corresponding grazed and ungrazed diatom assem-

blages were least similar early in the study. In contrast,

the successional trajectory in stream Lt/ng was directed
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toward the dominance of grazer intolerant species (Synedra

ulna, Melosira varians, Nitzschia linearis). Under these

light-nutrient conditions, grazing apparently altered

rather than accelerated the successional trajectory. As a

result dissimilarity between the diatom assemblages of Lt/

ng and Lt/g increased throughout the study. Consequently,

grazing enhanced dominance and reduced species diversity in

streams Sh/g and Lt-N/g, while in stream Lt/g grazing pre-

vented a high degree of dominance and increased diversity.

These'results suggest that the effects of grazing on

community structure and diversity are closely related to

the competitive abilities of certain species relative to

physical factors. Where grazer tolerant species are also

the dominant taxa, grazing will decrease diversity. How-

ever, where the grazer intolerant species are dominant,

grazing will tend to increase diversity. Lubchenco (1978)

previously described this phenomenon in the New England

rocky intertidal zone where certain macro-algae were fed

upon selectively by Littorina snails. In the study re-

ported here, Oxytrema silicula was not observed to feed

selectively, yet the pattern in species diversity apparent-

ly was the same. Where Lubchenco assigned attributes of

feeding preference to the grazer, I assigned attributes of

grazer tolerance to the diatom species, the possible

mechanisms of which have been discussed. In either case,

however, it was the interaction of biotic and abiotic fac-

tors together which determined the diversity and species

composition of the algal assemblage.

Much attention has been devoted in the literature

to the predation-diversity hypothesis (MacArthur and

Levins, 1964; Paine, 1966; Pianka, 1966; Lam and Frost,

1976). As stated by Paine (1966), "Local species diver-

sity is directly related to the efficiency with which

predators prevent the monopolization of the major
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environmental requisites by one species." The results from

the study reported here agree with the work of Lubchenko

(1978) in suggesting that under certain circumstances preda-

tion may not only be inefficient in reducing competitive

exclusion but may in fact actually enhance competitive ex-

clusion. The outcome is coupled to responses of the flora

to the physical environment.

The apparent effects of grazing on algal diversity and

species composition depend not only on the competitive

interactions of the diatom species but also on the succes-

sional status of the community (i.e., at what point in com-

munity development one observes structure). The overall

grazing effect measured as taxonomic dissimilarity between

grazed and ungrazed streams was greatest during the early

part of the experiment in stream Sh/g and stream Lt-N/g,

while in stream Lt/g the effect of grazing was greatest

near the end of the study. An understanding of the com-

munity structure at one point in time can only be achieved

by following the effects of grazing over a successional

time sequence. Moreover, in stream communities where re-

setting events such as periods of high discharge come often,

an understanding of community development as well as com-

munity behavior at steady state may be necessary for the

prediction of community structure. Busch (1978) observed

the reorganization of producer-consumer relations during

succession of a benthic stream community and notes that

stream communities, such as those occurring in the Cascade

Mountains, probably are in nearly a perpetual state of

ecological recovery.

Just as the taxonomic structure of diatom assemblages

in streams Sh/ng and Lt-N/ng were distinctly different from

that in stream Lt/ng, so was the relative abundance of blue-

green algae. Despite considerable research which has been

devoted to the ecology of these algae, there is little
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agreement about the conditions or elements in the environ-

ment which favor their growth over other algal groups.

Trace metals (Murphy et al., 1976), temperature (Patrick et

al., 1969), light energy (Mur et al., 1978), oxygen (Fogg,

1969), inorganic nutrients (Hutchinson, 1967) and organic

nutrients (Whitton, 1973) have all been related to the com-

petitive abilities of blue-green algae. Low light inten-

sity in stream Sh/ng and the relatively high concentrations

of nutrients associated with the eutrophic state of stream

Lt-N/ng may have enhanced the production of blue-green

algae in these two streams. However, an alternate hypothe-

sis is that blue-green algae competed less well for space

with the overstory growth form of diatoms characteristic of

stream Lt/ng than with the closely adherent form typical of

streams Sh/ng and Lt-N/ng. Blue-green algae were observed

to grow always in skin-like patches closely adnate to the

substrate. When light and nutrients were shielded from the

substrate by an overstory of diatoms, the growth of these

algae presumably was inhibited and thus their relative

abundance reduced. The effect which grazing apparently

had on the relative abundance of blue-green algae was also

consistent with this hypothesis. Grazing in stream Lt/g

was observed to clear patches in the filamentous canopy

thereby providing blue-green algae with a suitable micro-

habitat to colonize and grow. Consequently, grazing was

associated with a relatively high abundance of blue-green

algae in stream Lt/g as compared to stream Lt/ng. However,

in the other two pairs of streams where a filamentous over-

story of diatoms was not prevalent, grazing apparently had

either no effect or a negative effect on the relative abun-

dance of blue-green algae.

Periphyton biomass, primary production, and respira-

tion were clearly highest in the nitrate enriched streams.

Nitrate concentrations within streams draining clear-cut
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watersheds of the Pacific Northwest are often as high as

those maintained in streams Lt-N/ng and Lt-N/g, suggesting

the possibility of similar enrichment effects between the

experimental streams and these disturbed streams. In this

geographical region, nitrate, rather than phosphate or

other elements, most often limits the PG of undisturbed

streams (Lyford and Gregory, 1975). Busch (1978), working

with experimental streams in Washington, also observed an

increase in P
G and periphyton biomass with nitrate enrich-

ment.

Light intensity also notably affected periphyton PG

and biomass levels. At 600 ft-c, values for these

variables were more than twice those found at 150 ft-c.

The photosynthesis of algal assemblages typically reaches

light saturation at illumination intensities between 500

ft-c and 3000 ft-c (Ryther, 1956), while that of stream

periphyton dominated by diatoms ranges somewhere between

these extremes (McIntire and Phinney, 1965; Sumner and

Fisher, 1979). Low assimilation numbers for the shaded

stream further indicate that light saturation photosynthe-

sis was probably not reached at 150 ft-c. However, algal

populations may partially compensate for low light energy

by increasing the chlorophyll a to biomass ratio

(Rabinowithch, 1945) or by adjusting enzyme concentrations

(Jorgensen and Steemann Nielson, 1965), thus allocating

more resources towards photosynthetic efficiency. The

chlorophyll a to biomass ratio was in fact higher in

stream Sh/ng than in stream Lt/ng. It is unclear, however,

whether this was a physiological adaptation to low light

intensity in stream Sh/ng or an effect of nitrate defi-

ciency in stream Lt/ng, as nitrate deficient algae typi-

cally have relatively low concentrations of chlorophyll a

(Yentsch and Vaccaro, 1958; Rhee, 1978; Healy, 1978). In

stream Lt-N/ng, where nitrate was abundant, the chlorophyll
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a to biomass ratio was even higher than that in stream Sh/

ng, further suggesting the importance of nitrate availabi-

lity for the synthesis of chlorophyll a in lotic periphyton.

The mean assimilation number for stream Lt/ng (4.61)

was actually higher than that for stream Lt-N/ng (2.85),

indicating that high PG in the enriched stream was primari-

ly due to a relatively high chlorophyll a to biomass ratio

rather than to a more efficient use of chlorophyll a in

photosynthesis. Rhee (1978), working with nitrate enriched

chemostat cultures of Scenedesmus, also noted this

phenomenon.

As chlorophyll a and organic matter concentration in--
creased throughout the study, assimilation numbers de-

creased. Moreover, PG increased only minimally over the

study period despite the several fold increase in periphy-

ton biomass. The tendency for periphyton communities to

reach near maximal rates of primary production at relative-

ly low biomass has been well documented (McIntire and

Phinney, 1965; Fraleigh and Wiegart, 1975; Pfeifer and

McDiffett, 1975; Marker, 1976). A similar density effect

in phytoplankton assemblages has been attributed to

nutrient depletion, accumulation of wastes, and light limi-

tation through self-shading (Findenegg, 1965; Nalewajko,

1966; Bermann and Pollingher, 1974).

Relatively low biomasses in grazed streams were not

associated with reductions in primary production rates, a

phenomenon which may be partially explained by the density

effect just described. Increases or decreases in periphy-

ton biomass above the relatively low biomass at which maxi-

mum PG is reached usually is not associated with a cor-

responding change in PG. Also, certain stimulatory effects

on PG may have resulted from grazing (e.g., the removal of

senescent cells or nutrient regeneration). Phosphate con-

centration, which presumably was not limiting PG, became
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higher in the grazed streams than the ungrazed streams,

indicating that nutrient regeneration was probably occurring

more in grazed streams. However, nitrate levels were not

detectably higher in the grazed streams suggesting that up-

take of regenerated nitrate may have been efficient and

rapid enough to conceal regeneration effects in the

effluent water (Gregory, pers. com.). Flint and Goldman

(1975) have suggested that grazing may maintain a benthic

algal assemblage in a more vigorous growth phase, a phase

which is typically characterized by relatively high chloro-

phyll to biomass ratios. In the present study no such

effect was observed. On the other hand, it is possible

that chlorophyll to organic matter ratios gradually became

more influenced by accumulated snail feces as the experi-

ment progressed, thereby obscuring any actual increase in

the ratio of chlorophyll a to algal biomass.

McIntire (1968) has noted that periphyton community

properties "are manifestations of the species composition

and the summation of their autecologies". In this study,

export was a functional attribute which appeared to be

highly related to the taxonomic structure of the periphyton

assemblage. Benthic algae of stream Lt/ng, characterized

by a filamentous-overstory of Melosira varians, exported

over two times more organic matter than that of stream

Lt-N/ng, despite the higher biomass and PG in the latter

stream. It is hypothesized that although a filamentous

growth form may allow for more efficient nutrient uptake

and a competitive advantage for space over those forms

which are restricted to the substrate surface, a high pro-

portion of such filamentous material is likely to be dis-

lodged and exported downstream. Moreover, at high current

speeds, export losses are expected to be significant enough

to reduce the competitive fitness of these species. Obser-

vations of the occurrence of Melosira varians in natural
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streams corroborate this hypothesis. M. varians is most

abundant in Cascade Mountain streams of Oregon during late

summer, a period when current speeds are low and freshets

are uncommon. Also, this taxon is more abundant in the low

gradient, less turbulent, streams (Lyford and Gregory,

1975) .

The effects of grazing on export patterns also

appeared to be dependent on the taxonomic structure of

periphyton assemblages. By the end of the study, the rela-

tive abundance of M. varians in stream Lt/g was only 10% of

that occurring in stream Lt/ng. This scarcity of M.

varians in stream Lt/g was associated with a mean export

rate less than 50% of that occurring in stream Lt/ng.

Therefore, grazing apparently decreased export in stream

Lt/g by modifying periphyton community structure to a flora

less vulnerable to the erosive action of current. In the

shaded and enriched streams, where periphyton was dominated

by unicellular "closely-adherent" forms, grazing was

associated with an increase in export. As snails moved

across the substrate they probably dislodged at least as

much organic material as they ingested. Castenholz (1961)

noticed a similar effect produced by grazing snails

(Littorina) in the marine intertidal zone along the Oregon

coast. Furthermore, it is likely that this type of

mechanical disturbance was most severe in those streams

where the periphyton mat was thickest. As periphyton mats

develop, current drag increases, and algal cells in the

lower layers of the mat senesce from waste accumulation and

nutrient and light limitation. This process would account,

at least partially, for the relatively large reduction of

periphyton biomass in the grazed streams with the highest

productive capacity and periphyton density. Assuming

periphyton ingestion rates were equal for all grazed

stream sections where snail density was equal, one would
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have anticipated that the impact of grazing would have been

least on the most productive community, if in fact snails

affected periphyton biomass only by ingestion. Export

rates may therefore be determined by periphyton biomass,

current speed and silt load, and to some degree also by the

growth form of periphyton and the activity of animals with-

in the community.

Figure 33 summarizes general patterns of energy flow

through the periphyton assemblage of each stream. Light

energy fixed photosynthetically as gross primary production

represents the only energy input, while respiration export,

and grazing represent energy outputs. While the productive

capacities of streams of Sh/ng and Lt-N/ng were different,

the way in which they channelled primary production was

similar. The periphyton of these communities respired more

energy than they exported by a factor of 3.23 and 3.17,

respectively. The energetics of stream Lt/ng was fundamen-

tally different in that the periphyton of this stream res-

pired only 0.78 times as much as was exported. Therefore,

the stream dominated by a filamentous overstory and low

blue-green algal component was characterized by high export

and low respiration, while those streams dominated by a

unicellular, closely adherent form and high blue-green

algal component were characterized by relatively low export

and high respiration. Actual ingestion of periphyton by

Oxytrema was estimated to account for less than 20% of the

total losses of gross primary production in all grazed

streams. However, the affects of grazing on the patterns

of energy loss from each community were evident. Stream

Lt/g, unlike stream Lt/ng, lost more energy through respira-

tion than it exported, owing to a grazer-induced change in

community structure. In fact, the estimated energy loss

through ingestion in stream Lt/g was less than 25% of the

energy conserved in stream Lt/g through a decrease in
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export. In streams Sh/g and Lt-N/g grazing tended to in-

crease rather than decrease export losses. As hypothesized

the mechanism probably involved the disturbance of attached

algae by active snails. In streams Sh/g and Lt-N/g,

approximately 1.25 times more export was attributable to

mechanical disturbance than actual ingestion. Therefore,

grazing apparently played a major role in determining the

functional attributes of periphyton communities, an impact

which would not have been predicted from ingestion esti-

mates alone.

Although grazing was associated with a reduction of

periphyton biomass, periphyton continued to accumulate

over most of the study in all stream sections, and there

was no apparent relationship between periphyton biomass or

productive capacity and snail growth. At the stocking

densities employed, Oxytrema growth was not controlled by

the quantity of food available. However, though periphyton

may be abundant, herbivores can be food limited if the

algal species are of poor food quality (Boyd and Goodyear,

1970). Welch (1968) has suggested that in aquatic eco-

systems herbivores are controlled more by the nutritive

value of the vegetation they eat than by their ability to

find food. While this may be an unwarranted generalization

more applicable to aquatic vascular plants, it is likely

that quantitative and qualitative aspects of periphyton as

food together determine the potential for herbivore produc-

tion in streams. In the present study, differences in

snail growth, if not attributable to the quantity of peri-

phyton, were possibly a result of nutritional differences

resulting from the kinds of algae growing within each

stream section. The same physical factors which determine

differences in productive capacity (e.g., light and

nutrients) will also determine differences in periphyton

community structure with inherently different ecological
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properties. In stream section Sh/g4, where one might ex-

pect the least snail growth, growth was actually the high-

est. In this stream section, blue-green algae tended to be

least prevalent, and it is conceivable that a flora with a

relatively high percentage composition of diatoms would be

a nutritionally better food relative to digestibility or

toxicity (Gorham, 1964; Gentile and Maloney, 1969). The

negative correlation established between the relative

abundances of blue-green algae and snail growth for each

of the grazed stream sections suggests that blue-green

algae may have inhibited snail growth, although without

further study this is conjecture.

If the blue-green algae to diatom ratio is important

in defining the nutritional quality of periphyton, Oxytrema

may influence the quality of its own food. In stream Sh/g,

where the relative abundance of blue-green algae was low as

compared to Sh/ng, grazing would tend to enhance the food

quality of periphyton. However, under conditions of non-

shade-unenrichment (Lt), where grazing tended to increase

the relative abundance of blue-green algae, the food

quality would tend to decrease, assuming blue-green algae

are a less acceptable food than diatoms.

While food quantity could not be related directly to

snail growth in the experimental streams, Oxytrema is

probably controlled by the availability of food in Oak

Creek during at least certain seasons. Diamond (1976)

found Oxytrema growth to be nearly ten times greater in an

artificial stream where periphyton was abundant than in the

natural stream where periphyton was relatively sparse.

McIntire (1973) suggested that relatively low biomasses of

periphyton in small western Oregon streams were the result

of grazing by Oxytrema in addition to scouring effects dur-

ing freshets and shading by dense riparian vegetation.

However, qualitative differences in periphyton as food

should remain important as the food supply diminishes. In
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fact the nutritional quality may become more crucial as

food supply decreases and selective feeding or consumption

of large quantities so as to over-ride nutritional inade-

quacy become less possible.

McIntire and Colby (1978) expressed the need to des-

cribe ecological process capability with regard both to the

quantitative aspects such as biomass and qualitative

aspects such as genetic information. In the present study,

biomass of periphyton alone was not an adequate measure of

the potential for the processes of export, respiration, or

grazing. Only by considering certain aspects of the peri-

phyton community structure in conjunction with the bio-

energetics were certain behaviors comprehensible. A com-

plete taxonomic inventory of periphyton species requires a

large amount of time and expertise. However, for the pur-

poses of understanding how a certain biomass will relate

to certain processes or interest (e.g., export), a detailed

taxonomic evaluation is perhaps unnecessary. For example,

export rate as observed within the experimental streams,

could be related to the overall growth form of periphyton.

Filamentous or chain forming algal species tended to export

more per unit biomass than unicellular, closely adherent

forms. Therefore, filamentous overstory and closely ad-

herent growth forms may be two functionally different

ecological groups which for the purposes of studying export

may be more important than taxonomic distinctions. The

description of periphyton standing crop with regard to bio-

mass and qualitative aspect of growth would together define

more closely the capacity for export. The above example

represents a way in which periphyton may be usefully

characterized into functional groups. Qualitative des-

criptors or functional groupings that relate to the capa-

city for export would of course be different than those for

other processes such as grazing. For instance there is
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some evidence to suggest that blue-green algae, filamentous

green algae, and diatoms, because of nutritional and struc-

tural differences, may be functionally different relative

to their capacity to support grazing by generalized herbi-

vores. Designation of functional categories with regard to

feeding behavior rather than taxonomic convention is a re-

cently adopted approach used to define the roles of stream-

dwelling macro-invertebrates in the trophic ecology of

streams (Cummins, 1974). Perhaps, there is also some

justification in partitioning periphyton into functional

categories, the definition of which depending on the goals

of the particular research project.

Dayton (1971; 1975) has taken a functional group

approach to the study of the effects of grazing on inter-

tidal macro-algae, designating plants either as canopy,

understory, or fugitive species. He also noted that those

species which influence community organization most are not

always those which dominate the population in terms of

numbers or biomass (Dayton, 1975). A keystone species

(Vadas, 1968) is a species that effects community struc-

ture and behavior disproportionately more than its biomass

alone would indicate. Melosira varians would seem to fit

the definition of a keystone species, at least in the com-

munities studied in the experiment reported here. The

determination of the existence of other keystone species

and functional groupings of periphyton would add much to

our ability to understand inter-relationships between com-

munity dynamics and structure in stream ecosystems.
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SUMMARY

1) The effects of grazing, light intensity, and nitrate

enrichment (0.2 mg N-N031 -1 ) on periphyton community struc-

ture and function were observed in six laboratory streams

over a period of 80 days.

2) Mean values for periphyton biomass, chlorophyll a con-

centration and the rates of gross primary production and

community respiration were least in stream Sh/ng (150 ft-c,

unenriched-ungrazed), intermediate in stream Lt/ng (600 ft-

c, unenriched-ungrazed), and greatest in stream Lt-N/ng

(600 ft-c, enriched-ungrazed).

3) The taxonomic structure of periphyton communities in

streams Sh/ng and Lt-N/ng were very similar, while that of

stream Lt/ng was distinctly different from the structure in

streams Sh/ng and Lt-N/ng. Nitrate limitation in stream

Lt/ng is hypothesized as the primary cause for this dif-

ference in community composition.

Diatom assemblages in streams Sh/ng and Lt-N/ng were

characterized by relatively low taxonomic diversity and

high redundancy. Nitzschia amphibia gradually replaced

Nitzschia linearis as the dominant species. Blue-green

algae were relatively abundant in these two streams with

maxima in percentage composition of 35.8% in stream Sh/ng

and 31.8% in stream Lt-N/ng. These periphyton communities

appeared as a closely adherent dark brown film. In con-

trast, the taxonomic structure of the diatom assemblage in

stream Lt/ng was more diverse and lower in redundancy than

the other two ungrazed streams. N. linearis was abundant

throughout the experiment being surpassed in individuals

only on the last sampling date by Synedra ulna. Although

Melosira varians never accounted for more than 20% by cell

volume of the diatom assemblage, the filamentous nature of



this taxon appeared to be particularly important in struc-

turing the overall growth form of the periphyton, which in

this stream was observed as a tufted filamentous mat. Blue-

green algae were not abundant in stream Lt/ng, reaching a

maximum percentage composition of only 15.9% by cell volume.

4) Differences in taxonomic structure were associated

with certain functional differences between the periphyton

of Lt/ng and the other two ungrazed streams. The periphy-

ton community of stream Lt/ng respired only 0.78 times as

much energy as it exported while streams Sh/ng and Lt-N/ng

respired 3.23 and 3.17 times more energy than they exported,

respectively. The filamentous growth form of periphyton

characteristic of stream Lt/ng apparently was vulnerable to

the erosive action of the current and exported a relatively

high proportion of its standing crop. In addition, the

relatively low respiration to biomass ratio (R/B) in stream

Lt/ng further contributed to the high export to respiration

ratio of this community. Differences in R/B values were

hypothesized to be related to mean cell volume, which in

Lt/ng was over five times greater than that of the other

two streams.

5) Grazing by Oxytrema silicula, at densities of both 125

and 500 per m2
, was associated with a change in periphyton

community structure. In all grazed stream sections the

relative abundance of Melosira varians, Synedra ulna,

Nitzschia linearis, Surirella angustata and Nitzschia

palea was lower than that of corresponding ungrazed stream

sections. These species were hypothesized to be intolerant

to grazing because of their relatively high accessibility

to grazers and their slow cell division rates associated

with relatively large cell size.

6) Grazing was associated with increases in diatom

diversity in stream Lt/g and decreases in diversity in



streams Sh/g and Lt-N/n. In the unshaded-unenriched

streams, the competitive dominant diatom species were

grazer intolerant, and grazing tended to increase diversity

by preventing competitive exclusion. Under the other two

light-nutrient conditions, the reverse situation existed:

the competitive dominant species were grazer tolerant, and

grazing enhanced the dominance of those species and de-

creased diversity.

7) Grazing was associated with a decrease in the relative

abundance of blue-green algae in streams Lt/g and an in-

crease in relative abundance in streams Sh/g and Lt-N/g.

Apparently, blue-green algae did not compete well for space

with the filamentous growth form of periphyton characteris-

tic of stream Lt/ng. Where grazing removed patches of the

overstory of filamentous diatoms (e.g. in stream Lt/g) the

relative abundance of blue-green algae increased, presumably

due to an increase in suitable microhabitat.

Ingestion of periphyton by Oxytrema accounted for less

than 20% of energy losses from all grazed streams. It is

hypothesized that grazing affected community function most

significantly by: a) mechanical disturbance of attached

algae and subsequent loss of material through export; and

b) modification of periphyton community succession and

taxonomic structure which in turn was associated with dif-

ferent ecological properties and behavior.

In streams Sh/g and Lt-N/g over 1.25 times more energy

loss was attributed to mechanical disturbance and subse-

quent export than actual ingestion. Under conditions where

a unicellular adherent layer of diatoms was dominant, graz-

ing tended to increase export. However, where an export

vulnerable filamentous overstory of diatoms was reduced by

grazing, grazing was associated with a decrease in export.

Export per unit biomass in stream Lt/g was 42% of that in

stream Lt/ng.



9) Biomass and chlorophyll a values in grazed streams were

generally less than those for corresponding ungrazed

streams. Grazing was associated with mean reductions in

biomass of from less than 1% in stream section Sh/gi, to

more than 30% in section Lt-N/g4. The relatively high

impact of grazing on the biomass of the most productive

stream was hypothesized to be related to a relatively high

vulnerability to mechanical disturbance where the periphy-

ton mat was most dense.

Grazing did not significantly effect rates of gross

primary production or periphyton respiration.

11) Although phosphate concentrations became 10 to 60%

higher in the effluent water of grazed streams relative to

the corresponding ungrazed streams, no grazer-induced

regeneration of nitrate could be detected.

12) Snail growth ranged from 0.975 pg dw tissue per mg dw

snail tissue day-1 in stream section Lt-N/g4 to 2.715 jig

dw tissue per mg dw tissue snail day-1 in stream section

Sh/g4 and was not directly related to periphyton biomass or

P
G

. However, growth per unit snail tissue was negatively

correlated (r = 773) with the relative abundance of blue-

green algae, suggesting that blue-green algae inhibited

snail growth.

13) Biomass of periphyton alone was not an adequate measure

of the potential capacities for the processes of grazing,

export, or respiration. Only by considering certain quali-

tative aspects of periphyton community structure in conjunc-

tion with biomass and rates of primary production were cer-

tain system behaviors comprehensible. Designation of func-

tional groupings of benthic algae appropriate for a process

of interest and an understanding of how these functional

groups are affected by biotic and physical factors may be

useful in predicting the role of periphyton in ecosystem

dynamics.
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