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This study was concerned with some of the trophic relations

of simplified animal communities in six laboratory streams, each

having an area of 1.25 square meters. The work was carried on be-

tween 1960 and 1962 at the Pacific Cooperative Water Pollution and

Fisheries Research Laboratories, Oregon State University. Herbi-

vorous food organisms, chiefly midge larvae and mayfly nymphs,

naturally colonized the streams and subsisted on periphyton growing

on rubble and gravel placed in the streams. Different biomasses of

sculpins (Cottus perplexus) and different combinations of biomasses

of sculpins and stonefly naiads (Acroneuria pacifica) were added to

the streams to study relationships between biomass and competi-

tion in carnivore production. A herbivorous snail (Oxytre.rna_silicula)
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was added to utilize periphyton in competition with the herbivorous

insects present in the streams.

Production of the stocked animals during an experimental

period was estimated from changes of their hiomass, since mortality

was usually not a factor. The relationships between growth rates and

food consumption rates were estab lished for sculpins, stonefly nai

ads, and snails in aquaria durin.g each experimental period. Esti-

mates of food consumption by the animals in the streams were made

on the basis of stream growth rates and the growth-food consump-

tion relations established in aquaria. These food intake or yield

values were used to estimate food organism production in streams in

which it was believed that food organisms were utilized to the ex-

tent that they did not accumulate and death, emergence, and export

would be insignificant, Biomass units were converted to energy

terms using combustion calorimetry values determined for the ani-

mals and periphyton.

During the first year, sculpin production at six levels of scul-

pin biomass was studied, Production was low in streams with low

biomass, highest at intermediate biomasses, and again low at high-

er biomasses, Growth rates were highest at low biomass levels,

declining markedly with increases of biomass. Low production at. low

biomass levels no doubt resulted from the restricted amount of new



tissue which a small biornass could elaborate. Sufficient biomass

was present at intermediate levels to convert the available food to

production. At the highest hiomass levels the greater proportion of

food energy was required for maintenance of a larger and probably

more active sculpin biomass, but, in addition, food organism produc

tion may have been reduced through overcropping.

In the fall, 1961, experiment, low and high sculpin biomasses

were placed in different streams. A high stonefly biornass was added

to streams having both iow and high sculpin biomasses. Large bio-

masses of snails were also added to streams having low and high

scuipin biomasses, Two remaining streams with low and high scul-

pin biomasses were used as controls. The addition of snails did not

affect sculpin production, since snail biomasses were not large

enough to reduce the amount of food energy available to the food or

garlisms. Sculpin production was positive and was similar in

streams containing sculpins alone and sculpins and snails. Sculpin

production was negative in both streams containing stonefly naiads,

the greatest reduction occurring at the high sculpin biomass level.

Sculpins were stocked at low, intermediate and high biomass

levels during the winter, 196Z, experiment. A low and a high stone

fly biomass was added at each of the sculpin biomass levels. Small

snail biomasses were added to all six streams. Sculpin production

increased slightly and remained quite high with increases of sculpin



biomass at the low stonefly stocking level. Sculpin production de

creased markedJy with increases of biomass at the high stonefly

stocking level, Increases of stonefly biomass had a stronger re

ducing effect on scuipin produ.ction than did increases of sculpin

biomass, Stonefly naiad production increased with decreases of

sculpin biomass but declined quite markedly with increases of stone

fly biomass.

Production of the periphyton was estimated. This info rma

tion, along with animal production values, made possible the cal-

culation of trophic level production efficiencies, pathway effici-

encies and ecological growth efficiencies. An energy flow diagram

was used to express the energetic relationships in the six streams

during the winter, 196Z, experiment. Of 5Z93 kilocalories per

square meter of net production, 5Z70 kilocalories could be accounted

for by plant decomposition, herbivore consumption, removal of

sampled material, exported plant materials and by plant materials

which accumulated during the experimental period.
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TROPHIC RELATIONS OF SIMPLIFIED ANIMAL
COMMUNITIES IN LABORATORY STREAMS

INTRODUCTION

This thesis presents the results of an experimental study of

the trophic relations of animals in laboratory stream communities

which was carried on between 1960 and 1963 at the Pacific Coopera

tive Water Pollution and Fisheries Research Laboratories, Oregon

State University. The purpose of the study was to obtain information

on stream community energy relationships, particularly on the flow of

energy through the different trophic pathways. Estimates of the

primary production and the production of the animal groups were

used in studying the energy flow from periphyton into herbivorous

snails and midge larvae and into carnivorous stonefly naiads and

sculpins utilizing the midges.

A number of studies have been directed toward the elucidation

of the fundamental energy relationships of aquatic ecosystems.

Juday (9, p. 438-450) investigated the annual energy budget of Lake

Mendota. Lindeman (10, p. 399-418), Dineen (6, p. 349-367) and

Verduin (26, p. 40-50) also reported on energy relationships in lentic

communities. Teal (23, p. 283-302) studied the community of a

small temperate spring. An estuarine community was studied by

Darnell (5, p. 553-568) and Teal (24, p. 614-624) has reported on



community metabolism in a salt marsh. Laboratory studies of less

complex systems have been carried on by Richman (20, p. 273-291),

Slobodkin (22, p. 232-243) and Trama (25, p. 1-80). Lotic communi-

ties have not usually been intensively studied, though Odum (15, p. 55-

112) studied Silver Springs, Florida, this spring resembling a large

stream or river. Nelson and Scott (11, p. 396-413) studied the role

of detritus in the production of a community on ar oc.k outcrop in a

stream. Odum and Hoskin (16, p. 115-133) have reported on the

metabolism of a laboratory stream microcosm,

The need to develop concepts which would aid in understanding

ecological relationships has long been realized; but it was not until the

publication of Lindeman's (10, p. 399-418) paper on the trophic dy-

namic aspect of ecology, that a general approach for examining highly

complex community energy relationships became available.

Lindeman used his concept of "trophic levels" to study separately the

efficiencies with which solar energy was fixed by plants, the plants

utilized by herbivores, and the herbivores utilized by carnivores.

Certain aspects of Lindeman's approach have been criticized. Ivlev

(8, p. 98-120) believed the food relations of most aquatic animals to be

too complex for the animals to be considered on a single trophic level;

and he states that "the lumping of different species or even popula.=-

tions into wider categories must be carried out only when. there is

real identity in regard to trophic parameters. ' lvlev (8, p. 98- 120)



suggests an approach based upon elucidating and quantifying particu-

lar energy pathways to "products of interest. ' He would study the

production of a species or population in terms of the efficiency with

which it utilizes its principal food species.

Lindeman's definition of productivity has been criticized by

Odum (13, p. 592-597) because his expression for the rate of organic

synthesis of a trophic level is, in reality, a measure of the intake of

energy by that level; and hence, it is analogous only to the gross pro-

ductivity as opposed to the net productivity of the primary trophic

level. Ricker (21, p. 20) has defined production as "the total elabo-

ration of new body substance in a stock in a unit of time, irre spec-

tive of whether or not it survives to the end of that time. " Clarke,

Edmondson and Ricker (4, p. 336-337) have published general mathe-.

matical formulations of biological production in terms of assimilation,

respiration, consumption and decompo sition.

Investigations of trophic relationships in aquatic communities

have been, in general, concerned with natural communities which by

their complexity defy analysis, or they have been restricted to simp-

ler laboratory studies which may lack reality. The study by Teal

(23, p. 283-302) of the community metabolism of Root Spring is an

outstanding example of an investigation intermediate between the

highly complex field study and the overly simplified laboratory

exercise.



The approach taken in the study of trophic relations in the

laboratory streams was more experimental than that of Teal, but

was similar in that the emphasis was placed on the pathways of

energy flow. The kinds and numbers of animals were largely

selected for purposes of demonstrating and quantifying a limited

number of simple energy pathways. it was hoped that if stream com

.munity energy relationships could be successilly studied in a system

of limited complexity, a foundation might he laid for studies of more

complex communities.
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EXPERIMENTAL APPARATUS, ANIMALS AND METHODS

Laboratory Stream Apparatus

Figure 1 is a diagram of one of the six laboratory streams

used in these studies. Each stream consisted of two wooden troughs,

measu:ring 8 inches by 10 inches by 120 inches, placed side by side.

Openings near each end of the adjoining walls of the troughs per-

mitted the water to flow in a circular path through the stream. Water

currents in the streams were maintained by 20-inch paddle wheels,

which were driven by electric motors through variable speed trans-

missions. Except for one early experiment in which the velocity was

0. 33 feet per second, the water velocity was maintained at 0. 8 feet

per second.

The streams were enclosed in a building 25 feet long and 20

feet wide, which had been designed to allow a fairly normal 24-hour

cycle of natural illumination. One-half of the roof was of translus-

cent plastic and one was largely glass. During the second year of

study, the roof and windows were covered and fluorescent lamps were

employed so as to bring light energy under control and simplify

measurement problems. Illumination intensities could be varied up

to about 1000-foot candles by adjusting the height of the lamps over

the streams.
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Figure I. Diagram of one of six laboratory streams used in the study.
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Natural stream bottom materials were placed in the streams.

The rubble was composed of water-smoothed rocks ranging from

three to six inches in diameter. Gravel sizes ranged from one=half

inch to one and one-half inches in diameter. The size distribution

and volume of bottom materials were similar in all of the streams.

Each stream contained about 37 liters of bottom materials and about

205 liters of water.

The water in each stream was exchanged usually at the rate

of two liters per minute. The exchange rate was measured by a flow

meter; and a constant water volume was maintained by adjusting the

height of a standpipe drain.

The water supplying the streams was from a small, spring-

fed stream, It was filtered to remove most suspended materials,

plants and animals. The filtration did not prevent the streams from

becoming colonized through the introduction of algal cells and insect

eggs.

A record of the water temperatures in the streams was ob

tamed with an Auto-lite recording thermometer, Model 1000. Mean

weekly temperatures for the year 1961 are listed in Appendix I.

Periodic analyses of the chemical constituents of the water

were made by the U. S. Geological Survey. These observations are

listed in Appendix II for periods during which experiments were being

performed.



Experimental Animals

The animals employed in the study included two carnivorous

species and one herbivore. The carnivores were the reticulate scul-

pin Cottus perplexus Gilbert and Evermann and naiads of the stonefly

Acroneuria pacifica Banks. The herbivorous form was the locally

common stream snail Oxytrema silicula (Gould). In addition, there

were present in the streams other animals which were imported

either as eggs in the water supply or as eggs deposited directly by

adult insects, which were given access to the streams at the time the

periphyton community was developing. The most abundant of these

forms were midge larvae of the genera Tendipes, Calopsectra,

Polypedilum, and Brillia. Ephemeropteran naiads were frequently

observed. The most common genera were Baetis, Callibaetis,

Paraleptophlebia, Ameletus, Cinygmula, and Epeorus. Nemoura

was the only observed Plecopteran. Cladocerans and copepods were

occasionally encountered in the benthic samples, as were tiny

Oligochaetes of the family Naididae. The Megalopteran Sialis and

Tardigrades were seen on rare occasions.

The sculpins were from one to two years of age and were ob-

tamed from Oak Creek or Berry Creek in Benton County, Oregon.

The stonefuly naiads were taken from either Oak Creek or Greasy

Creek, also in Benton County. All snails were obtained from Oak



Creek.

The experimental animals were held in the laboratory for

periods of time sufficient to insure that their guts were empty before

any weight determinations were made. Animals were blotdried,

then weighed in a known amount of water in a container sealed to pre

vent losses by evaporation. A Mettler balance with an accuracy of

plus or minus 0. 05 milligrams was used for all weighings. Dry

weights of samples of animals were obtained to permit necessary con-

versions of wet weight data. Drying was done in an oven at 700 C.

Laboratory Stream Methods

Stream experiments were performed during different seasons

from the fall of 1960 through the winter of 196Z. Modification of the

experimental apparatus prevented an experiment during the summer

of 1961. The duration of the experiments ranged from 64 to 84 days.

The benthic communities were well established before the experi-

mental animals were placed in the streams. The streams were left

undisturbed between experiments.

A single carnivorous species was introduced into the stream

community for the fall, 1960, and winter and spring experiments of

1961. In these experiments, the six streams were stocked with Z, 4,

6, 8, 10 and 12 yearling sculpins, representing biomasses ranging

from 0. 5 to 6. 0 grams per square meter of stream.
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A more complex community was studied during the fall, 1961,

and winter, 196Z, experiments. During the fall study of 1961, four

sculpins were placed in each of three streams, while eight sculpins

were placed in each of the remaining three streams. The biomasses

were about 3. 2 and 6. 4 grams per square meter for the respective

low and high stocking levels. Two of the streams, one with four scul-

pins and one with eight sculpins, were each stocked with about 6. 8

grams per square meter of stonefly naiads. Two additional streams,

one with four sculpins and one with eight sculpins, were each stocked

with 300 snails, a bjomass of about 78 grams per square meter of

stream. The two remaining streams served as controls at the two

levels of sculpin biomass.

The stonefly naiads were added to communities containing

sculpins for the purpose of providing a flow of energy into a competing

carnivore and to permit some comparisons of the efficiencies of uti-

lization of the food organisms by the two species. The snails were

added to utilize part of the primary production in competition with the

herbivorous insect larvae, on which the sculpins and stonefly naiads

mainly subsisted.

During the winter experiment of 1962, two, four and eight

sculpins representing biomasses of about 1.9, 3. 5 and 6.6 grams per

square meter were placed in the streams. Stonefly naiads were

stocked at levels of about 4. 2 and 8. 1 grams per square meter,
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giving a low and a high stonefly biomass at each of the three sculpin

biomass levels. Fifty snails, about 14 grams per square meter,

were placed in each of the streams.

Animal production in the laboratory streams was estimated by

measuring the increase or decrease in weight of the animals during a

given experimental period. The net change in weight may be used in

estimating production when mortality is not a factor. However, when

it was determined at the end of an experimental period that animals

had died or had been lost from the stream, an adjustment of the pro-

duction value was required. It was arbitrarily assumed that the ani-

mals which had been lost had lived on the average for half the experi-

mental period, and production was estimated by multiplying the mean

number of animals of the given species in the stream by the differ-

ence between their mean initial and mean terminal weights. The

mean weight or biomass of a species present in the stream during

this period was estimated by multiplying the average number of ani-

mals of this species by the mean of the mean initial and mean termi-

nal weights. Experimental animals were selected for uniformity of

size at the beginning of the experiments in order to reduce errors of

estimation in the event animals were lost.

Table 1 summarizes the stocking levels of animals employed

during each experiment, the numbers of animals recovered, and the

percentages of recovery. With the exception of stream Z during the



Table 1. Recovery of Sculpins, Stonefly Naiads and Snails Stocked in the Laboratory Stream during the
Fall, 1960, Winter, Spring, and Fall, 1961, and Winter, 1962, Experiments.

Sculpins Stoneflies Snails
Season of Stream Number Number Percent Number Number Percent Number Number Percent
Experiment Number Stocked Recov,. Recov. Stocked Recov. Recov. Stocked Recov. Recov.

Fall, 1960 1 2 2 100.0
2 8 3 37.5
3 6 6 100.0
4 12 12 100.0
5 4 4 100.0
6 10 9 90.0

Winter, 1961 1 6 6 100.0
2 12 11 91.7
3 2 2 100.0
4 4 4 100.0
5 10 10 100.0
6 8 7 87.5

Spring, 1961 1 6 6 100.0
2 12 12 100.0
3 2 2 100.0
4 4 4 100.0
5 10 8 80.0
6 8 7 87.5

N.)



Table 1 (continued)

Season of
Experiment

Stream
Number

Sculpins
Number Number
Stocked Recov.

Percent
Recov,.

Stoneflies
Number Number
Stocked Recov.

Percent
Recov.

Number
Stocked

Snails
Number
Recov.

Percent
Recov,.

Fall, 1961 1 4 4 100.0 82 58 72.3
2 8 8 100.0
3 4 3 75.0 300 2.34 78.0
4 8 8 100.0 50 34 68.0
5 8 8 100.0 300 224 74.7
6 4 4 100.0

Winter, 1961 1 8 8 100.0 44 20 45.5 50 50 100.0
2 2. 2 100.0 35 14 40.0 50 48 96.0
3 8 8 100.0 41 21 51.2 50 46 92.0
4 4 4 100.0 55 21 38.2. 50 50 100.0
5 2 2 100.0 65 25 38.5 50 47 94.0
6 4 4 100,0 46 33 71,7 50 49 98,0

I-
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fall, 1960, experiment, the recovery of sculpins was satisfatory.

The recovery of snails during the fall, 1961, experiment and the

recovery of stonefly naiads during both the fall, 1961, and winter,

1962, experiments were not always good. Some of the factors which

have a bearing on these losses are more fully discussed in later sec

tions.

Samples of periphyton and food animals were taken from each

stream during each experiment previous to the time the experimental

animals were stocked and each time primary production measure-

ments were made. The samples included material from about 500

square centimeters or about four percent of the stream area. In

taking the samples, two water tight partitions were inserted between

the walls of the stream. After rocks and gravel had been cleaned

and removed, the water containing the periphyton and associated ani-

mals was siphoned into a number 20 bolting silk plankton net or into a

net having larger mesh which served only to concentrate the animals

and most of the periphyton. When using the large mesh net, the vol-

ume of water contained in the sample was determined, and an aliquot of

the water passing through the net was taken in order to estimate

losses of algal material. The periphyton community in the streams

was dominated by a species of the filamentous alga and

the pennate diatom Synedra ulna.

A dissecting microscope was used to aid in the removal of the
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animals from the benthic samples. The biornasses of both plant and

animal materials were determined, and samples were retained for

caloric analysis.

Estimates of the losses of plant and animal material through

export were made during the winter of 1962. The water leaving the

streams through the standpipe drains was diverted through a number

20 bolting silk plankton net. Each stream was sampled during one

24-hour period each week. Any animals found in the exported mater

ial were removed and weighed, before the periphyton was dried and

weighed.

Aquarium Methods

Aquarium experiments with individual animals were conducted

concurrently with the stream experiments. These experiments made

possible the determination of growth rates at various food consump

tion rates for animals which were similar in age and size to the ani

mals in the laboratory streams. Conditions of temperature and light

in the aquaria were similar to those in the streams.

Individual sculpins were held in stoppered, 500-=milliliter

Erlenmeyer flasks. Each stopper was fitted with tubes for conducting

water to and from the flask and with a tube through which food could

be introduced. Similarly equipped flasks of 125 milliliter capacity

were employed for the experiments on individual stonefly naiads. A
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porcelain lined chamber measuring Z4 inches by 15 inches by 10

inches was used for experiments with snails, which were fed in

groups. The chamber was divided into four compartments, one for

each rate of feeding. A continuous flow of water was provided in the

chamber.

The animals were fed at several different feeding rates, these

rates being somewhat different in different expe:riments, depending on

seasonal temperatures. In most experiments with sculpins, four

feeding levels were replicated three times. In the fall, 1961, stone-

fly experiment, three levels were replicated six times, while in the

winter, 196Z, study, two levels were replicated nine times. No rep-

lications were used in the snail studies; however, 30 snails were used

at each of four feeding levels.

Sculpins and stonefly naiads were fed midge larvae, most of

which were of the genus Tendipes. Most of the larvae fed to the scul-

pins ranged in weight from about ZO to about 35 milligrams, Most of

those fed to the stonefly naiads weighed from about one to about five

milligrams. Larvae which were not consumed were removed, dried

and weighed in order to estimate the amount of food consumed.

Periphyton was not employed for feeding snails in aquaria,

since losses of algal material through the exchange water could not

be adequately evaluated. An artificial alga" was prepared which

remained relatively intact in water. The preparation included one



17

part powdered whole milk, two parts powdered wheat germ, two

parts sodium alginate and about 20 parts fresh algae of the genus

Spirogyra. The ingredients were blended and then extruded under

pressure into a calcium chloride solution. The fine, firm, gelatin

ous strands which were formed were washed, lightly dried, sealed

in jars, and frozen. Small amounts were periodically removed and

thawed in water. Water was blotted from the strands before rations

were weighed. At each feeding, wet and dry weights of small

samples of the food were determined to permit wet to dry weight

conversions. Uneaten food was removed, dried and weighed.

Methods for Computing Food Organism Yield

Direct estimates could be made of the production of the van-

ous elements of the stream community, with the exception of the

herbivorous midge larvae, mayflies, and other small and less nu

merous forms associated with the periphyton. The numbers of small

herbivores obtained from the stream bottom samples were not suffi-

cient to permit production estimates based on number, size, and

growth relationships. However, estimates could be made of the food

energy consumed by the experimental animals stocked in the streams.

The food consumption rates of the stream animals were assumed to be

the same as the consumption rates of aquarium animals having simi-

lar growth rates. The amount of food energy consumed by or yielded
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to each experimental population could be estimated for each period

by multiplying the graphically determined food consumption rate by

the mean biomass of the population and this by the number of days

the population lived in the streams. Such an estimate of food yield

could be expected to approach food organisms production in instances

where the food animals were utilized to the extent that there was not

an accumulation of food animal biomass and where death due to other

natural causes and losses through emergence and export would be

insignificant.

Calorimetry Methods

Oxygen bomb calorimetry was employed to determine the

caloric values of the stocked experimental animals, the periphyton,

the artificial algae, the snails, and the herbivorous insects. A Parr

Semi-micro oxygen bomb calorimeter No. 1411 was used in making

the determinations. The procedures described in Parr Inst:rument

Company manuals 1Z8 (17, p. 1-ZZ) and 130 (19, p. 156) and in

supplement No. 1 (18) of manual No. 1Z8 were followed. No special

treatment was given the materials burned in the calorimeter other

than to add distilled water to powdered material to preparing the pills.

The caloric values are expressed in calories per gram of dry

weight of material. Growth and food consumption are expressed in

calories. Production and biomass are in kilocalories per square
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meter of stream. Growth rates and consumption rates are expressed

in calories of growth or consumption per kilocalorie of biomass per

day.

The mean percent dry weights and mean caloric values for the

materials burned in the calorimeter are shown in Table Z.

Table 2. Mean Percent Dry Weights and Mean Caloric Values Per
Gram Dry Weight of Experimental Materials,

Percent Caloric Values in Kilocalcries
Material Dry Weight Per Gram Dry Weight

Sculpins 23, 526 5 2869

Stonefly naiads 19. 201 5. 3644

Snails 50.820 0.9104

Midge larvae 14. 165 5. 2731

Artificial algae 23. 177 4. 0850

Algae --- 1. 1501
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RESULTS

The results of studies on consumer production are presented

in three categories: the production of particular species as deter-

mined in the laboratory stream experiments; the food consumption

and growth of these species in aquarium experiments; and the esti-

mates of yield of food organisms for these species in the streams.

Laboratory Stream Experiments

The results of the stream experiments are presented as

curves relating the production and the growth rate of the stocked ex-

perimental animals to their biomasses in the streams. The data to

which the curves have been subjectively fitted are presented in tabu-

lar form.

The results of the experiments carried on during the fall,

1960, and winter and spring, 1961, are presented in Table 3 and

Figures 2 and 3.

Table 3 contains production and biomass values and growth

rates of sculpins stocked in the streams during the three seasonal

periods. Figure 2 shows sculpin production plotted against sculpin

biomass for the three experiments. Production is seen to be low at

low levels of biomass, highest at the intermediate biomass levels,

and again reduced at the highest biomass levels. This relationship



Table 3. Production, Biomass and Growth Rates of Sculpins during the Fall, 1960, and Winter and
Spring, 1961, Experiments.

Fall, 1960
Stream Growth

No. Production Biomass Rate

1 0.224 0.781 4,471

2 0.595 2.458 3.784

3 0. 585 2.485 3. 523

4 0.576 4.609 1.952

5 0.666 1.810 5,746

6 0.241 3.257 1.156

Winter, 1961
Growth

Production Biomass Rate

0. 792 3. 265 3. 790

-0,087 6.130 -0.236

0.659 1.536 6.707

Spring, 1961
Growth

Production Biomass Rate

2. 074 4. 331 5. 985

-1.081 6.953 -1.943

0.650 1.514 5.365

1.012 2.778 5.691 1.049 3, 184 4. 117

0.880 4. 772 2. 882 0. 895 6. 250 1. 790

1, 176 4.443 4, 135 1,067 5. 126 2.602

Periods of the fall, winter and spring experiments: 64, 64 and 80 days, respectively.
Production and biomass units: Kilocalories per square meter of stream.
Growth rate units: Calories of growth per kilocalorie of biomass per day.



2.0

1.5

Zc
w

ZI-
1.0

D(J)ow

a--i
0

00
-J-J

0.5
C-)

(I)

0 I 2 3 4 5 6 7 8
SCULPIN BIOMIASS IN KILOC14LORIES/ METER2

FALL,1960

WINTER, 1961

-SPRING, 1961

Figure 2. Relationship between sculpin production and sculpin biomass in the

laboratory streams during the fall, 1960, and winter and spring,
1961, experIments. Duration of the fall, winter, and spring
experiments was 64, 64, and 80 days, respectively.



7

(1)

U>--
0
_J... 4

0(f)

I0
2ow

0
z-J
a-0

-Jo

cn'

-2

23

,1960

R,1961

JG, 1961

2 3 4 5 6 7 8

SCULPIN BIOMASS IN KILOCALORIES / METER2

Figure 3. Relationship between sculpin growth rate end sculpin
biomass in the laboratory streams during the fall,
1960, and winter and spring, 1961, experiments.



persisted in each experiment and was quite marked during the winter

and spring experiments. Low production at low levels of sculpin bio.

mass resulted not from a shortage of food but from the restriction on

the amount of new tissue which could be elaborated by the small scul

pin biomass. At the intermediate sculpin biomass levels, the avail

able food energy was converted to production by a more substantial

sculpin biomass. At the highest levels of scuipin biomass, two fac

tors probably became important. Food organisms production could

have been reduced due to overcropping by the sculpins; and a greater

proportion of the food energy which was available was required by the

sculpins for maintenance. Maintenance costs could increase if the

animals were forced to expend more energy in searching for a more

limited supply of food, and would increase due to the greater sculpin

biomass. During the winter and spring, 1961, experiments at the

highest level of biomass, there was not sufficient food energy avail-

able to meet the maintenance requirements of the sculpins, and they

lost weight.

Production increased successively from fall through spring.

Seasonal effects on food production and growth were probably respon

sible for the higher spring values. The fall production was below that

of the winter period, which may, in part, be attributed to the lower

food organsim level in the relatively younger benthic community.

Average biomasses (Table 13) of food organisms increased with
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the successive seasons.

Figure 3 shows the relationship between growth rate and bio

mass for the three experimental periods. Growth rate can be seen

to decline markedly with increase of biomass during each experiment.

Although the curves are fitted to somewhat variable data, they do

show that growth rates of sculpins were highest at the lowest levels

of sculpin biomass and that low production (Figure 2) at these low

levels of biomass can not be attributed to low growth rate. The rela

tionship of declining growth rate with increasing biomass did not

appear to change greatly with season. However, as seasons pro-

gressed, the streams supported somewhat higher sculpin biomasses

at comparable growth rates.

Stream experiments carried on during the fall, 1960, and win-

ter and spring, 1961, were under conditions of natural illumination,

whereas fluorescent lamps were employed as a light source during

the fall, 1961, and winter, 1962, experiments. It. is unlikely that

any great differences in food organism production would have result-

ed from the use of the different light sources, since periphyton was

always abundant in the streams. Stocking rates of sculpins during

the fall, 1961, and winter, 1962, were largely based on the results

obtained during the study of the previous year.

The results of the fall, 1961, experiment in which stonefly

naiads and snails were stocked with two levels of sculpin biomass,



are presented in Table 4 and Figures 4, 5 and 6.

Figure 4 shows the relationships between sculpin production

and sculpin biomass in streams in which sculpins alone, sculpins

and snails, and sculpins and stonefly naiads were stocked. Sculpin

production in the streams stocked with snails did not differ greatly

from production in the streams stocked with sculpins alone, indicat-

ing that the herbivorous snails had no adverse effect on the produc-

tion of the herbivorous insect forms on which the sculpins subsisted.

Straight lines have been fitted to the data relating sculpin production

and sculpin biomass, for streams containing sculpins alone and

streams containing sculpins and snails. However, based upon re-

sults of the previous year, a hump-shaped curve would probably

more nearly represent the relationship between sculpin production

and sculpin biomass at intermediate levels of sculpin biomass. This

can only be hypothesized, since only low and high sculpin biomasses

were employed during this experiment. Sculpin production was

greatly reduced in streams containing stonefly naiads, the stonefly

naiad biomasses being similar at both sculpin biomass levels. In

addition, the higher sculpin biomasses further reduced the sculpin

p r o du c ti on.

The same data are plotted in Figure 5, so as to relate the pro-

duction of sculpins alone and the production of sculpins stocked with

snails to the biomass of sculpins. In addition, sculpin production in



Table 4. Production, Biomass and Growth Rates of Sculpins, Stonefly Naiads and Snails during the
Fall, 1961, Experiment.

Sculpins Stonefly Naiads Snails
Stream Growth Growth Growth

No. Production Biomass Rate Production Biomass Rate Production Biomass Rate

1 -0.065 4.225 -0.257 1.217 6.475 2.239

2 0,306 7.486 0.683

3 0.447 4.295 1.731 6. 523 35. 449 2. 190

4 -0.888 7.464 -1.983 1.097 6.534 1.999

5 0. 514 8. 503 1. 007 6. 604 35. 635 2. 284

6 0. 670 4. 020 2. 899

Period of experiment: 84 days (sculpins - 61 days).
Production and biomass units: Kilocalories per square meter of stream.
Growth rate units: Calories of growth per kilocalorie of biomass per day.

-1
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the two streams containing stonefly naiads is plotted against the com-

bined biomass of sculpins and stonefly naiads. The stonefly naiad

production, for purposes of comparison, has been plotted against the

combined sculpin-stonefly naiad biomass. The combined sculpin and

stonefly naiad production is also plotted against the combined bio-

mass.

It can be observed that the decline of sculpin production is

not great between four and eight kilocalories per square meter; but

at a combined sculpin-stonefly biomass of about 10.7 kilocalories,

sculpin production has become negative, and it continues to decline

with increased biomass up to the highest combined biomass of about

14. 0 kilocalories. Stonefly naiad production in the streams con-

taming the low and the high sculpin biomasses was about 1. 2 and 1. 1

kilocalories per square meter, respectively. It can be seen from

Figure 5 that this decline of stonefly production with increased scul-

pin biomass (the stonefly biomasses in the two streams being nearly

the same) was almost insignificant in comparison with the reduc.-

tion of sculpin production.

Sculpin growth rate in relation to sculpin biomass has been

plotted in Figure 6 for the fall, 1961, experiment. A single curve

has been fitted to growth rate values from streams containing scul-

pins alone and streams containing sculpins with snails, since the ad-

dition of snails had no apparent effect on sculpin growth. A decline in
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growth rate with increased sculpin biomass occurred both in streams

with and streams without stonefly naiads. However, sculpins stocked

with stonefly naiads showed negative growth even at the lowest scul-

pin stocking level.

Snail production, biomass and growth rates are included in

Table 4 for the fall, 1961, experiment. Production and growth rates

were very similar to both streams in which they were stocked.

The winter, 1962, experiment involved three stocking levels

of sculpins, with two stocking levels of stonefly naiads being employ-

ed at each of the three sculpin biomass levels. All six streams

were stocked with equal numbers of snails to provide additional data

on the flow of energy from primary production into a terminal herbi-

yore. The results of this experiment are presented in Figure 7 and

Table 5. The production of sculpins and the production of stonefly

naiads have been plotted against the combined sculpin and stonefly

naiad biomass in Figure 7 for each of the six streams. Growth rates

of sculpins and stoneflies plotted against the combined biomass are

shown in Figure 8. The relationship between growth and biomass was

not as clearly established in this experiment as it had been in the

earlier experiments.

The data on stonefly naiads were variable an.d the curves were

subjectively fitted, giving more weight to points which were consider-

ed to be the most valid. Production and growth rates of both sculpins



Table 5. Production, Biomass and Growth Rates of Sculpins, Stonefly Naiads and Snails during the
Winter, 1962, Experiment.

Sculpins Stonefly Naiads Snails
Stream Growth Growth Growth

No. Production Biomass Rate Production Biomass Rate Production Biomass Rate

1 -0. 153 7. 526 -0. 285 0.040 6.051 0. 088 0.440 6.312 0.968

2 0.344 2.510 1.930 0.335 3.167 1.431 0.477 6.476 1.023

3 0.916 9. 154 1.408 0.777 3. 564 2.946 0.307 6. 536 0.653

4 0. 595 4.486 1.867 0. 028 5.990 0. 064 0. 544 6.952 1. 086

5 0.733 2.813 3.674 0.776 6.152 1.703 0.251 7.326 0.477

6 0.938 4.957 2.663 1.224 4.326 3. 824 0.369 6.356 0. 805

Period of experiment: 74 days.
Production and biomass units: Kilocalories per square meter of stream.
Growth rate units: Calories of growth per kilocalories of biomass per day.
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and stonefly naiads at the combined biomass of about 5. 7 kilocalories

per square meter were believed to be in error. It can be noted in

Figure 8 that growth rates of sculpins and stonefly naiads were lower

at the combined biomass of 5. 7 kilocalories per square meter than

were growth rates at much higher levels of combined biomass. The

reduced growth rates in streams having a low carnivore biomass did

not seem consistent with the results obtained during the fall, 1960,

and winter and spring, 1961, experiments. As was noted in Figure 3,

the growth rate of sculpins was highest at the lowest level of biomass

and declined markedly with increases of biomass. In order to show

the probable relationship between carnivore growth rate and produc.-

tion and biomass, had conditions in the stream having the low biomass

been more like those in the other streams, an adjustment of the

growth rate values for this stream was made. The growth rates for

the low biomass were estimated by extrapolating the growth rate

curves from the higher biomass levels, The adjusted production

values were calculated from the estimated growth rates. The ad-

justed values have been shown as dashed points, and arrows are used

to indicate the degree and direction of adjustment of the actual values.

The adjusted growth rate and production values have been introduced

onlyto assist in presenting what is considered to be the most probable

relationships and have not been used in any computation. Relatively

lower production of food organisms in the stream having the low
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sculpin and stonefly biomass was believed to be the reason for the

low growth rates.

Figure 9 shows the effect that stocking a low and a high level

of stonefly naiads had on the production of sculpins at three levels of

sculpin biomass. Sculpin production is seen to increase only slight-

ly (based upon the estimated value) with increased sculpin biomass

and to remain at an elevated level in streams containing the low

stonefly naiad biomass. The relatively flat sculpin production curve

based upon data from streams with the low stonefly biomass probably

results from the relationship between sculpin growth rate and bio-

mass. Production remained relatively high at the high scuipin bio-

mass level due to the fairly slow rate of elaboration of tissue by a

relatively large biomass. Conversely, production at the low sculpin

biomass likely is a result of a smaller biomass growing at a greater

rate. The competitive effect of the low level of stonefly naiads is not

pronounced. The production curve of scuipins stocked along with the

high level of stonefly naiads is quite different, increase of scul.pin

biomass caused a marked decline of sculpin production at the high

stonefly stocking level. A comparison of the two curves would mdi-

cate that increases of stonefly biornass have a much stronger effect

than increases of sculpin biomass within the ranges of sculpin bio-

mass studied.

Stonefly naiad production plotted against stonefly biomass at
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three levels of sculpin biomass is shown in Figure 10. Stonefly pro=

duction is seen to increase with decreased sculpin hioma.ss and to

decrease with increased stonefly biomass at all. sc.ulpin stocking

levels, if the dashed curve can be accepted as an approximation of the

relationship at the low sculpin biomass level. The decline of stone-

fly production with increased stonefly biomass is quite pronounced.

It would appear that stone.fly production at the high stonefly hiornass

in the stream stocked with the intermediate sculpin biomass should

have been higher, occupying a position intermediate between stonefly

production at the low and at the high sculpin stocking levels.

The variability of the stonefly production and growth rate data

may be due, in part, to error in measuring actual tissue weight

changes of naiads during their moult cycle. The naiads take on water

at the time of moult (27, p. 42). The percent dry weight at this time

is low and increases as the naiad approaches the next moult. For

this reason, wet weights taken during the interval between moults

may not reflect the true energy content of the storef1ies. The re=

covery of stocked naiads was not always good, and estimates of pro

duction and growth rate were based upon reduced numbers of animals.

The percent recovery of the experimental animals was shown

in Table 1. The recovery of naiads during the fall, 1961, and winter,

1962, experiments ranged from about 38 to 72 percent. A large

part of this loss could be accounted for by the numbers of naiads
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found on the laboratory floor following periods of darkness, Screen

ing the edges of the streams did not reduce this regular loss. It is

believed that the naiads were able to crawl from the paddle wheels

during their rotation. Recovery sculpins was geneTally good with

the exception of that in stream Z during the fall, 1960, experiment, in

which only three of eight sculpins were recovered. Snail recovery

was lowest in stream number 5 during the fall, 1961, experiment,

when 74. 7 percent were recovered. Losses of snails were attributed

to damage by the paddle wheels, and based upon the recovery of frag

ments of shells, it was possible to account for almost all of them.

Aquarium Experiments

The results of the aquarium experiments are presented as

curves relating growth rate to food consumption rate. Figure 11 pre

sents a series of curves in which growth rates of sculpins are plotted

against their rates of consumption of tendipedid larvae. Each curve is

identified by the period during which the experiment was performed.

For reasons of clarity, the individual observations are not included,

but growth rates, food consumption rates, and conversion efficiency

1/- The ashed weight of snails of sizes similar to those of snails
stocked in the streams was determined to be about 41.6 percent of
live weight. This value was used in converting the ashed weight of
recovered shells to live weight. The average live weight of snails
used in the streams was divided into the calculated weight to obtain
the number of snails which were destroyed by the paddle wheel.
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values are given in Table 6 for each experiment. Three of the fish

employed in the spring, 1961, experiment were found to be diseased;

therefore, no data on these fish are included.

The curves for the fall, 1960, winter, 1961, and winter, 1962,

are quite similarly shaped. The spring, 1961, curve is shaped more

nearly like that of the fall, 1961, curve; hut it is based upon reduced

number of points, and the growth rates are considerably lower at

comparable consumption levels. It will be noted that the growth

rate-consumption rate curves have been extended using dashed lines.

These extrapolations were necessary to permit estimation of consump

tion rates from the more varied growth rates of sculpins which had

been stocked in the laboratory streams.

The results on the growth rates of stonefly naiads and their

rates of consumption of tendipedid larvae for the fall, 1961, and

winter, 1962, aquarium experiments are presented in Table 7 and

Figures 12 and 13. Food conversion efficiencies were calculated for

both experiments and are included in Table 7. The experimental data

to which the stonefly naiad growth rate-consumption rate curves have

been fitted are quite variable and are not satisfactory for defining the

curves at the low consumption levels. The dashed parts of the

curves have been included only to show that the curves must inflect

somewhat in order to intersect the abscissa (zero growth) at a level

of food consumption consistent with the requirements for maintenance



Table 6. Growth Rates, Consumption Rates, and Food Conversion Efficiency for Individual Sculpins in Aquaria.

Fall, 1960 Winter, 1961 Spring, 1961 Fall, 1961 Winter 1962

Growth Consrnp. Percent Growth Consm. Percent Growth Consurn. Percent Growth Consum. Percent Growth Consum. Percent

Rateu! Rate' Conver.' Rate Rate Conver. Rate Rate Conver. Rate Rate Conver. Rate Rate Conver.

0.731 12.477 5.86 1.605 11.221 14.30 -2.329 9.954 - 0.960 6.402 15.00 -0.849 3893 -

3.602 25. 011 14. 40 2.638 16. 892 15.62 1.010 18.932 5.07 4.064 13. 564 29 96 -0. 617 6. 190 -

4.790 32. 268 14. 84 5. 113 24. 311 21.03 6.959 20. 098 34.63 1. 748 10. 240 16.99

2.370 34.233 6.92 5.265 27.650 19.04 9.591 30.536 31.41 2.898 17.421 16.64

0.728 11.596 6.28 0.673 9.461 7.11 -3.292 7.410 - 0.814 6.306 12,91 -0.799 3.371 -

2.957 24.460 12.09 3.972 17.302 22.96 -0.187 13.702 - 4.132 12.536 32,96 -0.692 5.886 -

1.888 21.542 8.77 3.363 27.242 12.35 1.523 22.504 6.77 8.443 21.898 38,56 1.713 12.518 13.68

5.417 30.004 18.05 6.335 28.772 22.02 6.139 31.899 19.25 6.644 23.459 28.32 2.803 14.518 19.31

0.730 12.350 5.91 2.681 10.961 24.46 -2.852 6.969 - 1.551 7.371 21.04 -1.277 3.746 -

2.303 22. 735 10. 13 4.573 18. 842 24.27 -0. 279 12. 357 - 3.022 13. 596 22.23 -0. 001 5,533 -

4.300 30.278 14.20 2.855 25.416 11.23 3.375 20.292 16.63 7.699 20.568 37.43 1.849 10.257 18.03

3.526 31.106 11.34 5.054 33.984 14.87 7.911 25.076 31.55 2.691 17.354 15.50

1/ Growth rate: Calories of growth per kilocalorie of biomass per day.
2/ Consumption rate: Calories of food consumed per kilocalorie of biomass per day.
3/ Percent convarsion: Calories of grovth divided by calories of food consumed times 100.
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Table 7. Growth Rate, Consumption Rate and Food Conversion
Efficiency for individual Stonefly Naiads in Aquaria during
the FaIl, 1961, and Winter, 1962, Experiments.

Growth
Rate

Fall, 1961
Consum.
Rate

Percent
Conversion

Growth
Rate

Winter,
Consum.

Rate

1962
Percent

Conversion

2, 113 25. 774 8.20 2.347 9.809 23.93
3,822 58.734 6.51 3.087 16.779 18.40
4.448 103.989 4.28 2.475 9.351 26.47
2. 576 28. 393 9. 07 5. 284 1. 625 24. 43
7. 288 54. 653 13. 34 3.826 8. 597 44, 51
4.153 79.370 5.23 4.921 19.521 25.21
2.079 25. 432 8. 17 1.640 8.221 19.95
2.813 50.923 5.52 4.121 22.224 18.54
7.010 97.933 7.16 3.484 6.909 50.43
3.599 32. 132 11.20 0.581 20. 176 2.88
3.843 72. 891 5.27 4.413 9.653 45.72
3.738 80.841 4.62 4.012 19.965 20.10
4.697 29. 080 16. 15 3.275 9.076 36.08
4. 563 30. 025 13. 03
4. 927 95. 943 5. 14 3. 256 7. 037 46. 27
4.946 26.433 18.71 4.857 20.013 24.27
4. 778 50. 579 9.45 3.270 12. 731 25.69
2.660 60.186 4.42 6.445 36.021 17.89

1 Growth Rate: Calories of growth per kilocalorie of biomass per
day.

2 Consumption rate: Calories of food consumed per kilocalorie of
biomass per day.

3 Percent conversion: Growth divided by consumption times 100.
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and for losses due to egestion and nonassimilation,

The relationship between snail growth rate and food consump

tion. rate during th.e fall, 1961, and winter, 1962, experiments is

shown in Figure 14. Growth rates, consumption rates, and food con

version efficiencies are given in Table 8. Growth rates were very

similar in both experiments. The consumption rate was higher during

the fall, 1961, experiment than during the winter, 1962, experiment.

Computation of Food Organism Yield

The estimates of yield to sculpins for experiments conducted

during the fall, 1960, winter, spring, and fall, 1961, and winter,

1962, are presented in Table 9. The consumption rates listed are

based upon values taken from the consumption rate axis by using the

appropriate seasonal curves shown in Figure 11. The growth rates

of the stream scuipins which have been used for estimating the con

sumption rtes are listed in Tables 3, 4 and 5.

The yields of food energy to the stonefly naiads during the

fall, 1961, and winter, 1962, experiments are shown in Table 10.

The growth rates of stoneflies in the streams during the fall, 1961,

and winter, 1962, experiments are given in Tables 4 and 5, respec

tively, and were applied to the curves in Figures 12 and 13 for deter

mining the consumption rates on which the yield estimates were

based.
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Table 8. Growth Rates, Food Consumption Rates and Food
Conversion Efficiency for Groups of Snails in Aquaria
during the Fall, 1961 and Winter, 1962, Experiments.

Growth Consum. Percent
ExDeriment Rate Rate Conversion

Fall, 1961
Group 1 0. 852 9. 810 8. 69

2 1.178 17.557 6.71
3 1.719 19.537 8.80
4 1.287 15.247 8.44

Winter, 1962
Group 1 0.931 4.733 19.67

2 1.225 8.436 14.52
3 1.219 11.015 11.07
4 1.789 14.544 12.30

1 Growth rate: Calories of growth per kilocalorie of biomass
per day.

2 Consumption rate: Calories of food consumed per kilocalorie
of biomass per day.

3 Percent conversion: Growth divided by consumption times 100.



Table 9. Estimated Yield of Energy to Sculpins in the Streams during Each Seasonal
Period, Based upon a Comparison of Their Growth Rates with Those of Scul-
pins in Aquaria Fed a Ration of Known Caloric Value.

Season and
Length of
Experiment

Stream
Number

Est. Consum.
Rate (Cal/
Kcal/Day)

Mean Biomass
of Sculpins

(Kcal)
Yield'

(Kcal/meter2)

Fall, 1960 1 34.8 1.266 1.74
64 days 2 29. 6 3. 982 4. 66

3 27.8 4.02.5 4.42
4 18.4 7.467 5.43
5 45.0 2.933 5.21
6 14.2 5.276 2.96

Winter, 1961 1 19.4 5.290 4.05
64 days 2 7. 6 9. 931 2. 98

3 47.6 2.488 4.68
4 36.8 4.500 6,54
5 14.8 7.731 4.52
6 21.8 7.198 6.20

Spring, 1961 1 35.8 7.016 12.40
80 days 2 9. 1 11.264 5.06

3 33.4 2.453 4.05
4 28.2 5.158 7.18
5 19.8 10.124 9.90
6 22.6 8,305 9.27

0



Table 9 (continued)

Season and Est. Consum. Mean Biomass
Length of Stream Rate (Cal! of Sculpins Yield'
Experiment Number Kcal/Day) (Kcal) (Kcal/Meter2)

Fall, 1961 1 4.2 5.282 1.08
61 days 2 5.8 9.358 2.65

3 7.8 5.367 2.04
4 1.8 9.329 0.82
5 6.4 10.628 3.32
6 10.2 5.025 2.50

Winter, 1962 1 5.6 9.409 3. 12
74 days 2 12.4 3. 137 2.30

3 10.6 11.442 7.18
4 12.2 5.607 4.05
5 19.8 3.516 4.12
6 15.0 6.197 5.50

1 Yield Estimated consumption rate times mean biomass times time in days, divided
by 1. 25 square meters of stream area.

u-I



Table 10. Estimated Yield of Energy to Stonefly Naiads during the Fall, 1961 and
Winter, 1962 Based upon a Comparison of Their Growth Rates with Those
of Stoneflies in Aquaria Fed a Ration of Known Caloric Value.

Season and Est. Consum. Mean Biornass
Length of Stream Rate (Cal/ of Stoneflies Yield
Experiment Number Kcal/ Day) (Kcal) (Kcal/Mete r2)

Fall, 1961
84days 1 18.00 6.475 7.83

4 17.00 6.534 7.46

Winter, 1962
74 days 1 2.63 6.051 1.23

2 4.88 3.167 0.91
3 8.75 3.564 1.85
4 2.56 5.990 0.91
5 5.38 6.152 1.96
6 14.2 4.326 3.64

1 Yield = Estimated consumption rate times mean biomass times time in days, divided
by 1. 25 square meters of stream area.

U,
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The yields of periphyton to the snails are presented in

Table 11. Growth rate values for the snails in the streams during

the fall, 1961, and winter, 196Z, experiments are given in Table 8

and were applied to the curves in Figure 14 which gives growth rates

and consumption rates.

It should be emphasized that the yield estimates are based up

on values taken from curves, and the validity of the estimates depends

to a great extent upon the fit of the curves to the experimental data.

It has been pointed out that the data to which the stonefly growth

rate-consumption rate curves have been fitted are quite variable,

and for this reason the estimated yield of food organisms to stonefly

naiads is considered tentative.



Table 11. Estimated Yield of Energy to Snails during the Fall, 1961 and Winter, 1962
Based upon a Comparison of Their Growth Rates with Those of Snails in
Aquaria Fed a Ration of Known Caloric Value.

Season and Est. Consum. Mean Biomass
Length of Stream Rate (Cal/ of Snails Yield'
Experiment Number Kcal/Day) (Kcal) (Kcal/Meter2)

Fall, 1961
84 days

Winter, 1962
74 days

3

5
25. 90
26. 80

35. 449
35. 635

61,70
64. 18

1 6.00 6.312 2.24
2 6.50 6.476 2.49
3 3.00 6.536 L16
4 7.30 6.952 3.00
5 2.05 7.326 0.89
6 4.30 6.356 1,62

1 Yieid= Estimated consumption rate times mean biomass times time in days, divided
by 1. 25 square meters of stream area.

U,
U,
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DISCUSSION

Results have been presented of a study of some of the food

relations of selected animals stocked in laboratory streams, Growth

rates and production of two carnivores, sculpins and stonefly naiads,

were estimated in relation to different levels of biomass of the mdi-

vidual species or of the two species combined. The production of an

essentially terminal herbivore, the snail, was also studied,

The results of aquarium studies on the carnivores and the

snails made possible estimation of the amounts of energy taken in by

the experimental animals stocked in the streams, In certain in-

stances, the yield of energy in the form of herbivorous food organ-

isms may be used to estimate food organism production.

The results of primary production studies which were carried

on concurrently with animal studies in the streams are available for

making some analyses of energy flow through the stream community.

Before further consideration is given the results, some of the

factors which may have a bearing on their interpretation should be

discussed.

Yield has been used as a basis for part of the analysis of tro-

phic relations discussed later in this section. The validity of the esti-

mates of food yield for the streams is dependent upon how well the

growth and consumption rates of the animals are related between the
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aquaria and the streams. One factor which could cause errors in

estimation would be differences in maintenance costs of animals in

aquaria and in the streams. It is believed that differences in the

level of activity of the two groups would be the most important source

of error. Comparisons of animals in aquaria with those in the

streams could only be subjectively made, but observations did not in-

dicate any large differences in their activity levels. The increased

nocturnal activity of stonefly naiads (leaving the streams) may not

have been exhibited by the animals in the aquaria.

The snails used in the study are known to be important herbi-

vores in the natural streams in which they occur and assume an im-

portant role in the conversion of the energy from periphyton as well

as from leaves and other allochthonous plant materials. Ching (3,

p. 4) found that this species of snail thrives in the laboratory on cel-

ery, carrots, and algae, and she suggests that the digestive system,

with its crystalline style and gastric shield, is one which is adapted

to a carbohydrate diet. It is believed that the snails did not play an

important role as consumers of animals in the laboratory streams.

The results presented in Figure 4 would indicate that sculpin produc-

tion was not adversely affected as a result of the addition of snails to

the streams.

Stomach analyses of the sculpins and stonefly naiads stocked

in the streams indicated that both consumed primarily tendipedid



larvae and less frequently small mayfly naiads. Although diatoms

were frequently observed in the guts of the carnivores, the frustules

were usually intact and the chloroplasts usually retained their integ-

rity even in the posterior part of the gut. In none of the guts exam-

med was the plant material more than a minute fraction of the con-

tents. Diatoms were found only when animal materials were also

present, indicating either that the plant materials were accidentally

ingested with the food organisms, or that they were contained in the

stomachs of the herbivores which were consumed.

Experimental evidence showed that the sculpins could not

utilize periphyton for growth. Five groups of three sculpins each

were held in aquaria and fed rations consisting of different propor-

tions of tendipedid larvae and periphyton. The first group was fed a

ration of tendipedid larvae somewhat above that required for main-

tenance. The second group was fed tendipedid larvae at the approxi-

mate maintenance level. The third group was given the maintenance

ration of larvae, and in addition was given periphyton. The fourth

group was given periphyton alone. The last group was not fed. The

weight of the first group increased by three percent during the 30-day

experiment. A two percent loss of weight occurred in the second

group, and the loss in the third group was 4. 5 percent. The decrease

in weight in the fourth group was 16. 6 percent, and the loss in the

unfed group was 14. 4 percent.
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Since there were some unaccountable losses of stonefly naiads

in the streams and since it had been determined that the stoneuly

naiads could not be consumed by the sculpins, cannibalism among

the naiads was an obvious possibility. The effect of cannibalism was

studied in simple experiments in aquaria. Stonefly naiads were held

at densities equal to the low and high densities employed in the

streams and at a density of twice the high stream density. A group

of naiads at each of the three densities was provided with rocks for

attachment and hiding and was given periphyton which contained food

organisms. A fourth group was held at the high stream density and

was given rocks but no periphyton or food. A fifth group at the high

stream density was given neither rocks nor food. After 60 days, all

of the naiads stocked at the low density in an aquarium containing

rocks and food survived. Two naiads, or 20 percent, were eaten in

the aquarium having the high stream density and rocks and food.

Four naiads, or 16 percent, were consumed in the aquarium con-

taming rocks and food but which was stocked with twice the density of

naiads employed at the high level in the laboratory streams. Three

naiads, or 33 percent, were consumed at the high stream density in

the aquarium containing rocks but no food. Two of the naiads, or

25 percent, were consumed in the aquarium having the high stream

density and neither rocks nor food. Cannibalism in the aquaria usu-

ally occurred with moulting, the moulting animal being destroyed



before the new exoskeleton became hardened.

The magnitude of the mortality may, in part, be only chance,

since small numbers of animals were used in the study. Also, the

association of moulting with cannibalism has to be taken into consid-

eration. The aquarium experiment was carried on during the

summer, and the probability of moult was undoubtedly much higher

during this period than during the colder fall and winter periods.

Based upon the aquarium experiments, the estimated losses

in the streams would be between 0 and ZO percent for the respective

low and high stocking densities. However, only 16 percent were lost

in the aquarium stocked at twice the highest stream stocking level.

This would indicate that a more correct mortality value at the high

stocking level would be between 0 and 16 percent. Conditions for

survival were probably better in the streams than in the aquaria. The

animals in the streams were better supplied with food and cover, and

the more rigorous conditions of water flow would probably tend to

minimize contact between the naiads and reduce cannibalism,

Table 1Z shows the contribution of food energy to the stonefly

naiad population through cannibalism, if 16 percent of the mean bio-

mass of stoneflies at the high stocking densities during the fall, 1961,

and winter, 1962, experiments were consumed through cannibalism.

The estimated yield of food organisms to the naiads in these streams

and adjusted yield values are included.
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Table 12. Estimated Additions of Energy to the Streams from
Cannibalism by Stonefly Naiads, the Yield of Food
Organisms to the Naiads and the Adjusted Yield Values.

Yield of Adjusted Yield
Stream Energy from Food of Food

Exueriment Number Cannibalism Organisms Organisms

Fall, 1961 1 1.07 7.83 6.76
4 1.08 7,46 6.38

Winter, 1962 1 1.00 1.23 0.23
4 .99 .91 -0.08
5 1.01 1.96 0.95

It can be observed in Table 12 that the contribution of energy

to the stonefly naiads from the herbivorous food organisms in the

streams would be quite small during the winter, 1962, experiment if

the corrections for stonefly cannibalism were valid. The results of

experiments in which stoneflies and sculpins were stocked together

would indicate that stoneflies did, indeed, consume a large portion of

the food organisms. The production of sculpins was markedly lower

in streams containing stoneflies in the fall, 1961, experiment

(Figure 4) than in streams containing either sculpins alone or scul-

pins and snails. This reduction in sculpin production was also noted

during the winter, 1962, experiment (Figure 9). Considering the

above, it is probable that cannibalism did not play an important role

in stonefly production, and that most of the stonefly naiads which

were not recovered were lost from the streams and did not provide an
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additional food energy source.

It has been proposed that the yield of food organisms may, in

certain instances, be used to approximate their production. Yield

may not fully represent production in streams in which carnivore

biomass is very low, and estimates of yield may be subject to error

in streams in which biomass is very high. Low biomass could result

in undercropping of the food organisms, resulting in some of their

production having a fate other than consumption by carnivores. At

the very high levels of carnivore biomass, a higher proportion of the

food energy may have been required for activity associated with

competition for a reduced number of organisms, Food organism pro.-

duction may be most nearly approximated by food organisms yield

values determined for streams having levels of carnivore biomass

which resulted in very nearly the greatest carnivore production.

These carnivore biomass levels would correspond to those points at

the maximum or slightly beyond on the curves relating biomass and

production (Figures 2, 5, and 7). Food organisms production was

estimated on the basis of yield computations for streams 1 and 5 for

the fall, 1961, experiment as being about 8.9 and 3.3 kilocalories

per square meter, and for streams 3, 5 and 6 for the winter, 1962,

experiment as being about 9.0, 6 1, and 9. 1 kilocalories per square

meter, respectively.

Table 13 has been prepared to show the mean food organism



Table 13. Mean Food Organism Biomass, Yield, and Turnover
Rates in the Streams during Experiments Between the
Fall, 1960, and Winter, 1962.

Season of
Experiment
Fall, 1960

Winter, 1961

Spring, 1961

Fall, 1961

Winter, 1962

Stream
Number

1

2
3

4
5

6

1

2
3

4
5

6

Mean
Food Organism

Biomass in
Kcal/m2

359
299
329
194
329
269

836
658

1. 165
1.009

560
784

Food Organism
Yield in
Kc al /In2

1.74
4.66
4.42
5.43
5. 21
2.96

4.05
2. 98
4.68
6.54
4.52
6. 20

63

Turnover
Rate

4, 9
15.6
13.4
28. 0
1.5. 8
11., 0

4. 8
4. 5
4. 0
6. 5
8. 1
7. 9

1 1.046 12.40 11.9
2 .642 5.06 7.9
3 .963 4.05 4,2
4 1.098 7.18 6.5
5 .859 9.90 11.5
6 .836 9.27 11,1
1 .321 8.91 27.8
2 .605 2.65 4.4
3 .373 2.04 5,5
4 .314 8.28 26,4
5 .246 3.32 13.5
6 .515 2.50 4.9
1 .165 4,35 26,4
2 .246 3.21 13.0
3 .246 9.03 36.7
4 .224 4.96 22.1
5 .172 6.08 35.3
6 .329 9,14 27.8
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biomass, yield, and turnover rates of biomass with respect to yield,

for all experiments.

Initial food organism biomasses were quite small, these be

ing reasonably represented by the mean biomasses given in Table 13,

and could not have contributed greatly to carnivore production through

utilization of existing biomass of food organisms. The largest de

dine in biomass of food organisms in a stream containing a high

carnivore density was in stream number 6 during the winter, 1962.

The difference between initial and terminal biomass in this stream

amounted to about 0.4 kilocalories or about 4. 4 percent of the esti-

mated yield of food organisms during that period.

The turnover rates of food organism biomass were usuaLy

higher in streams containing stoneflies, indicating that the stoneflies

increased the utilization of the food supply in those streams. The

food organism biomass in streams 1 and 6 during the respective fall,

1961, and winter, 1962, experiments turned over 27.8 times.

Higher turnover rates were noted during the winter period but were

based upon yield values which may not approximate production.

Rather variable turnover rates of food organism biomass have been

reported in the literature, Nelson and Scott (11, p. 409) found that

the annual herbivore production in the Middle Oconee River was 16. 9

times the standing crop. Gerking (7, p. 69) found that the benthic

food turned over six times in Wyland Lake during July. According to
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Gerking (7, p. 69), Borutsky (2, p. 156-195) estimated that the

standing crops of midges in Lake Beloie turned over 1. 3 to 1. 7 times

annually. Allen (1, p. 199) has reported the highest rate of biomass

turnover. He determined that the biomass of food organisms in

Horokiwi Stream must have turned over 100 times annually to satisfy

the maintenance and growth requirements of the brown trout.

Gerking (7, p. 70..71) has criticized Allen's estimate of turnover

rate, suggesting that the maintenance requirement value used by

Allen was too high.

Estimation of the energy of primary production was made

employing the relationship between the mols of glucose formed and

the mols of oxygen evolved in photosynthesis. This estimate was

based upon the overall reaction 6CO2 + 6H20 + E C6H206 + 607,

and it involved the assumption that the photosynthetic quotient (P.. Q.

was unity for the stream periphyton community. Thus, the amount

of glucose formed was calculated by multiplying the grams of oxygen

evolved by 0.9375 (one molcarbondioxide dividedhy sixmols of oxygen).

The energy in kilocalories was obtained by multiplying the grams of

glucose by 3. 750, the caloric value of one gram of glucose.

Light energy at the water surface at the level of illumination

employed during the study was directly measured using an Eppley

large-area thermopyle. The thermopyle was fitted with a pyrex filter

in order to obtain energy values approximately restricted to the



visible spectrum. The energy values obtained are probably reason-

able estimates of absorbed light, as most of the periphytoncovered

rocks were within a few inches of the water surface.

Table 14 summarizes the energy values which were deter-

mined for both the producers and consumers during the faIl, 1961,

and winter, 1962, experiments. Plant and animal export was not

measured during the fall, 1961, experiment. However, estimates

were made of plant export during the fall, 1962. The average export

values for this experiment have been applied to the fall, 1961, experi-

ment as being indicative of the magnitude of plant export for this

season of the year. Estimated plant export was 0.61 kilocalories

per square meter of stream per day, or 51 kilocalories for the 84-

day experiment. These values are included in Table 14 but are en-

closed in parentheses.

Values were taken from Table 14 for use in calculating some

of the efficiencies of energy flow through the laboratory stream corn-

munities. The efficiencies are based upon the ratios suggested by

Odum (12, p. 54). One such efficiency is based upon the transfer of

energy from one trophic level to the next higher trophic level. This

efficiency which has been calculated for selected streams for the

winter, 1962, experiment, is based upon the ratios of gross photo-

synthesis to absorbed light, herbivore production to net photosyn-

thesis, and carnivore production to herbivore production. Streams



Table 14. Summary of Energy Values Determined for the Stream Communities during the Fall, 1961 and Winter, 1962, Experiments.

Stream
Experiment Number

Light
Energy

Gross

Production
Community
Respiration

Plant1
Respiration

Other2
Respiration

Net3
Production

Accumulated
Plant

Biomass

Sampled
Plant

Biomass

Exported
Plant

Biomass

Fall, 1961 1 11,068 1433 1052 (701) (351) (732) 226 24 (51)
2 11,068 1333 837 (558) (279) (775) 244 24 (51)
3 11,068 1275 1129 (753) (376) (522) 229 25 (51)
4 11,068 1476 1015 (677) (338) (799) 323 27 (51)
5 11,068 1138 780 (520) (260) (618) 188 25 (51)
6 11,068 1498 987 (658) (329) (840) 390 34 (51)

Totals 66,408 8153 5800 (3867) (1933) (4286) 1600 159 (306)

Winter, 1962 1 9,750 1158 325 (217) (108) (941) 323 26 270
2 9,750 1099 416 (277) (139) (822) 879 22 226
3 9,750 1031 280 (187)

(
93) (844) 704 18 263

4 9,750 1088 443 (295) (148) (793) 435 32 273
5 9,750 1255 434 (289) (145) (966) 331 18 185
6 i 1227 450 (300) (150) (927) 214 .?.

Totals 58,500 6858 2348 (1565) (783) (5293) 2886 141 1444

1 Two-thirds of community respiration.
2 One-third of community respiration.

Gross production minus plant respiration.



Table 14 (continued)

Herbivore Production Carnivore Production
Stream Food Organisms

Experiment Number Yielded Sampled Exported Snails Total Sculpins Stoneflies Total

Fall, 1961 1 8.9 0.3 9.2 -0.1 1.2 1.2
2 2.7 07 3.3 0.3 0.3
3 2.0 0.7 6.5 9.3 0.5 0.5
4 8.3 0.5 8.7 0.9 1.1 0.2
5 3,3 0.9 6.6 10.8 0.5 0.5
6 2.5 0.5 3.0 0,7 0.7

Totals 27.7 3.6 13.1 44.3 1.0 2.3 3.4

Winter, 1962 1 4.4 0.3 0.5 0.4 5.6 -0.2 0.0 0.1
2 3.2 0,5 0.5 0.5 4.7 0.3 0.3 0.7
3 9.0 0.5 0.7 0.3 10.5 0.9 0.8 1.7
4 5.0 0.5 0.3 0.5 6.3 0.6 0.0 0.6
5 6.1 0.3 0.5 0.3 7.2 0.7 0.8 1.5
6 9.1 0.6 0.6 0.4 10.7 0.9 1.2 2.2

Totals 36.8 2.7 3.1 2.4 45.0 3.4 3.1 6.8



3, 5 and 6 were chosen for this comparison largely because it was

believed that food organism production was reasonably well repre-

sented by yield in these particular communities. Mean efficiency val-

ues for the three streams are given in Table 15, The gross photosyn-

thesis efficiency of 12 percent is quite high. The shallow depth of

water over the algal community and the relatively low light levels are

factors which can contribute to high plant production efficiency. Odum

(15, p. 109) found gross photosynthesis to be about 5. 3 percent of ab-

sorbed light in Silver Springs. Teal (24, p. 623) found gross photo-

synthesis to be 6. 1 percent of light energy in a Georgia salt marsh

community. Most workers have estimated gross primary production

to be less than one percent of total insolation (10, p. 407; 6, p. 349-

367; 9, p. 438-450; 23, p. 299). However, if efficiencies of gross

photosynthesis were based upon the light energy reaching the plants,

the values would usually be several times greater. Herbivore produc-

tion in the streams was only about one percent of net photosynthesis.

Results obtained in studies in which herbivore production in natural

systems has been estimated have usually indicated herbivore produc-

tion to be a larger proportion of primary production than was found in

the laboratory streams. For example, herbivore production in Silver

Springs, calculated from Odum1s energy flow diagram (15, p. 61) was

16.7 percent of net plant production. Nelson and Scott (11, p. 412),

however, suggest a herbivore production efficiency of 2. 18 percent of
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Table 15. Mean Trophic Level Production Efficiencies for Selected
Streams During the Winter, 1962, Experiment in Percent.

Gross photosynthesis
Absorbed light

Herbivore production
Net photosynthesis

Carnivore production
Herbivore production

the primary energy produced on a rocky outcrop in the Middle Oconee

River. The low herbivore production efficiency in the laboratory

streams appears to be related to the comparatively low herbivore bio-

masses which developed in the streams. The community which devel-

oped in the streams was predominantly algal; and, under the relative-

ly controlled laboratory conditions, heavy colonization in the streams

by herbivores could not occur. The low herbivore colonization may

have resulted, in part, from a high cropping efficiency of the carni-

vores utilizing the herbivores in the streams. Under such a condition,

few food organisms may have survived to emerge and deposit their

eggs in the streams, Carnivore production efficiency in the streams

was 19 percent. This may be compared with efficiencies listed by

Nelson and Scott (11, p. 412) of 13.2, 4,95, 21.5, 42.8 and 18.6 per-

cent for the Middle Oconee River (Nelson and Scott, 1962), Silver

Springs (Odum, 1957), Root Spring (Teal, 1957), a Minnesota pond

(Dineen, 1953), and Cedar Bog Lake (Lindeman, 1942), respectively.
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Trophic level production efficiencies may demonstrate the ex

tent of energy flow from one trophic level to the next higher level,

but they do not indicate the pathways the energy may follow. Data can

be taken from Table 14 to show the pathway efficiencies from net

photosynthesis to food organisms and to a terminal herbivore, the

snail, as well as to show the efficiency of energy flow from food or

ganisms to sculpins and to stonefly naiads, These efficiencies have

been calculated for streams 1 and 5 for the fall, 1961, experiment,

and for streams 3, 5 and 6 for the winter, 1962, experiment. They

are presented in Table 16. Estimates of food organism production

during the fall experiment are somewhat tentative, since no estimates

of food organism export were made which could be added to the yield

values. Based upon the losses through export in streams 3, 5 and 6

during the winter experiment, the exported animal material would

have been about seven percent of food organism yield during the fall

experiment. Even though the food organism production data are ten-

tative, efficiency values have been included for streams 1 and 5, be-

cause they provide a comparison between two streams, one of which,

in addition to sculpins, was stocked quite heavily with snails, while

the other stream contained sculpins along with a comparatively large

biomass of stonefly naiads. In stream 1 during the fall, 1961, experi-

ment, 1.3 percent of net plant production was converted to food organ-

ism production. No sculpin production resulted from the production



Table 16. Energy Pathway Efficiencies in Selected Streams during the Fall, 1961, and Winter, 1962,
Experiments in Percent.

Fall, 1961 Winter, 1962
Stream Number 1 5 3 5 6

Percent Percent Percent Percent Percent
Snail production 6. 6 0. 3 0. 3 0.4
Net plant production 1. 1618. 0 844. 0 0.04 966. 0 0. 03 927 0 0, 04

Food organism production 9.2 4.2 0. 7 10. 2 1.2 6.9 0.7 10.3 1. 1Net plant production 732. 0 618. 0 844. 0 966. 0 927. 0

Sculpinproduction -0.1 0.5 07 0.9
Food organism production 9. 2 -Li 11.94. 2 .

8 8
6. 9 10.0 10,3

Stonefly production 1.2 0.8 0.8
Food organism production 9. 2 13.0 10.2 7,8 6.9 11,6 11.7
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of food organisms; in fact, energy in the form of sculpin tissue was

lost, All the energy of food organisms which resulted in carnivore

production accrued to the stoneflies. This competitive relationship

between the sculpins and stoneflies was shown graphically in Figures

4, 5, 9 and 10, In stream 5 during the fall period, a greater portion

of the energy of net photosynthesis went to the snails than to the food

organisms, 1. 1 percent as compared to 0 7 percent. No stoneflies

were stocked in this stream, and all of the energy reaching the car-

nivore level resulted in sculpin production. The proportion of food

organism energy reaching the sculpins in stream 5 was not greatly

different from that reaching the stoneflies in stream I.. During the

winter, 1962, experiment, the percent of plant production which re-

sulted in snail production was very low in all three streams, This

quite likely can be attributed to the very low snail biomasses stocked

during this experiment. Quite similar proportions of food organism

production went to sculpin production and to stonefly production in all

three streams, during this experiment. The ability of the stonefly

naiads to compete so effectively with the sculpins probably resulted

from differences in the availability of the food organisms to the two

carnivores. The naiads were probably able to search among the

rocks for food much more effectively than were the sculpins. Cer-

tainly, the results of stomach analyses and the data presented in

Figures 4, 5, 9 and 10 confirm that both carnivorous species were
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competing for the same kinds of food organisms. The naiads would

seem to be in a more favorable position to crop the food organisms,

a factor which might in part account for the high yield of these or-

ganisms which were usually represented by low biomasses.

Snail production is essentially terminal in that it is not utilized

to any great extent by aquatic carnivores. The greatest portion of the

energy involved in snail production, upon the death and decomposition

of the snails, passes directly from the ecosystem as heat from de-

composer respiration. The inclusion of snails along with the food or-

ganisms in the herbivore trophic level could result in misleading tro-

phic level production efficiency values. For example, the sculpin

production efficiency in stream 5 during the fall, 1961, experiment

would be 4.2 percent if snails were included, but it would be 11.9

percent if calculated from food organisms alone.

Another efficiency which can be calculated for the stream

animals is the ecological growth efficiency. These values have been

calculated for the sculpins, stonefly naia.ds and snails in individual

streams during the fall, 1961, and winter, 1962, experiments. The

efficiencies are based upon the ratio of the production of energy in the

form of animal tissue to the intake of food energy and are given in

Table 17. The food energy intakes are estimated from the stream

growth rates and the curves establishing the aquarium growth rate

and food consumption rate relationships (Figures 11, 12, 13 and 14),



Table 17. Ecological Growth Efficiencies of Sculpins, Stonefly Naiads and Snails in Individual Streams
during the Fall, 1961, and Winter, 1962, Experiments.

Sculpin Ecological Stonefly Ecological Snail Ecological
Production Growth Production Growth Production Growth

Stream Herbivore Efficiency Herbivore Efficiency Periphyton Efficiency
Experiment Number Yield in Percent Yield in Percent Yield in Percent

Fall, 1961 1 -0.07 1.22
- 6.5 15. 61.08 7.83

2 0.31
11 72.65

3 0.45
22 1

6.52 10 62,04 61,70
4 - 0.89 1.10

.82 -108.5 7.46 14.7

5 0.51 15.4 6.60 10,33.32 64. 18

6 26.8
2. 50

Winter, 1962 1 - 0.15
- 4.8 0,04 33 0,44 19.63.12 1.23 2.24

2 0.34 14.8 0.34 374 0,48 19.32.30 0,91 2,49
3 0. 92 12.8 0. 78 42. 2 0.31 26. 77,18 1.85 1.16



Table 17 (continued)

Stream
Experiment Number

Sculpin
Production
Herbivore

Yield

Ecological
Growth

Efficiency
in Percent

Stonefly
Production
Herbivore

Yield

Ecological
Growth

Efficiency
in Percent

Snail
Production
Periphyton

Yield

Ecological
Growth

Efficiency
in Percent

Winter, 1962 4 0,60 0.03
4.05 14 0.91 3 3.00 18 0

5 0.73 0.78 0.25
4, i

17.7 1.96 39.8 0.89 28. 1

6 0,94 17.1 '2 33.5 0.37 22.85.50 3.64 1.62

-1
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It can be noted that sculpin production was negative in streams 1 and

4 during the fall, 1961, experiment and in stream 1 during the winter,

1962, experiment. Although these losses of energy by the sculpins

were accompanied by an intake of food energy, the efficiencies for

animals which lost energy may not be comparable with the efficiencies

for animals which gained energy, since different metabolic pathways

may have been invoL'ed inanrnaIs which used energy stored in their

tissues. The ecological growth efficiency of scuipins was lower at

the higher stocking densities (streams 2 and 5 as compared to streams

3 and 6) during the fall. The stoneflies had very similar efficiencies

in both streams in which sculpin production was negative. The effici-

ency of snail production was essentially the same in stream 3 as in

stream 5. The ecological growth efficiency of sculpins during the

winter, 1962, experiment decreased with increased carnivore bio-

mass. Carnivore growth rates and production were low in stream 2

during the winter, and adjustments were made in presenting these

data in Figures 7, 8, 9 and 10. If the adjusted values were used in

estimating new yield or energy intake values, the ecological growth

efficiencies given in Table 17 would be increased somewhat. With the

exception of streams 1 and 4, the stonefly ecological growth effici-

encies were high during the winter, 1962, experiment. Due to the in-

herent errors in the measurement of stonefly growth, these values

should be considered as tentative, The ecological growth efficiencies



of snails were higher during the winter than during the fall. These

differences probably resulted from the use of somewhat smaller and

probably younger snails during the winter, in an effort to reduce

damage to the snails by the paddlewheels.

Energy flow diagrams have been used to describe the distri=

bution of energy in ecological systems over given periods of time.

Odum (15, p. 61) has done this for Silver Springs and Teal br a tein-

perate cold spring (23, p. 298) and for a Georgia salt marsh corn-

munity (24, p. 623). The diagram presented in Figure 15 has been

based upon values given in Table 14 for the total energy flow in the

six laboratory streams during the winter, 1962, experiment. In

order to provide a basis for budgeting the energy of net production, a

division of community respiration had to be made. Two-thirds of to-

tal community respiration was arbitrarily assigned to plant respira-

tion. The stream community was predominantly algal; and the blo-

masses of animals were always comparatively small, and animal

respiration could not reasonably have been a large value. There was

evidence of some bacterial decomposition of organic matter in the

streams, but it was believed that decomposition of any small amounts

of animal matter and any of the young an.d vigorously growing periphy-

ton community could not have accounted for more than one-third of

the entire community respiration. Net plant production in the corn-

munity was determined by subtracting the estimated plant



Figure IS. Energy flow diagram giving totals for the six laboratory streams
1962, experiment. Corrnunity respiration was arbitrarily divided
respiration (two-thirds) and other respiration (one-third). Of
5293 kilocalorles of net production, 5270 kilocalories of plant
for. The duration of the experiment was 74 days. Al! values ar
per square meter of stream area.

during the winter,

into plant

the estimated
fate were accounted
e in kilocalories

-4



respiration from the known gross plant production. The remaining

energy values employed in the diagram were either measured directly

or were calculated on the basis of factors taken from the literature.

Respiration values for snails and for food organisms (primarily

midge larvae) were based upon the respiration efficiency values Teal

applied to Physa (0. 53) and to Calopsectra (0, 75), respectively. Ex-

cept for the sculpins, for which assimilation rates were determined,

the amounts of energy lost to the decomposers was estimated by sub-

tracting other known or estimated losses from the energy estimated

to be consumed by the animals. Any energy values shown in the dia-

gram which were based on the literature, or were determined mdi-

rectly by differences, or were based upon the initial division of corn-

munity respiration have been enclosed in parentheses for purposes

of identification. Of the estimated 5, 293 kilocalories of net plant pro-

duction, all but about 23 kilocalories can be accounted for by totalling

the several fates of net production. These pathways are shown in the

flow diagram as: decomposition of plant materials; consumption of

plant energy by herbivores; removal of plants in sampling; export of

plant materials from the streams; and accumulation of plant materials

in the streams during the experiment.

It is, perhaps, of interest to examine the energy flow if a

different initial division of community respiration had been chosen.

For this purpose, the amount of plant respiration can be assumed to



be one-third instead of two-thirds of community respiration. This

leaves two-thirds of community respiration for plant and animal de

composition and for animal respiration. Under this condition, plant

respiration would be 783 kilo calories and the new value cf plant

production would be 6, 075 kilocalories, The remaining portion. of

community respiration, 1, 565 kilocalories, would be divided between

animal respiration and decomposition and plant decomposition.

Since animal respiration and decomposition was about 205 kilocalories,

about 1, 360 kilocalories of plant material could have been decom-

posed by bacteria. This division of community respiration (as con-

trasted with the division in the flow diagram) would have the effect of

increasing the proportion of plants decomposed from about Ii to about

22 percent of the net production, but would reduce the percentage of

net production which flowed to the herbivores only from 4. 2 to 3. 6.

The proportion removed in sampling would be reduced from 2. 7 to

2. 3 percent. The percent of net production exported would be reduced

from 27. 3 to 23 8 percent, and the amount of net production accumu-

lated in the streams would be reduced from 54, 5 to 47. 5 percent.

A comparison of the two different divisions of community res-

piration shows that, although the proportion of net production being

decomposed was doubled, the change in the proportion of energy going

into the other energy pathways was not greatly changed. This results

largely from the changes in net production which must accompany



changes in the amount of plant respiration (subtracted from gross

production).



BIBLIOGRAPHY

1. Allen, K. Radway. The Horokiwi stream. Wellington, 1951.
231 p. (New Zealand Department of Fisheries Bulletin No. 10)

2. Borutsky, E. V. Dynamics of the biornass of Chironomus
plumosus in the profundal in Lake Beioie, Proceedings of the
Kossino Limnological Station 22:1 56= 195. 1934.

3. Ching, Hilda LeL The morphology of Oxy.rema silicula
(Gould). Masterts thesis. Corvallis, Oregon State. University,
1957. 60 numb, leaves.

4. Clarke, G. L., W, T, Edmondson and W. E. Ricker, Mathe=
mati cal formulation of biolo gical pro ductivity. Ecological
Monographs 16:336-337, 1946.

5. Darnell, Rezneat M. Trophic spectrum of an estuarine corn-
munity, based on studies of Lake Ponchartrain, Louisiana,
Ecology 42:553=568. 1961.

6. Dineen, C. F. An ecological study of a Minnesota pond.
American Midland Naturalist 50:349=367. 1953.

7. Gerking, Shelby D. Production and food utilization in a popula-
tion of bluegill sunfish. Ecological Monographs 32:31-78,
1962.

8. Ivlev, V. S. The biological productivity of waters. Advances
in Modern Biology 19:98=120. 1945. (In Russian, t:ranslation
by W. E. Ricker).

9. Juday, Chancey. The annual energy budget of an inland lake..
Ecology 21:438=450. 1940.

10. Lindeman, Raymond L. The trophic dynamic aspect of ecology.
Ecology 23:399=418. 1942.

11. Nelson, Daniel J. and Donald C. Scott. Role of detritus in the
productivity of a rock-outcrop community ir. a piedmont stream,
Limnology and Oceanography 7:396=413 1962.



12. Odu.m, Eugene P. and Howard T. Odum. Fundamentals of
ecology. 2d ed. Philadelphia, Pa., W. B. Saunders, 1959.
546 p.

13. Odum, Howard T,, Efficiencies, size of organisms, and com
munity structure. Ecology 37:592597. 1956.

14. Primary production in flowing waters.
Limnology and Oceanography 1:1O2117. 1956.

15. Trophic structure and productivity of Silver
Springs, Florida. Ecological Monographs 27:55i12. 1957,

16. Odum, Howard T. and Charles M. Ho skin. Metabolism of a
laboratory stream microcosm. Publication of the Institute of
Marine Science, Texas University 4:1l5-133. 1957.

17. Parr Instrument Company. Instructions for the number 1411
combustion calorimeter. Moline, Illinois. 1958. 22 p.
(Manual No. 128)

18. . Instructions for the number 1411 combustion
calorimeter. Moline, Illinois, n. d. 7 p. (Supplement No. 1

to Manual No. 128)

19. . Oxygen bomb calorimetry and combustion
methods. Moline, Illinois. 1960. 56 p. (Technical Manual
No. 130)

20. Richman, S. The transformation of energy by Daphnia pulex.
Ecological Monographs 28:27329l. 1958.

21. Ricker, W. E. Handbook of computations for biological statis
tics of fish populations. Ottawa, 1958. 300 p. (Fisheries
Research Board of Canada. Bulletin No. 119)

22. Slobodkin, L. B. Energetics in Daphnia pulex populations.
Ecology 40:232-243. 1959.

23. Teal, John M. Community metabolism in a temperate cold
spring. Ecological Monographs 27:283-302. 1957.

24. Energy flow in the salt marsh ecosystem of
Georgia. Ecology 34:614-624. 1962.



85

25, Trama, Francesco B. The transformation of energy by an
aquatic herbivore Stenonema puichellum (Epherneroptera).
Ph.D. thesis. Ann Arbor, University of Michigan, 1957. 80
numb, leaves.

26. Verduin, J. Energy fixation and utilization by natural communi
ties in western Lake Erie. Ecology 37:4O50, 1956.

27. Wigglesworth, V. B. The principles of insect physiology.
4th ed., rev. New York, E. P. Dutton, 1950. 544 p.



t
n z C
-
)

C
'
)



Appendix I. Mean Weekly Water Temperatures in the Laboratory
Streams during 1961.

Date

Water
Temperature

-'O
(( ) Date

Water
- - -

Temperatureo
(C

1/14 1/21 7.2 7/11 7/17 16.7
1/21 1/28 8.8 7/17 7/24 16,1
1/28 - 2/ 6 9.4 7/24 7/31 16,7
2/ 6 - 2/13 8.9 7/31 8/ 6 17.8
2/13 - 2/20 9.4 8/ 6 8/14 16.7
2/20 2/27 8.9 8/14 8/21 16.1
2/27 - 3/ 6 10.3 8/21 8/28 15,6
3/ 6 * 3/13 10.5 8/28 - 9/ 4 15.0
3/13 - 3/20 10.0 9/ 4 9/11 14,4
3/20 - 3/27 11.7 9/11 9/18 13.3
3/27 - 4/ 3 11,7 9/18 - 9/25 12,2
4/ 3 - 4/10 11. 1 9/25 10/ 2 12,2
4/10 - 4/17 8.9 10/ 2 10/ 2 12.7
4/17 - 4/24 10.6 10/ 9 10/16 11.1
4/24 - 5/ 1 10.6 10/16 10/23 10.0
5/ 1 - 5/ 8 10.6 10/23 - 10/30 8.9
5/ 8 - 5/15 12.8 10/30 11/ 6 8.9
5/15 - 5/22 11.7 11/ 6 11/13 7.2
5/22 - 5/29 13.9 11/13 11/20 8.3
5/29 - 6/ 5 13.3 11/20 - 11/27 10,0
6/ 5 - 6/12 15,0 11/27 1Z/ 4 7.8
6/12-6/19 15.6 12/ 4- 12/11 6.1
6/19 - 6/26 14.4 12/11 12/1.8 9,4
6/26 - 7/ 4 15.3 12/18 12/25 8.9
7/ 4-7/11 16.1 12/25 - 12/31 8.9



Appendix II. Chemical Constituents of Laboratory Stream Water
Supply in Milligrams per Liter.

Constituent

Nov. 4
1960

10:30
a. m,

Date and Time of Collection
Mar. 17 May 23 Aug. 3

1961 1961 1961
10:00 11:00 3:00
a. m. a. m. p. m.

Mar. 6
1962
11:00
a. m.

Silica (Si02) 38 23 33 40 22
Aluminum (Al)
Iron(Fe) 0.21 0.25 0.11 0,32 0.53
Calcium (Ca) 7,4 11 18 23 10
Magnesium (Mg) 8. 5 3.7 6 1 8,2 3,7
Sodium (Na) 0. 5 4. 7 7. 3 9. 1 4. 4
Potassium (K) 0, 5 0.3 0.3 0.6 0.3

TOTAL 87.61

Bicarbonate (HCO3) 121 60 97 125 52
Carbonate (CO3) 0. 0 0.0 0. 0 0. 0 0. 0
Sulfate (SO4) 0.4 0.4 0.4 0.6 1.6
Chloride (Cl) 6, 0 4. 2 4. 5 4, 5 4. 8
Fluoride (F) 0. 1 0. 1 0. 1 0. 1 0. 1
Nitrate (NO3) 03 0.2 0.2 0.3 0,4
Phosphate (PO4) 0. 10 0.05 0. 06 0. 13 0. 04

TOTAL 127.90

DISSOLVED SOLIDS:
Calculated 144 78 118 149 73
Residue on evapora-

tion at 180°C. 147 84 117 154 88
Hardness as CaCO3 90 43 70 91 40
Non-carbonate 0,0 0,0 0,0 0.0 0.0

Specific conductance: 207 105 165 206 98
(Micromhos at 25°C.)

Appearance when Milky
collected Clear Clear Clear Clear turbid

pH 7.6 7.8 7.9 8.0 7.2

Color units 5 10 10 10 10

1 These analyses were made under the supervision of L. B. Laird,
District Chemist, U. S. Geological Survey, Portland, Oregon.




