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THE EFFECTS OF OIL SHALE RELATED EFFLUENTS ON SOME 
BENTHIC fRESHWATER ORGANISMS 

Peter Paul Russell 

Energy and Envi ronment Divi si on 
University of California 

Lawrence Berkeley Laboratory 
Berkeley, CA 94720 

ABSTRACT 

" Laboratory scale model streams were developed to assess the 
, 

effects of oil shale-related effluents on lotic freshwater 'aufwuchs 

and caddisfly larvae. Aufwuchs consists of bacteria, fungi, algae and 

~icroscopic invertebrates residing on submerged, solid surfaces. 

Together with the caddisfly larvae,aufwuchs can indicate biological 

responses at several trophic levels. A major impact of oil shale 

"development in the headwaters of the Colorado River System may be on 

aquatic organisms in small streams. 

Tygon tubing artificial substrates were designed to monitor 

colonization and development of aufwuchs over the course of the 9-day 

experimental runs. Model stream deSign allowed variation o'f water 

temperature, chemical composition~ 'flow rate and illumination intensity 

and periodicity. Chemical constancy of the stream water was provided 

by continuously metering new water tq the streams with doses of test 

effluents. Experimental runs tested Omega-9 water (groundwater 

diluted, in situ:retort water) at dilutions between 0.013% and 2.12%; 
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Unfiltered Omega-9 wate~ at dilutions between 0.27% and 1.06%; 150 ton 

retort water (retort water from an above~ground, in situ simulator) at 

dilutions between 0.084% and 0.67%; and ammonium carbonate solutions 

of 0.56 mM to 4.52 mM. The aufwuchs response to the effluents was 

monitored macroscopically, microscopically, and through measurement of 

biomass, ATP, chlorophyll ~, respiration rate and photosynthetic rate. 

Readily measurable effects in the aufwuchs was produced by exposure 
• 

to Omega-9 water and Unfiltered Omega-9 water' at 1% and higher and 150 

t.c;>n retort water at 0.34% and higher. In general, high effluent'con

centrations teduced the percentage of diatoms in theaufwuchs;popula~ 

tion" in~reased,heterotrophy and promoted sloughing of the aufwuchs: 

mat. Very dilute effluent exposure s t imul ated aufwuchs product iv'ity • 

. Larvae of the caddisflyGumaga nigracula were notmeasutably 

affected by the Omega-9 water and Unfiltered Omega-9 waterconcentra-

tions tested, nor by the ammonium carbonate solution. Larvae of the 

caddisfly. Dicosmoecus gilvipes were not exposed to the oil shale-

. related effluents but were noticeably affected by concentrations of 

ammonium.: carbonate greater than 2 mM. 



CHAPTER· 1 

INTRODUCTION 

Oil shale is defined as a finely layered rock that contains 

kerogen and from which liquid or gaseous hydrocarbons can be distilled 
. . 

(U.S. Environmental Protection Agency, 1979). These hydrocarbons, 

popularly dubbed synfuels, have yet to undergo extensive commercial 

production. The virgin resource status of synfuels may soon change in 

the United States, however, as the conventional energy sources become 

strained under increasing demand. Environmental concern over the 

impact of a large scale oil shale industry is resulting in an exten-

sive effort to identify in advance and mutigate any ecological 

problems. Never before have such elaborate precautions been taken to 

protect the environment from irresponsible abuse by a bl:1rgeoning 

industry. 

1.1 Objective 

The purpose of this research is to contribute to the environmental 

impact evaluation of oil shale development. The direct objective of 

this research is: (1) to develop an assay technique useful as a 

monitoring tool for oil shale industry wastewaters in surface receiv-

ing water bodies and (2) to document the types of biological responses 

to be expected and to bracket the effluent concentration ranges likely 

to produce effects in the field, using pilot scale wastewaters corre-

sponding to anticipated industry effluents. New apparatus and metho-

dology were designed and used to model lotic habitats, similar in many 

respectstothoseoC the oil shale region. The basic approach was to 
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grow aufwuchs and insect larvae in parallel model streams while 

monitoring the organisms for responses to oil shale related effluent 

dilutions. Qualitative and quantitative comparisons between organisms 

in the undosed model stream and those in the treatment streams were 

the principal indicators of potential oil shale development impacts. 

1.2 U.S. Energy Setting 

Current United States energy consumption is about 40 million 

barrels per day (MBPD) of oil equivalent (National Academy of 

Engineering, 1974). Approximately half of this energy demand is 

satisfied by oil, 8.5 MBPD ~f which is imported (Ericsson and Morgan, 

1978; Wade, 1979). The imported oil contribution to our budget has 

recently come under close scrutiny for both economic and geopolitical 

reasons. The first major shock to U.S. oil consumers was the Arab Oil 

Embargo of 1973 when,the price of imported oil quadrupled. This and 

subsequent price increases by members of the Organization of Petroleum 

Exporting Countries (OPEC) have produced a general feeling in the U.S. 

that there is a domestic energy shortage and that the U.S. is victim 

to the capricious export policies of OP~ members. Many people now 

believe that the current price of imported oil is ample economic 

incentive to develop alternative energy supplies. Geopolitically, the 

hazards of reliance on imported energy sources have been dramatized by 

the deposition of the Shah of Iran which sharply curtailed oil exports 

from that country to the U.S. More recently other OPEC member nations 

I 

announced reductions in their export oil volumes. Although less 

vociferously ton ted than the economic disadvantages of importing a 
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large part of the U.S. energy supply, the periJ, of depending on energy 

sources which may be cut off by political whim is the primary impetus 

for developing domestic energy sufficiency. 

The United States has vast resources of coal but much of the· 

energy demand is for liquid fuels, especially for transportation. 

There is an enormous advantage to developing an alternative liquid 

energy supply that would not reqllire extensive modifications to exist

ing internal combustion engines. Synthetic petroleum from oil shale 

or coal may fit this need welL Coal liquefaction is projected to be 

more expensive than shale oil production (White, 1977; Hammond and: 

Baron, 1976). Processing costs. in synthetic fuel production are 

closely correlated with the difference between the hydrogen to carbon 

ratio (H/C) of the parent ore and that of the refined product. The 

hydrogenation process used to manufacture a product having the desired 

HIC ratio is relatively expensive. The Hie ratio of coal ranges from 

0.05 to 0.6, but the Colorado oil shale ratio is 1.58 (Hammond and 

Baron, 1976). For compar ison with an important end produc t, the HIC 

ratio of gasoline is 2. Moreover, the necessary technology for shale 

oil production is more advanced than for coal liquification. 

1.3 Occurrence of Oil Shale 

Worldwide, oil shale resources amount to about 500 billion m3 

(3x10 12 bbl) of oil equivalent. Table 1-1 gives a breakdown of much 

of the known global oil shale assets by country. In addition, 

Australia, Austria, France, Israel, Jordan, New Zealand, Romania, 

South Africa and Spain have oil shale reserves to some extent (U.S. 
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Table 1.1. Globai Oil Shale Deposits. 

Country Billions of m3 (Billions of bbls) 

United States 318.0 2,000.2 

Brazil 127.3 800.8 

U.S.S.R. 17.9 112.6 

Zaire 16.0 100.6 

Canada 7.0 44.0 

Italy 5.6 35.2 

China 4.4 27.9 

Morocco- 0.6 4.0 

Swed~n 0.4 2.5 

Burma '. 0.3 2.0 

West Germany 0.3 2.0 

Great Britain ,;' 0.2 1.0 -

Thailand- ,.' 0.1 0.8 

Source: .Slawson and Yen, 1979.' 



5 

Environmental Protection Agency, 1919). Although most oil shale 

deposits have not been adequately explored to develop a reliable 

estimate of their yield, the Green River Formation at the junction of 

Colorado, Utah and Wyoming is being vigorously studied in anticipation 

of commercial synthetic petroleum production. It is this deposit that 

is the focus of the research reported here. 

The distribution of oil shale deposits in the United States 

encompasses California, Alaska, Montana, large. areas i~.the Central 

and Great Lakes states , and the Green River Formation of Colorado, 

Utah and Wyoming. Only the latter deposit is presently economiqally 

attractive due to its higher organic content and relative accessi

bility. It contains about 95 million m3 of high grade shale oil. 

Figure 1-1 illustrates the locationdf the major oil shale deposits in 

the United States. Essentially, all high grade United States oil 

shale occurs in the Green River Formation. 

Large, chemically stratified lakes of the Eocene period deposited 

the material that has become the Green River formation (Slawson and 

Yen, 1919). The monomolimnion of these lakes provided a strongly 

basic and reducing environment, high in sodium carbonate salts. 

Biological production, mainly algal cells, in the freshwater upper 

strata settled to the bottom. As the lakes aged, this material was 

preserved from complete decomposition by the anoxic conditions of the 

lower strata. With time, overlying deposits compressed the organ

ically rich sediments and produced the waxy organic substance in oil 

shale, mainly kerogen. Suspended inorganic matter and crystalized 
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Major Oil Shale Deposits in the U.S. 

Source: U.S. Environmental Protection Agency, 1979. 
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salts were codeposited with the dead ceils yielding the finely strati-

fied structure of oil shale, generally having an organic content of 

less than 25%" The inorganic fraction of Green River Formation oil 

shale consists principally of carbonates, silicates, pyrites and "other 

sulfides, many of which are rather soluble. ThUS, oii shale is really 

a marlstone rather than a shale. Geographically separated oil shale 

.' deposits may have quite diverse mineral characteristics depending upon 

the aquatic chemistry of the lake or sea producing the original 

sediments. 

1~4 History of Oil Shale Develbpment 

The first recorded use of synthetic" fuel was in the Tyrol region 

of Austria in 1350 AD, but there is evidence that by then it was a 

well established activity (U.S. Environmental Protection Agency, 

1979). The existence of British oil shale was known since the Iron 

Age, but not until 1694 was its distillation process patented as "oyle 

from a kind of stone." (Hamnlond and Baron, 1976). Initially shale oil 

was valued as much as a medicine as a fuel. In 1838, however, the 

French began commercial production of shale oil to enrich water gas 

and to use as a lamp fuel. The growth of a commercial oil shale 

industry was soon preempted, for in 1859 E. L. Drake succeeded in his 

attempts to drill for oil in Pennsylvania. A niere 14 years la'ter, 

United States oil production was 10 million barrels annually. Profit-

able shale oil production has rarely occurred since. The notable 

exception is the case of Scotland where cOli1Illercial shale oil pr,oduc-

tion, begun in 1862, continued for 100 years. This particular site, 
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however, was encouraged by very high grade oil shale and a nearby 

market. Other significant developments of oil shale deposits asa 

source. have occurred in Australia, France, China, South Africa, Spain, 

Sweden, and USSR, b~t these existed only through the necessity of war 

or by government subsidy. Oil from shale was Japan's principal liquid 

fuel :source during World War II. 

The ruins of an old retort used by the Mormans to distill oil 

from sh~le mark the first definite use of Green River oil shale, 

although it is likely the Indians recognized its value much earlier 

(U.S. Environmental Protection Agency, 1979). Many fledgling oil 

shale companies have existed in the United States since, but the 

advent of Drake's oil wells prevented them from securing a firm 

economic foothold. 

Early in the Twentieth Century the major oil companies took an 

active interest in the Green River oil shale deposits. Properties 

were acquired and experiments were conducted to refine the production 

technology. The federal government's interest in oil shale as a 

source of fue 1 was prompted by World War II and took the form of the 

Synthetic Liquid Fuels Act in 1944 which included demonstration 

facilities at Anvil Points in the Piceance Creek Basin the richest 

section of the Green River Formation. In 1968 the Department-of the 

Interio~. undertook the Oil Shale- Test Leasing Program, seeking' to let 

two tracts in each of Colorado, Utah and Wyoming by competitive 

bidding. The bid sales in 1974 awarded the Colorado and Utah tracts. 

to consortia formed mainly of the major oil companies. The Wyoming·, 
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tracts were not awarded. Figure 1-2 shows the location of current oil 

shale operations of the Green River Formation. 

1.5. Shale Oil Production Technology 

This section briefly reviews the existing. methods of synthetic 

petroleum production from oil shale. The intent is to familiarize the 

reader with the contemplated basic industry procedures and oil recovery 

strategies so a.s to place in perspective the potential effluent streams 

which would be dealt with. Elucidation of the effects of these 

effluents onrece-iving biota, is the purpose of this research. A 

rigorous discussion of proposed development plans is purposely avoided 

as these matters are adequately and more appropriately considered 

eisewhere(Crawford et al., 1977; Cotter, Prien et al.,1978; Cotter, 

Strahler et al., 1978; Slawson and Yen, 1979). 

The fundamental element in production of synthetic petroleum from 

oil shale is heating of raw shale to at least 800 F(427 C). At this 

temperature and above kerogen, which comprises most of the organic 

matter in the inorganic matrix of the shale, is pyrolizedto yield 

oil. A number of processing strategies have been developed to retort 

the shale as described above. These options involve the method used 

to heat the shale, the composition of the atmosphere to which the 

shale is exposed during retorting and whether the shale is retorted in 

place or brought to the surface first. The choice of options often 

has a large influence on the character and amount, of waste products 

generated, on the yield of oil and on production economics. 
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1.5.1 HSurface vs •. In Situ Retorting 

Oil shale may be retorted below ground with subsequent pumping of 

the product fluids to the surface or the shale itself may be mined and 

retorted on the surface. The former technique is called in situ 

processing. In situ processing requires that the oil shale strata be 

fractured to permit efficient heating of the entire shale bulk and to 

allow recovery of the product. True in situ methods effect fracturing 

by explosive detonation with surface upheaval or by solution mining of 

a portion of the soluble matrix minerals. 

A potentially more viable type of in situ processing is called 

modified in situ. Here some of the difficulties in developing adequate 

fractures in the shale strata are overcome. Cavities above and below 

the zone to be retorted are mined and an explosive charge is used to 

rubblize the in-place oil shale so that the void volume is propagated 

throughout. The volume removed to the surface is on the order of one 

fifth of the retorted zone. If possible non-kerogen bearing strata or 

leaner oil shales are mined but when high grade material is removed it 

may be retorted on the surface. 

With either type of in situ processing, wells are bored into the 

retorting zone to supply gas,es and initiate retorting., A series of 

wells are also drilled around the retorting zone so that product 

fluids can be recovered. 

Above ground retorting involves heating the shale, crushed to the 

appropriate size, in closed vessels. These retorting operations are 

typically .continuous as opposed to the batch mode of in situ 
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retorting. Well established mining techniques are used to bring the 

ore to the surface. Generally' room and pillar mining is employed with 

deeper strata whereas open pit mining is.more feasible where the oil 

shale occurs in a thick layer without excessive overburden. 

Both in situ and surface retorting processes have their 

advantages and disadvantages. Briefly, surface operations are more 

easily controlled and continuous mode economies are available. In 

. addition; yields are usually higher. The problem of spent shale, 

however, is enormous. Vast quantities of spent shale are produced 

which cannot be totally disposed of in the original mine since retort

ing expands the shale volume by as much as 50%. Surface stored spent. 

shale requires extensive maintenance to control dust and the leaching 

. of substances. to surface waters. Large areas are required for surface 

disposal, on the order of square miles, and revegetation is accom

plished only with the application of ~oth 'fertilizer and water. 

The distinct advantage in situ processes have over surface 

retorting is that colossal quantities of raw and spent shale don't. 

have to be handled. Oil yields may be lower due to difficulties in 

fracturing the raw shale and in complete collection of the product 

fluids. Adequate rubblizing of the' zone to be retorted is the fore

most problem with in situ techniques. The possibility of ground 

waters comrnunicatingwith spent shale zones has yet to be properly 

evaluated. Leaching of spent shale minerals and organics to ground 

waters is as import?1nt to avoid as surface disposal leachate flowing 

into creeks·and rivers. Both the upper and lower aquifers which 
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delimit the 'kerogen-rich Mahogony Zone of the Parachute Creek Member 

in the Green River Formation feed Piceance Creek and its tributary 

Black Sulfur Creek through springs and baseflow (Goettl and Edde, 

1978; Gray and Ward , 1978). 

Atmospheric emissions of concern from above and below ground 

retorting are expected to be similar. Effluents associated with 

mining and handling of shale 'however, notably fugative dust and 

internal combustion engine exhaust, would probably be less with the 

in situ option. 

Water is of paramount importance in oil shale processing but the 

wa ter problemS facing the two types of processes may be radically 

diffetent. Retort Water is coproduced with the oil. It originates as 

free and inorganically bound water released from the 'shale; water from 

pyrolysis of kerogeh and water of combustion (when retorting occurs in 

an oxygen atmosphere). The amount ranges from 4 to 30 liters (1-8 

gallons) of water per ton of oil shale processed (Crawford et ah, 

1977). As oil yields from commercially attractive shales usually 

exceed 15 barrels per ton, the ratio of water to oil production'in 

surface retorting is less than one. This water could be totally used 

in dust control procedures and wetting of the spent shale. Additional 

water may be required for these purposes. No discharges to surface 

waters are contemplated by the industry. 

In contrast to above ground production, in situ processes mai 

encounter large quarititites' of ground water during product recovery. 

One such in situ demonstrati~n project obtained more than '20 gallons 
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of water per gallon of oil (Farrier et al., 1979). It is unlikely 

that so much water could be used in production activity especially 

since little or no shale will be disposed of on the surface. 

Evaporation or reinjection are the most promising opportunities for 

this excess water. 

1.5.2 RetortHeating \ 

Three techniques for heating shale to the pyrolysis temperature 

exist: hot solids, hot gases and internal combustion. The first 

option can be used only with surface retorts and is currently 

envisioned as concurrent flow within the retort of finely crushed raw 

shale and externally heated ceramic spheres. Alternatively a portion 

of the retort off gas can be externally heated' and fed to the retort 

to heat the incoming raw shale. Countercurrent flow of gas and shale 

. flow is used in surface retorting while in situ operatipns are. run in 

batch mode. The final heating option consists of combusting the 

carbonaceous residue on the retorted shale after distillation ~of the 

oil. An oxygen-gas mixture is supplied to the above ground or in situ 

retort and a flame front is established to start the pyrolysis. Water 

of combustion is produced and the composition of the off gas may be 

quite different from inert gas retorting. Much less carbon residue is 

left on the spent shale with combustion retorting and what remains may 

be quite dissimilar in its chemical and physical properties from 

unburned residue. The surface processes, which require spent shale 

disposal, are sensitiv~ to the character of the solid waste. For 

example, the hot solid heating methodology uses input shale crushed 
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much finer than is necessary for other retort heating regimes. The 

fugitive particulate matter liberated in the additional preparatory 

crushing and the large fraction of fines in the spent shale result in 

greater solid waste disposal problems than otherwise exist. 

1.5.3 Associated Oil Shale Activity 

The production of synthetic petroleum from oil shale necessitates 

many corollary activities on or proximal to the site. Construction of 

the site works and physical plant for mining, preparation and retort

ing of oil shale wiil be ongoing. With in situ processing, new sub

terranean retorts will be prepared as old ones are exhausted. Surface 

retorts will require areal expansion as by-product spent shale is 

accumulated. After each development's initial construction phase, in 

which much of the retort capacity will be built, the majority of 

construction activity will be assoicated with mining, road building 

and solid waste disposal. 

Upgrading or prerefining of shale oil is planned on site for most 

current projects. These processes principally consist of sweetening 

to lower "the product nitrogen and sulfur levels and hydrotreating to 

raise the Hie ratio. Upgrading will usually be necessary to make the 

product oil suitable for either ori site use or pipeline transport. 

Extensive pollution control facilities may be mandated. These 

may include bag houses, scrubbers and electrostatic precipitators for 

atmospheric emissions. Liquid effluents may require rigorous treat

ment before reuse or deep-well injection disposal. Such waste water 

treatment works would likely include API separators, clarifiers, 
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activated sludge units with ass9ciated sludge treatment facilities, 

and physical-chemical process works for dissolved salt removal. 

Ponding may also be employed for wastewaters deemed uneconomical to 

treat or dispose of otherwise. 

Thousands of people would be employed in a substantial oil shale 

development. The population influx of employees and their,families to 

the presently sparsely populated Piceance Basin would be quite 

noticeable. Aside from their housing requirements, changes would be 

observed from the supporting influx of stores, public utilities and 

recreational facilities. 

1.5.4 Omega-9 Water and 150 Ton Retort Water 

The principal independent variabl~ in this research is the 

concentration of the test oil shale-related effluent, either Omega-9 

water or 150 Ton Retort water. The Omega-9 water was a sample obtained 

from the U.S. Department of Energy/Laramie Energy Technology Center as 

produced during the Rock Springs Site 9 experimental in situ oil shale 

processing project near Rock Springs, Wyoming. Farrier and others 

(1977) have described the conditions under which this process water 

was recovered. • I Omega-9 water lS a retort water sample that was diluted 

by groundwater intrusion during recovery. The 150 Ton Retort Water 

sample was taken during an experiment at Laramie Energy Technology 

Center's 150 ton simulated in situ retort in Laramie, Wyoming. In 

contrast to Omega~9 Water, this water is 100% by-product of the 

retorting process of the retorting process. Table 1-2 reports the 

elemental composition and water quality measurements of Omega-9water 
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Table 1.2. Characterization of Oil Shale Related Effluents. a 

Parameter Omega-9 Water 150 Ton 
Retort Water 

ELEMENTS 

Aluminum <0.03 - 19.1 16.6 
Antimony 1.9 ± 0.5 
Arsenic 1.0 ± 0.2 1.4 
Barium 0.71 ± 0.33 0.17 
Beryllium <0.006 
Bismuth <0.01 
Boron 27 ± 7 3.4 
Bromine 2.4 ± 0.4 1.5 
Cadmium 0.0016 ± 0.0008 
Calcium 12 ± 4 3.3 
Cerium <0.026 
Cesium 0.0021 ± 0.0003 
Chlorine 824 ± 61 57 
Chromium 0.02 ± 4% 0~018 
Cobalt 0.030 ± 0.012 0.31 
Copper 0.10 ± 0.04 15.6 
Dysprosium <0.006 
Europium <0.0013 
Fluorine 60 ± 9 26 
Gallium 0.004 ± 0.000 
Germanium 0.013 ± 0.004 
Gold <0.005 
Hafnium 0.015 ± 0.003 
Holmium <0.063 
Indium <0.01 
Iodine 0.59 ± 0.30 0.11 
Iridium <0.00006 
Iron 1.2 ± 0.3 4.7 
Lanthanum 0.006 ± 0.001 
Lead 0.0045 - 0.02 0.3 
Lithium 0.18 - 0.8 
Lutecium <0.006 
Magnesium 20 ± 6 24 
Manganese 0.09 ± 0.04 0.22 
Mercury 0.0003 - 0.02'-
Molybdenum 0.60 ± 0.07 
Neodymium <0.009 
N.ickel 0.06 . ± 0.02 0.014 
Niobium 0.002 ± 0.000 
Osmium <0.06 
Palladium <0.05 
Phosphorus 3.2 ± 2.6 8.5 
Platinum <0.08 
Potassium 47 ± 9 37 
Praseodymium 0.0020 ± 0.0014 



Table 1-2. Continued 

Rhenium 
Rhodium 
Rubidium 
Ruthenium 
Samarium 
Scandium 
Selenium 
Silicon 
Silver 
Sodium 
Strontium 
Sulfur 
Tantalum 
Tellurium 
Terbium 
Thallium 
Thorium 
Thulium 
Tin 
Titanium 
Tungsten 
Uranium 
Vanadium 
Ytterbium 
Yttrium 
Zinc 
Zirconium 

WATER QUALITY PARAMETERS 

Alkalinity (as CaC03) 
,Biochemical Oxygen' Demand, 5-day 

Carbon, Bicarbonate (as HC03) 
Carbon, Carbonate (as C032) 
Carbon, Inorganic (as C) 
Carbon, Organic (as C) 
Chemical Oxygen Demand 
Conductivity (~mhos/cm) 
Cyanide (as CN-) 
Hardness, Total (as CaC03) 
Nitrogen, Ammoniad (as NH~) 
Nitrogen, Ammonium (as NH4) 
Nitrogen, Kjeldahl (as N) 
Nitrogen, Nitrate (as (N03) 
Nitrogen, Organic (as N) 
Oil and Grease 
pH (pH units) 
Phenols 
Phosphorus, Orthophosphate 

(as POIi3) , 
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0.16 

<0.024 
<0.015 

± 0.04 
<0.042 
<0.0013 

0.0012 ± 0.0002 
0.21 ±0.11 
8 ± 6 
0.003 ± 0.001 
4333 ± 244 
1.12 ± 0.36 
2010 ± 900 
0.045 ± 0.025 

0.001 
<0.0009 
<0.006 

0.0037 ± 0.0003 

0.001 
<0.02 
0.01 
0.55 
0.12 

0.001 
0.31 
0.73 

<0.013 
- "10 
- 2 
± 0.000 
± 0.07 
± 0.01 

<0.002 
± 0.000 
± 0.04 
± 0.25 

16,200 ± 480 
740 

15,940 
500 ' 

3340 
1003 
8100 
20,400 
0.42 . 

± 390 
'± 192 
±5700 
± 38~0 
~ 2.9 " 

110 
3795 
3470 
3420 

148 

± 390 
± 830 
± 420 

0.17 
':'630 

580 
8.65 ± 0.26 
60 ± 30 

0.08 - 24.6 

,0.24 
25, 

655 

406 

1.8 

6.4 

38,000 
5,325 

,5850 
4980 
8800 

86 
10,150 

11,000 

8.6 



Solids, Fixed 
Solids, Total 
Solids, Total Dissolved 
Sulfur, Sulfate~as SO~2) 
Sulfur, Sulfide (as S) 
Sulfur, .Sulfite (as S) 
Sulfur, Tetrathionate 

(as S40'02) , ' 
Sulfur, Thiosulfate 

(as S203 2) 
Sulfur, Thiocyanate (as SCN-) 
Volatile Acids (as CH3COOH) 

19 

13,~30 ± 
1~,210 ± 
1.4,210 ± 
1,990 ± 
0.0 0,0 
<20 <20 

280 .. 280 

27~0 ± 
123 . ± 

a •. 
b.' 

All values are mg/l unless otherwise noted. 
Farrier et al., 1979. 
Ossio et al., 1978. .+ 
This value is the sum of NH3 and NH4 · 

c. 
d. 

~15 
120 
193 ~210 

250 1100 

. , 

730 
18 

3300 
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and 150 Ton Retort water. An Unfiltered Omega-9 water sample that was 

also used as a test effluent in this research is expected to be 

chemically similar to the Omega-9 water. It may, however, contain 

some non-dissolved constituentssllch as mineral matter and emulsified 

oil. Clearly the preliminary and experimental nature of the demon-

stration projects producing these samples precludes their use as being 

representative of any projected oil shale industry.. The effluents can 

vary dramatically between production and upgrading methodologies and 

as a result of the quantity aild quality of any intruding groundwater. 

Although no liquid discharges to natural surface waters of the region 
. ' " 

are intended, some amount of spillage and leakage will occur wherever 

such large volumes are handled. Which by-product liquids will be 

blended or segregated and the volume and duration of liquid storage 

have not been established, yet these factors will bear heavily on the 

nature of aCCidenta'l releases to surface waters. This research is 

aimed at demonstrating a technique of using laboratory streams to 

model creeks of the oil shale region. The test waters were selected 

because they are well studied and documented oil shale-related 

effluents. Their chemical character is discussed in Chapter 3. 

1.6 Chemistry and Hydrology of Piceance Creek 

The oil shale region encompasses much of the watershed of the 

upper Colorado River system with the major water courses being the 

Colorado, Green and White Rivers. In this research particularatten-

tion was paid to modelling the smaller waterways in the immediate 

vicinity of the Colorado tracts being developed through ·the U.S. 
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Department of the Interior's Oil Shale Test Leasing Program. These 

streams include Piceance Creek and its permanent tributaries. The 

Colorado tracts were chosen for primary focus here as no tracts were 

let in Wyoming and the Utah lea:se tract area has no permanent streams 

aside from the White River itself. The White River is a higher order 

water course than tile creeks modelled here. In the literature greater 

attention has been .given to limnological evaluation of Piceance Creek 

and its tributaries than to the rest of the oil shale region for 

reasons similar to the above. That is, the Piceance Creek oil shale 

strata are very rich and the Utah sites have little surface water save 

the White River. Numerous reports of the physical and chemical 

attributes of Piceance Creek have been made (Everhart and May, 1973; 

Wilber, 1973;Pennak, 1974; Wilber, 1974; Ashland and Shell Oil Cos., 

v. 2, 1976; Crawford et al.,·1977; Goettl and Edde, 1978; Gray and 

Ward; 1978). Physical/chemical measurements of the elemental and 

water quality parameters of Piceance Creek water are summarized from 

the literature in Tables 1-3 and 1-4. Where samp1es were taken at 

several points or on several occasions by a source, the range is 

given. As many of the investigators selected their sample sites along 

the length of Piceance Creek independent of other studies, va;ues in 

this table illustrate the large spatial as well as temporal vari

ability. Most of the cited water quality studies did not specify the 

methods used in making their measurements. On Tables 1-3 and 1-4 

these values are compared directly with one another and the vari

ability is assumed to result from differences in sampling site, season 
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Table 1-3. Elemental Composition of Piceance Creek Water. 
All values are mg/l. 

Ashland and 
Everhart and May Wilbur Penna)( Wilbur Shell 011 Crawford et al. 

( 1973) ( 1973) (19711 ) (19711) (1976) (19F)·--

Li .012 
B .33 
F .3-1j.1 .0112-0.8 .2-1.5 ".3 
Na 7.8-2950 76-11100 51.9-3115.1 >200 88-200 
I-'.g 27.7-119.9 18-100 51 210 38-88 
Al <.01-.011 5.3 
p .72 
S 187 
Cl 6.8-136 11-1000 5.0-70.0 12-118· 9.7-211 
K .6-10.0 1 • ,.;6.6 .60 1.2-19 
Ca 25.5-180 ·23-72 360,,:,2050 11-102 51-88 
Ti .16 
V .01a 
Cr <1 .003 .O~O 
Mn <1 0-.06 .087 0-.23 
Fe <1 .03-.56" 2.11 .01-.88 
Nl <1 .030 . 
Cu <' <.10-.26 • 0118 .010 
Zn" . <1 .10-.17 ~0611 
Ge .027 
As .007 \ .005 
Se <.001 .005 
Br .038 
Rb .• 051 
Sr 2.6 
Zr .010 
Mo .064 
Ag <1 <.001 
Cd <1 <.001 .006 
Ba .39 .20 
La .016 
Ce .018 
Hg .0008 
Pb <1 .011 

·Maximum observed values are listed. 



Table 1-4. Water Quality of Piceance Creek. 

Ashlandiind 
Everhart and May Wilbur Pennak Wilbur Shell 011 Crawford et ale Goettl Gray 

(1973) (1973 ) (1974) (1974) .. (1976 ) (1977)-·-- ( 1978) .(1978) 
Parameter 

T, max(C) 25 25 14.6 16 23 . 25 
pH 7.6-8.5 6;9-8.5 7.9-8.4 7.6 6.9-9.0 
Turbidity (JTU) <25-2000 6;'300 
Solids (DIg/I): 
Total 218-8098 380.2-1782.4 
Suspended 2.0-7096 3.5-148.9· 26-251 

Susp. Inorg. 2.7-134.2 
Susp. Org. .8-22.2 

Dissolved 216-3159 378-3320 376.7 .... 1633.5 578-1090 ·1450 520-1375 
DIs. Inorg. 286.2-1440.3 
Dis. Org. 90.5-237.0 • > 

Sp. CClI'l. (lJIIIhos/cm) 750-3800 641-8200 695-2055 912-1660 1150 .. :3400 
D.O. (mg/!) 6.0-11.4 10-12 6.8-16.0 
co-? (DIg/I) 0-232 0-39 
HI::~i r "' .. /l) 792-2740 436-690· N 

Phth. Alk. w 

(mg/l as CaC(3) 0-90 
Total Alk. 

(mg/l as CaC03) 
hardness 

270-1620 162.5-557.5 358-566 

(mg/l as CaC03) 160-510 281-565 
Noncarbonate 

Hardness 
(rug/I as caCO~) 0 

POq3 (DIg/las P .020-.16 0-.4 
NOj (mg/l as N) .1-1.0 .03-.16 .4-.6 .10-.8 1.9 
N02 .. NOj 

(mgll as N) .02-1.6 
SiO~ (mg/l) 15.0-30.0 8.4-18 3.4-20 
SOq (mg/l) 65.6-772.0 50-570 135.0-900.0 130-380 
CN- (DIg/I) .03 
SA r • .. 2.6-29 

-Maximum observed values are listed. 
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or the occurrence of recent storms. Presumably only the dissolved 

concentration of the substances was reported except for the entries of 

turbidity and suspended solids on Table 1-4. Likewise, it is assumed 

that orthophosphate was the phosphorus compound measured 'in these 

studies. It is regretful that the reporting of these investigations, 

which may have been meticulously executed, usually lacked adequate 

reference to the methods used. Casua1 mention of the latest edition 

of Standard Methods is not sufficient to identify what was measured, 

e.g., phosphate. 

The source of Piceance Creek is in the Grand Hogback about 80 km 

(50 mi) flow from its confluence with the White River below Meeker, 

Co. It drtips 700m (2300 ft) to its mouth at 1738m (5700 ftj, with 

much of its course near the lower elevation as it flows through the 

distinct valley it has eroded from the Uinta Formation of the original 

plateau. The very high sediment loads occurring during periods of 

high discharge are consistent with the easily weathered nature of the 

sandstone and siltstone composing the Uinta Formation. 

The climate of the region is semiarid, with 30 to 51 cm (12 to 

20 in) of precip'itation 'occurring annually. Approximately 40% falls 

as snow and most of the rest during the strong ~hunderstorms of late 

summer. The air temperature range is -40 C to 40 C (-40 F to 104 F). 

, Mos~ of the creeks tributary to Piceance Creek are intermittent, 

reviving in response to storms and snowmelt. Piceance Creek and its 

permanent tributaries are sustained' by groundwater contributions 
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during the drier months. This bas,e flow from springs and inter-

connections with the alluvial aquifer a,ccounts for about 80% of the 

annual discharge of Piceance Creek (Weeks et al., 1974) and determines 

to a large degree the dissolved solids concentration of the Piceance 

and its tributaries. 

The Piceance Creek drainage area is 1629 km2 (629 mi2) providing 

a mean annual discharge of 18.4 hm3 (14910ac-ft). ,This run off 

accounts for about 2.5% of the mean annual rainfall; the remainder is 

lost through evapotranspiration (Weeks et ale, 1974). The mean 

discharge of Piceance Creek at the White River is about 583 l/sec 

(206 cfs) although at le~~t 25 l/sec (0.88 cfs) flow out 99% of the 

time and 2400 l/sec (85 cfs) or 'more are discharged 1% of the time. 

Maximum flows occur during spring and summer in response to snowmelt 

and thunderstorms. Ironically" due to approxImately 2060 ha (5100 ac) 

of irrigated land in the basip, the minimum flows also occur during 

these two seasons. 

The chemistry of Piceance Creek is highly variable as indicated by 

Tables 1-2 and 1-3. During high flows the sediment load is increased 

considerably as eroded earth is carried by the flow. Sediment 'yield 

for the basin has been estimated at 95 tn3/km
2 (0.2 ac-ft/mi2) 

annually. High flows also dilute the large dissolved, salt loading 

contributed in the base flow. Absent the storm and snowmelt waters, 

the Piceance Creek dissolved salt concentration increases in a down-

stream direction. The salt bon tent of the ailuvial aquifer is close 

to that of the creek and increases in the same fashion. Two .aquifers, 
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one above and one below the kerogen-rich Mahogany Zone of the 

Parachute Creek Member, also discharge waters to Piceance Creek. The. 

upper aquifer is classified as sodium bicarbonate water with a dis

solved solids concentration of 700 to 2000 mgll and enters Piceance 

Creek at various points along its length. The lower aquifer is very 

salty and surface through springs mainly in the lower .reaches. The 

lower aquifer leaches large amounts of nahcolite (sodium bicarbonate) 

and halite (sodium chloride) from below the Mahogany Zone. One spring 

near the mouth of Piceance Creek discharges water with 22,000, mg/l 

dissolved solids. Pennak (1974) .was so impressed with the ,TDS of 

lower Piceance Creek as compared with that typical of granitic, 

Colorado mountain streams that he commented " ••• such waters can only 

be termed 'brackish'." The extremely high fluoride content of the 

lower aquifer, 28 mg/l average, makes Piceance Creek water highly 

conc.entrated with the ion. Domestic, use of Piceance Creek water is 

precluded by its sulfate and TDS content throughout and by fluoride in 

its low~r reaches. 

Aside from maintenance of flow, the large groundwater contribution 

to Piceance Creek has two beneficial aspects important to its biota. 

Firstly, its buffering capacity is quite large. Despite the wide 

range of alkalinity measured, the pH values reported fal~ within a 

2.1 unit band •. Secondly, the base flow dampens the temperature 

extremes, particularly in the headwaters. Freezing temperatures are 

found in the lower reaches of Piceance Creek in the winter months and 

sur face, anchor and fraz il ice all occur (Gray and Ward, 1978). When 
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frazil or anchor ice breaks loose, aufwuchs and benthic inver.tebrates 

are often lost (Hynes, 1972). Near the source, before emerging 

groundwaters have radiated their heat, temperatures never reach 0 C. 

Likewise during summer low flows, lower Piceance Creek temperatures 

may reach 25 C but at the headwater springs the cool groundwater 

maintains the coldwater biota. 

Irrigation activity in the middle and lower reaches of Piceance 

Creek elevates the TDS and nitrogen levels of the water during summer. 

The planned oil shale development also is below the headwater,s of 

Piceance Creek. Thus, the reaches near the source provide it with a 

supply of recruitment organisms, isolated from any effects of down

stream human activity. 

1.7 Biota of Piceance Creek 

Piceance Creek exhibits longitudinal gradation of its biota in 

accordance with the spec~rum of discharge, water temperature, salinity 

and nutrient availability encountered. A few planted trout are found, 

but the stream is not a game fishery. Otherwise the fish complement 

consists of roundtail chub, black bullhead, red shiver, fathead minnow, 

speckled dace, white sucker, flannelmouth sucker, mountain sucker and 

mottled sculpin. The insect orders of Diptera, Plecoptera, Trichop

tera, Ephemeroptera and Coleoptera all occur in Piceance Creek although 

the lower reaches are predominately populated by the Dipterans and 

some Ephemeroptera, summer species only. Oligochaetes are the main 

non-insect invertebrates encountered, and their percentage contribu

tion to the invertebrate population increases in a downstream 
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direction. In some reaches, the unstable substrate prevents many 

insect species from col9nizing by molar action and scouring during 

high flows. Al terria tely, sediment deposition, in some reaches, 

inhibits fish and insect viability by impairing water circulation and 

gaseous exchange. Through inspection of Piceance Creek in the course 

Of this research it was observed that the auf'wuchs "community is 

domil)ated by diatoms in the upper reaches. Downstream where 

nutrient-rich irrigation .retu·rn flows are encountered, green algae are 

common. Nutrient influx from cattle on adjacent rangeland also 

promotes auf'wuchs primary production. 

Appendix A is a listing of the fish, invertebrate and aufwuchs 

organisms reported from the Green River drainage system of which 

Piceance Creek is a part. The annotation for each organism gives its 

listed occurrence, date of "observation and reference citation. 
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CHAPTER 2 

2.1 Petroleum-Related Pollution Effects 

Commercial shale oil production is not yet underway. Consequently, 

there is no documentation of any effects to aquatic biota from such. 

activities. Wastes encountered in petroleum production and refining 

offer the closest approximation of substances which may be reach 

surface waters as a result of shale oil development. Reviews of 

biological effects from petroleum related activities in the marine 

environment have been made by the National Academy of Sciences (1975) 

and Duursma and Marchand (1974). The type of release, crude. oil or 

refined products; and the organisms involved are the most important 

determinants of the severity of the biological consequences. More 

detailed inferences of biological problems from marine studies are not 

useful since the two environments are inherently so dissimilar. The 

obvious and probably most important differences are the physiological 

mechanisms employed by the aquatic organisms to maintain their milieu 

interior. Freshwater organisms are generally hypertonic and hyper

osmotic with respect to their ~nvironment whereas marine species are 

either hypo- or iso-tonic and·osmotic. Other differences which are 

important distinctions between the two environments are water velocity, 

seasonal temperature fluctuations and the interfacial area to volume 

ratio of the water bodies. The Piceance Creek environment sharply 
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contrasts with any marine situation along these lines except possibly 

the special case of a shallow bay having a large tidal prism. 

Table 2-1 lists a number of studies in which freshwater and 

estuarine organisms have been observed for effects of petroleum 

related exposures. That some microbial tyPes can use petroleum-

related compounds as a carbon and energy source is well established. 

Walker' and others (1975) measured the degradation of motor oil by both 

benthic and planklonic, aerobic, heterotrophic microorganisms in the 

Chesapeake Bay. Farrier and others (1977) found that it was necessary 

to both membrane filter and store at 4 C samples of Omega-9 water to 

prevent the appearance 'of aerobic and anaerobic bacteria. This 

treatment prevented noticable bacterial growth for at least 6 months 

when otherwise it was evident withiri 10 days. A series of reports on 

biological examination of Oklahoma refinery effluent holding ponds has 

shown that a ·number of organisms can survive in 100% wastewater at 

varying degrees of treatment (Copeland and DorriS, 1964; Copeland et 

al., 1964; Tubb and Dorris, 1965). Phytoplankton were active and the 

major component of suspended organic matter, yet their sunlight con-
, . . 

version efficiency was below that of algae in sewage ponds or natural 

climax communities. Insect larvae in the holding ponds were largely 

herbivorous, bottom-dwelling midges (Tendipedidae and Chironomidae). 

Carnivorous insect larvae were found in small numbers. These included 

Chaoborus spp, a few specimens of Ceratopogonidae, the hydrophilid 

Hydrochara, and damselfly and dragonfly naiads. Rosenberg and Wiens 

(1976) observed that when both oiled and unoiled substrates were 



Table 2-1. BlolOSioal Responaea to Petroleum-Related Pollution. 
d 

Rererence 

1. Copeland and Dorris, 196_ 

2. Copeland, et al., 196_ 

3. Tubb and Dorris, 1965 

'. MCCllule" 1966 

5. Grahall and Dorrie, 1968 

6. Kathis and Dorris, 1968 

T. Hokanson and Seith, 1971 

8. Anderson et al., 197_ 

9. Horne lind lauhllln, 197_ 

10. Walker et ill., 1975 

11. Rosenberg and Wiens, 1976 

12. Vascotto, 1978 

Tllrget Orsanisma' Substance 

plllnktonio oommunities in oil rerinery oil rerinery efrluents 
effluent holding pond series 

plllnktonio communities in oil rerinery oil refinery effluents 
effluent holding pond series 

Tendipedid larvee (midges) oil refinery effluent 

'plankton lind benthos of Huddy River, hellVY, bunker 'fuel 011 
Hass. ' , 

Pimephales promelss Rafinesque oil' refinery effluents 
(fathead minnow) 

'benthic •• croinvertebrates oil field brines 

bluesUI ruel 011 

Crprinidon Yariesatus (sheepshead 
minnow), Henidia beryllina (sllverside) 
Fundulus simHus. Panaeus aztecus 
(brown shrimp postlarve), Pa1aemonetes 
~ (grass shrllo,p),. ,Hy;,idopsis 
almyra (mysid) 

,vater soluble rractions and oil
in-water disperstons or crude Oil. 
fuel all and bunker C reSidual oil 

aufwuchs. phytoplllnkton , 
and'Gasterosteus aculeatus (three
spined stickleback) 

aerobic heterotrophio bacteria, molds 
and yeasta from Che~apeake Bay 

Chironomidae (oitldges) 

zoobenthOB 

~; 

oil rerinery efrluent 

IIOtor 011 

, orude oU 

Crude 011 

Colllllente 

oommunity metebolism was' hlgher 
than in most natural oommunities 

.phytoplllnkton were .. jor contribu
tors to orsanie matter in ponds 

study or midse life histories in an 
oil refinery effluent holding pond 
series 

study of phys., chem. and bioI. 
condttion followins oil spill 

study of effluent toxiCity to fish 
When applied for extended periods 
under conditions of continuous' 
renewal 

study of influence of brines on 
bethos of Black Bear Creek. Okla. 

lethal threshold ooncentration of 
linellr alkylbenzene sulronat~ (LAS) 
WAS lowered in the presence or 
fuel oil 

refined oils were .ore toxic but 
~ensl'tivity varied betveen organisms, 

etudy or errec t or all rerinery 
erfluente on indlsenous 
San Francisco Bay organisms 

study or microbilll'degradatton or 
motor '011 released in va~tewater 
treBtm~nt'plant erf1uent~. Water 
column microbes probably more 
active than sedlument organisms 

study or oceurrence of midge species 
on oiled vs uno lled substra tes 

study of drift and benthos density 
of ~eroinvertibrates following 
all oplll 

W 
I-' 



32 

available for colonization, some chironomid species selected the oiled 

substrates preferentially. Their qualitative observation that 

aufwuchs development on the oiled rocks was stimulated with respect to 

the unoiled rocks led them to suggest that 'the species colonizing the 

oiled surfaces (esp. Orthocladiinae)were'attracted by the food source. 

Toxic biological re~ponses in non-marine waters have been reported, 

particularly for macrobenthos and fish. McCauley (1966) and Vascotto 

(1978) each reported increased numbers of drifting organisms following 

oil spills to lotic waters. Brines associated with petroleum produc

tion have been shown tbreduce the number of benthic macroinvertebrate 

species in an Oklahoma stream although the response was probably caused 

by lowered primary production associated with the high turbidity of 

the brine (Mathis and Dorris, 1968). The citations on Table 2-1 in 

which fish were the target organism show a wide range of sensitivities. 

As in the marine environment, the response is a function of both the 

species and effluentch~racteristics. 

2.2 Model Streams 

The most accurate way to assess the impact of discharging a_ 

wastewater to a stream is to dump some in and see what happens. 

Unfortunately, this method is seldom available. The most practical 

way of acquiring the desired information i~ to construct a physical 

model of the stream upon which the experiments can be performed. 

Table 2-2 describes some model streams that have appeared in the 

literature. McIntire (1975) completed a similar list of model streams 

reported in the literature,. but Table 2-2 includes several more recent 



Table 2-2. PbJaioal Models of Lotio Habitata. 

Reference 

1. Webster and Webster, 19~3 

2. Sudia, 1951 

3. Z 1ImIerllall, 1961 

II. Lauff and Cumains, 196' 

5. HcIntire, et al .. 196_ 

6., Warren et al., 196' 

7. Wh1tford~., 196' 

8. Davia and Warren, 1965 

9. ~e.ern and Ball, 1965 

Model Desoriptiona 

trough, w • 17 em, water d ~ 2.5 cm 

galvanized iron oval trough loop 
w = 20 cm, d = 6-23,cm, v = variable 
but lOW, no temperature control, 
incandescent lights 

I = 75 m, w • 20 cm, d • 15 cm, 
outdoor channels of asbestos cement 
v = 5-80 cm/sec 

fiberglass/plywood troughs, indoor, 
closed, w • 28 c., temperature con
trolled 

w • 25 cm, d • 20 om, water d ~ 13 om, 
v = 211 cm/sec, circulation by paddle 
wheel, make~p water from spring-fed 
stream, hrt = 1.67 hr, no temperature 
control, fluorescent lights 

outdoor ateam: Berl'y Creek, Ore. 
controlled by diversion dam and 
bypassoanal 

Wooden troughs V-shaped or flat 
bottomed or split 7.6 cm diameter 
rigid pla9tio tubing, circulation 
by centrifugal pump, houged in green 
house, temperature controlled 
olosed with weekly water replaoement 

see Hctntir:e ~., 19611 

troughs 35.6 x 35.,6 cm circulatIon by 
pump, closed, ,incande9cent lights, 
start with distilled water and add in
organic nutrients,' 'temperature con
trolled with d .' 2 and 20 cm, ' 
v = .1-11.2 cm/gec 

Study OrganislllS 

Goera calcarata (cadd1sfly larvae) 

mosquito larvae?1 

aufwuchs 

Perle9ta plaoida (atonefly nymph) 

aurwuchs: ~elosira varians and 
Syne~ra ulna consi9tantly 
dominant. Oedogonium spp and 
Phormldlum retzii sometimes abundant 

Salmo clarki clarki (ooastal 
cutthroat trout) many other 
IIpecies present 

lotio aufwuchs and macrobenthos 

Cottus perplexus (sculpin), 
Acroneuria pacifica (stonefly naiads), 
Oxytrema 9ilicu1a (llnail), aufwuchll 
and macroinvertebrates, especially 
midge and mayfly larvae were present 

aurwuchs: geeded with stones 
from wa~m water stream, 
Pa'lmellococ'cus sp (green) then 
P1p.cto~lcma and Boryanum (bluegreen) 
were dominant 

eo-nta 

study of effect of water current on 
oaddisfl, larval case construotion 

description of model stream 
apparatus 

IItudy of erfeot of flow velocity on 
aufwuchs communities exposed to 
sewage contamination 

short term study (2q hr) to 
determine substrate size preference 
of macro invertebrates 

study of primary productivity and 
community respiration. Trays of 
substrate rubble were removed froa 
model stream to photo9yntheels
respiration chamber for measurement. 
Biomass and pigment measured by 
scraping rubble 

study of production and feed ina 
habits in control and sucrOse 
enriched reaches of stream 

desoription of apparatus only 

study of trophl0 relations of 
sculpins 

__ study, of aurwuchs producUon 

w 
w 



Table 2-2. Continued. 

Rererenae 

10. 1Iood and Davi .. s, 1965 

11. ltenrn!.L!.h, 1966 

12. Thomas and O'Conn .. II, 1966 

13. 1Iood and Davies, 1966 

1-. Eiohenberger, 1967 

15. Phaup and Gannon, 1967 

16. Brock.en, et al., 1968 

11. McIntire, 1968 

18. ""son and Levis,1910 

19. Resh, 1912 

HOdel Deaariptiona , 

troughs, v.:: 1. 30m; Wa'~e~ d <' 2; 5 oil! 
once through dechlorinated tap water', 
no temperature control, room light 

same as Kevern and Ball, 1965, 
v •• 15 cmlsec 

plexiglass and polyethylene chamber 
60 x· 20 x 10 cm, internal circulation 
by submersible pump, no temperature 
control, outdoor" closed, 
v • 35 cmlsec 

aee Wood and Davies, 1965 

ou tdoor channels' 200 m long 

outdoor channels: aluminum lined vith 
plaatic, w • 46 cm, v • 3-45 cmlaec, 
water d • 5-13 cm, Huron River water 

llee McIntire et a1., 1964, v • 24 snd 
39 omlaeo ---

see MoIntire et al., 1964 
v • 0" 14 and"J5Ciij/seo 

A. aquarium.'vith magnetio stirrer and 
air sparge, 23 cm x 15.45 cm 
B. olear plastio shoeboxes,23x15x8 cm 
overflowing in eeries cascade mod .. , 
Closed, cooled by ran, incandescent 
lights 

basin with aeration 

Study Organ1a1lis 

Slmuliidae (blackrly larvae) 

aurwuchs 

Oscillatora ep and Cladophora sp 

Slmuliidae (blackrly larvae) 

autvuchs 

autvuchs, eappecially Sphaerotilua 
~ . 

Cottus perplexus (sculpin), salmq 
£.l.ark i (trou t), Acroneurla pacifica 
(~tonefly naiad), Acroneurla 
callfornlca (stonefly naiad), 
O.ytrl'ma sll1cula (sna11>', many 
other organi!Jms 

aufwucha' 19 Bacillariophyta 
(diatom,,), 4 Chlorophyta (green 
algae) .. 1 Chrysophyta (ye11ow
green alga), 5 Cyanophyta (blue
green algae) 

mayflies, ,caddisflies, midges 
and odonates, larvae to adult 

Athripsodes (caddierly) eggs 
and larvae 

Co_nta 

,description or apparatus ror 
rearing blackrly lire stages 

study or aufVuchs growth rate 

apparatus vas photosynthesis
respIration chamber for 
measurement of rates over 1 
hour interVAls of developed 
communities obtained from a river 

see Wood and Davies, 1965,' 

etudy or response of lotic autvuchs 
to sgttled sewag .. dilutions 

study examining envlronmentei con~i
tions ravoring .growth of S. 'natans 

study or intraspeci~ic and inter
speciric competition ,for rood 

study or errects or lig~t Intensity 
and water velocity on specles 
composition and ecology 
of aufwuchs 

used to rearinsecte to adult etage 
and save cast larval ,skins 

description or methodology for 
rearing organisms from gravid adult 
through e'mergence 

w 
~ 



Table 2-2. Continued. 

R@ference 

20. Skarh@lJI~, 1973 

21. Hlldebrand, 197' 

22. HofnDan, 1978 

23. Hcw@y and Arthur, 1978 

2Q. Williams and Mundie, 1978 

25. Lock, 1979 

26. McCullough et aI., 1979, 

27. Hoffman and Horne, 1980 

Hod@l Descriptiona 

A. outdoor troughs w • 30 cm" 
d = 20 cm, water d • 3.3-9.7 cm, 
onC@ through wa ter from Truck@e 
River, CA, v • 11-30 cm/sec ' 
B. sam@ outdoor troughs as A with 95_ 
recycle of dechlorinated tap water. 
C. indoor spllt PVC rain gutters, 
W' 7.6 cm, d = 3.8 cm, water 
d = 2.5 cm, v • 3-15 cm/sec., 
temperature controlled, 24 hr 
photoperiod with fluorescent lights 

outdoor plywood troughs, w = 30 cm, 
y = 43 cm/soc, water, d = 15 em, once 
through water from Pigeon Rlver, Mich. 

outdoor, once through Truckee River 
water, w = 15 cm, d 20 Col, 

v = 39.6-7~ cm/sec, water d ~ 3 cm 

outdoor channels 1 =.520 m, 
Q = 38 1/geo diverted, Mississippi 
River water, alternating 30 01 reaches 
of mud bottom pools and gravel riffl@s 

water divert@d from Big Qualioum 
River, British Columbia th,'ough 
chanllel Q.5 01 wide into wooden 
tr<,ughs' 22 em wide, out31de, no 
temperatur@ control, v = 45 em/sea 

indoor plexiglass flume, w • 10 and 
14 em. temperature control. 
fluorescent and window light, 
9 = 5.4-134 em/sec, d = 4-10.6 cm, 
closed, flow by pump 

petri dish with air sparge through 
hypodermic needle, closed 

same as HofnDan, 1978 

Study Organisms 

aufwuchs; Salmo gairdneri 
(fingerling rainbow trout), 
Notemigonus chry~oleucas 
(minnow) 

Simuliidae (blackfly), Hydropsychidae 
(caddisfly), Ephemerella needhami 
(mayfly), Ephemerella serrata sp. 
(mayfly), Tricorythod~3 sp', (m!'yfly) 

aufwuchs 

aufwuchs 

... cr~invertebrates 

aut'wuchs 

TricorythOd'es minutus (mayfly 
nymphs) , 

aufwuchs 

II. A~~ .... vl~tl<'n~ u~ed: d,. drpth; hrt, hydrlllll10 residenoe time; Q, flow; Y, v~loc1ty; w, width. 

Co.nts 

study of effects of treated 
'municipal was,tewater dbcharglls 

,', on Truckee River 

, 
study of relationships' ,b@twe@n 
drift rat@8, benthos density 
and food lev@l for s@lected 
taxs of stream invertebrates 

study of the effects of treat@d 
municipal effluents on low~r 

,trophic levels 

study of thermal effects on str@am 
aufwuchs and phytoplankton 

study of substrate pref@rences of 
benthos 

'study of th@ influence of 9@locity 
on p32 uptak@, aut'wuchs colonlz@d 
on substrat@ In river and rlume 
exposure on th@ order of 1 hour 

study of @n@rgy budg@t of finll 
particle collector organism, 
and ingestion rlltll vS food' type 

same as Hoffman, 1978 with some 
rework of th@ data 

v.> 
V1 
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reports. A brief review of physical modets for rear,ing stream insects 

was published by Craig (1966). He separated the models into closed 

and open categories depending on whether the water was recirculated or 

not. Despite his obvious emphasis on entomological·utility,. studies 

of lotic aufwuchs could be carried out with many of the. apparatL The 

sophistication of these models can vary over a wide range. On one 

extreme is the attempt to model the original habitat in every respect; 

the entire biocoenose with all its chemical and physical character

istics is reproduced as accurately as possible. These tend to be 

large and are usually constructed outside under incident light and 

temperature fluctuations. Howey and Arthur (1978) diverted nearly 

40 l/sec of Mississippi Hiver water through a pair of channels each 

over half a kilometer long. Rivalling these for size but with a some

what different approach is the experimental stream of Warren and 

others (1964). They constructed a bypass channel around 0.45 km of 

Berry Creek in Oregon so .that flow could be controlled in the 

experimental section of the creek. Although the former reference 

dealt with primary producers and the latter with trout, both cases 

maintained a high degr.ee of realism in the model. 

When one organism alone is of interest, as in insect larvae 

rearing studies, wholly adequate models of lotic environments 'can be 

of very simple design. Resh (1972) reared caddisflies from egg through 

the larval stages in a container of aerated water, adding distilled 

water to compensate for evaporation and in periodic water changes. 

The aeration provided both satisfactory dissolved oxygen levels and 
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current facsimile. Mason and Lewis (1970) reared a variety of insect 

larvae ina system as simple as Resh's except they added a magnetic 

stirring bar to increase the apparent current. More recently 

McCullough and others (1979) miniaturized even these simple systems by 

acclimating mayfly larvae to a habitat of plastic petri dishes with 

hypodermic needle spargers.· The large scale reproduce-everything type 

of models described above have the advantage of actually resembling 

the real habitat. On the other hand , 'they suffer from having too many 

variables which cannot all be adequatelY,monitored or controlled and 

which usually cannot be unambigously resolved into cause and effect 

relationships. For example, in Warren's experimental section of Berry 

Creek, trout, sculpins, some 200 species of insects, snails, aufwuchs 

and at times Sphaerotilusnatans all ,coexisted. Warren's team 

attempted to elucidate the trophic relationships leading to trout 

production, armed with copious data on a multitude of physical, 

chemical and biological parameters. Yet they failed to show that 

changes in algal production and allochthonous input lead to consistent 

changes in food consumption and trout production. The rea:son is that· 

the trophic relations in a complex ecosystem are poorly understood. 
I 

They conceded that "autotrophic" plants probably constitute the only 

reasonably well defined trophic level. 

When designing models one has the option of eliminating the 

obvious resemblance to the natural ,habitat by holding many of the 

variables constant. With proper experimental design, cause effect 

relationships can be more easily established. There remains the 
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question of whether these relationships hold in the original complex 

ecosystem, but this uncertainty must be accepted for the moment and 

claified in subsequent experiments. In fact all models reduce the 

variability of the original habitat to some degree. Warren's 

experimental stream section controlled migration of trout across the 

boundaries of the study reaches. Resh .controlled nearly everything' 

within practical limits. Warren learned a relatively minor fraction 

of the broad set of trophic relationships in his stream.while Resh 

learned everything he set out to discover about the narrow problem of 

matching caddisfly larvae with their parents. 

There are several fundamental considerations in designing a model 

,stream. First, the physical/qhemical attributes of the stream being 

modelled must be identified in terms of means, extremes and- seasonal 

patterns. Second, the organism(s) of interest most be considered to 

determine which physical/chemical parameters must be most faithfully 

reproduced. and which can be manipuJ,.ated for the purpose of the experi

ment. Third, the independent variable(s) must be chosen to attempt to 

disprove the underlying. hypothesis of· the experiment. Final, but 

usua By not least, the available resources, financ ial and otherwise, 

must be fully utilized to construct and perform the ideal experiment 

limi ted only by one's ingenuity. 

The model streams detailed in Table 2-:2 span the extremes of 

design descr.ibed above. They were used to study fish,benthic macro

invertebrates andaufwuchs individually or in combination, with 
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reference to life history, production,· substrate preference, inter-

specific relationships, and sensitivity·to toxins or other habitat 

alterations. Troughs were most frequently employed with water 

velocities up to 134 cm/sec. Indoor systems usually required an, 

artificial light source and closed'or semi-closed systems often used 

refrigeration units to remove the heat input of the light and pumps. 

Aeration was needed only when basins were employed inst'ead of trough 

.riffle models. The physical dimensions had to be large compared to 

the size of the organism( s) of interest ,but not necessarily 

comparable to the stream being modelled. 

2 .. 3 Artificial Substrates 

The community of aquatic microorganisms which grows attached to 

submerged surfaces is called aufwuchs. The principal organisms 

composing this assemblage are diatoms, green algae, blue green algae, 

bacteria, and fungi .although one or more of these types may be absent 

or rare in any given aufwuchs specimen. Included in the aufwuchs are 

sessile protozoans, although metazoans and motile protozoans that live 

within the matrix are considered part of the community as well. 

Aufwuchs entrains detritus and inorganic particulate matter which may 

comprise a'substantial portion of the mass. This matter and the dead 

matrix organisms cannot practically be eliminated from gross aufwuchs .,. 

measurements. Therefore, cognizance of their contribution must 'be 

made in the experimental design and evaluation of results. Discussions 

of the current knowledge concerning aufwuchs biota appear in Hynes 

(1972) and Whitton (1975). Cooke (1956) and Slaj~ckova (1962) have 
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made valuable reviews of aufwuchs and methods of using artificial 

substrates for its study. They both belabor the confusion that has 

persisted among investigators over the appropriate name for this 

community. Aside from the common motive of reevaluating the name for .. 
a phenomenon on the forefront of science as new insight clarifies its 

nature, substitutes for "aufwuchs" have been sought for two other 

reasons. First, "aufwuchs" is a German word which has no direct 

En~lish equivalent. The English "periphyton"is most in favor in 

current literature ,and is thought of by some as a qirect equivalent 

although its roots indicate a much more restrictive meaning. The 

Oxford English Dictionary (1971) defines the prefix "peri" when used 

with names as "denoting a part, organ, etc.,s~rrounding or enclosing 

that denoted by the second element: as Perianth, ~anthuim, Pericar-

dium.,. etc." In this case the second element pl;lyton means "a 

plant-unit". Thus, perip[lyton originally meant au.fwuchs on submerged 

plants. Aufwuchs as defined above is used here in preference to 

periphyton. The second motive for obtaining a substitute word is that / 

a narrower definition is sometimes needed. 
,. v ". . 

Sladeckova (1962) in 

particular lists a series of terms coined for this purpose, e.g., 

epiphyton, epizoon, epilithon, etc. The aufwuchs encountered in this 

research colonized artificial substrates made of tygon tubing and was .. 
not necessarily associated with one type of natural substrate. There-

fore, no narrower term than aufwuchs will be applied to the community 

here. 
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. Artificial substrates are valuable tools for obtaining aufwuchs 

samples from both lentic and lotic environments. Clearly their most 

attractive aspect is that they permit the sampling of an absolutely. 

known surface area. Whereas most natural substrates such .as r6cksor 

submerged macrophytes expose surfaces whose areal extent is difficult 

to quantify, artificial substrates are usually designed in regular 

geometric forms of uniform area. Smooth sediment water interfaces may 

allow sampling of epipelic communities in this convenient quantitative 

manner but these are not common in many lotic haoitats. Artificial 

substrates are also helpful in acquiring samples that would otherwise 

be "out of reach", e.g., deep habitats or 'large rock faces under 

swiftly flowing waters. Removal of aufwuchs samples from natural 

substrates by scraping.or brushing-may destroy the more delicate 

organisms and include dislodged substrate material with the sample. 

Artificial substrates can circumvent this problem when designs are 

selected that allow direct examination of the adhering community. 

All sampling approaches must address the questIon of 

representativeness of the specimens. Morespecifically,"do artificial 

·substrate select against certain organisms while-favor-ing colonization 

by others? In the summary to her review, Slad'e'ckova warns that "for 

some organisms, mostly bluegreen algae, glass is not a very acceptable 

substratum." She recommends examiningneighboring·natural substrates 

too when bluegreens are suspected. Unfortunately, most investigators 

make little or no attempt to estimate how accurately their artificial 

substrates reflect the target natural communities. Hoffman (1978) 



42 

found that his tygonartificial substrates replicated 93% of the 

natural aufwuchs species without statistically significant (P :s;; .05) 

variation. Gomphonema olivaceum and Cocconeis placentula alone were 

conspicuously more abundant on the natural rock substrates. Similar 

verification with other artificial substrates and in other habitats is 

long overdue. 

Artificial substrates have been fabricated from wood, stone, 

concrete, ceramic, asbestos, metal, plastics, yarn, etc. The most 

ubiquitous choice ",however., has been glass plate, usually standard 

microscopic slides. Table 2-3 details a number of artificial sub

stra'te studies that have appeared in the literature. The first major 

quantitative as well as qualitative study of lotic aufwuchs using 

artificial substrate was conducted by Butcher (1932). He surveyed the 

attached microbiota of several Englis~ rivers using microscope slides 

and concluded that the similarity of algal species between the aufwuchs 

and phytoplankton was probably not coincidental and that the former 

was probably the source of the latter. 

Some investigators have used artificial substrates made of natural 

materials. For example, Barlocher and Kendrick (1974) studied the 

relationship of fungi to allochthonous matter by incubating leaf discs 

in a nylon mesh bag for colonization in the Speed River. Because the 

area of the standardized discs was known, comparison with the area 

after fungal colonization helped determine the extent the leaves were 

used for food instead of solely as holdfasts. Here the distinction 

between natural and artificial substrates is.vague. Although 



Table 2-3. Artificial Substrate Applioations 

R~ference 

1. Butcher. 1932 

2. Newcombe. 19~9 

3. N .... oombe. 1950 

Q. Castenholz, 1960 

5. Orzenda and BNlh ... r, 1960 

6. Mcintire~, 196Q 

7. ~~v~rn and Ball, 1965 

8. K.~Y~rn ~, 1966 

9. ling and Ball, 1966 

10. Thomas and O'CoMeH, 1966 

11. Phaup and Gannon, 1961 

12~ McIntire, 1968 

13. Krock ·.nd Hason, 1971 

Substrate 

glass slides held in photographio 
printing frame anchored on bottom of 
River Tees and River Lark, England 

glass slides 5.1 cm x 40.6 om or 
2.5 om x 7.5 cm oriented horizontally. 
or. vertioa 11y 

glass mioroscope slides 2.5 x 1.5 om 
horizontal orientation 

glass plates 28 x 28 cm ·placed on 
or just above bottom of lakes on 
Lower Grand Coulee, Washington 

1. q dml plexiglass pIa tes. 7 IDOl 

thick exposed horizontally 

rubble 5-15 em diamet~r 

plexiglas. reQtangl~s 1.5 dm2 

,. _ d .... pledglaes platell 

1._ dml plexiglas8 plates 6 mm thiok 
supported in vertioal or horizontal 
or ienta tion 

petri dish covered with cheeseoloth 

20 cm lengths of 3 ply nylon knitting 
yarn 

same as Molntire et al., 1964 

oylinders 5 am x 1.3~om OD of rough 
polystyrene, smooth tygon tubing, 
roughened vinyl tubing or roughened 
Tygon tubing 

Target Organisms 

aUrWuchs 

lIul\ruohs 

aufVuchs 

aufVuchs 

aul\ruchs 

aufVuchs 

aul\ruohs 

aul\ruchs 

aufwuchll 

Osoillatoria 

~ufVuchs, ellppecially Srhaerotilull 
!!!1!!!! 

lIufVuchs 

aurwuch" 

eo_entl! 

·study of aufVuchs and its con
tribution to river plankton 

study of method of determining 
Sodon Lake production rate using 
aufwuchs quantifaction. 

study of aufVuchs produotion rate 
of Sodon and Walnut Lakes, Michigan 

study to determine qualitative and 
quantitative seasonal changes in 
aufwuchs 

study to demonstrate methods of 
oollecting and estimating pro-" 
ductivity of stream aul\ruchs 

primary productivity and respira
tion study in model stream 

substrates placed on bottom of 
model stream ". 

study to determine rate of increase 
of aufwuchs otanding crop in model 
streams and in a spring 

study to disoriminate between auto-· 
trophic and heterotrophic growth 
Bnd to ~eparate·production trom 
organic and inorgan1c sedimentation 

~ubstrate colon·izatton started with 
algal mat; u~ed to obtain ~ample for 

" photosynthesis-respIration 
"chamber study 

study Of growth requlrements for 
S. natans ' . 

study of .aufVuchs species composi
tion and ecology In. response to 
chan«e~ in water velocity and 
light intensity 

study to develop bioassay ... "thod"" 
to measure effects of toxicants and 
~i~ulants on 5an Francisco Bay 
aufwuchs 

~ 
W 



Table 2-3. Continued 

Rererence 

". Patrick, 1973 

15. Skarheill et 81., 1973 

16. Stone et al., 1973 

17. Williams et al., 1973 

18. B~locher and Kendrick, 197' 

19. Horne and Kaufman, 197~ 

20 •. Patrick et al., 1975 

21. Tilley and Haushild, 1975 

22. Sacramento Area Consultants, 
1911 

·23. Clark, R0d8ers, .!!...!h, 1978 

2b. Hoffman, 1978 

25. Howey and Arthur, 1978 

26. LOCk, 1979 

27. HofnoM and Horne, 1980 

Substrate 

m1orosoope slides in "Catherwood 
diatome.ter" 

vinyl tubes 1.3 cm OD x 5.1 cm long 

diatoms 

autwuchs 

cylinders 5 cm x 1.3 cm OD of roughened autwuchs 
Tygon tub ing 

glass and plaatio mio·roscope autwuchs 
sUdes 

leaf disoa in nylon mesh bag in tungi 
Speed River, Ontario 

5 cm x 1.3 om OD roughened Tygon 
tubing 

glass miorosoope slides 

autwuchs 

autwuchs 

glass miorosoope alidea 25 DIm x 75 Mal autwucha 

glaas miorosoope alides. in olear aul'lluehs 
plastio, holder 

1.5 om " 1.5 ell gl"~s platea lIOunt·ed auf\fucha 
on inclined, horizontal and declined 
faoes of concrete slab 

Nalgene plastio tubell 1.3 cm CD x 5 CIII autwucha 
long, ~oughened w1th sandpaper 

glass microscope slides au twuchs 

PVC platu 10 cm X 25 CII, nat end autwuchs 
and curved, roughened with sand paper 

same as Hornoan, 1976 autwuchll 

Target Organisms eo ... enta 

used diatoms aa 1nd1catora or 
pollution 

treated wastewater bioassay on 
Truckee River, CA 

study or effect or treated municipal 
effluents on Central San Francisco 
Bay biotR 

study of factora active 1n the 
eutroph1cation of Lake George, NY 

fungi ·use leaf substrates to: 
1. decompose for rood, 
2. benefit from other organisms 

pres~nt. 

3. act solely as a hold fast 

atudy of effects or 011 refinery 
effluent on San Francisco Bay 
aufwuchs 

study or efrect of heavy .. etal 
concentration on cOllllllUn1t, 
comp.,si tid" 

study of aUl'lluchs productivity as 
a MaSUre of va ter quell ty 

atudy of nuiaance autwuchs growth in 
Sacramento River, CA 

atudy to demonstrate use of equip
ment to avoid spate and vandalism 
losses 

treated muniCipal .ffluent bioassa, 
on Truckee River, CA aul'lluchs 

thermal effects study in outdoor 
model streams 

oolonized in river and transrerred 
to model stream to atud~ influence 
of vater velocity on p3 uptake 

aame as Hornoan, 1976 with some 
rework of the data 

~ 
~ 

---' 
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Bilrlocher and Kendrick do not call the leaf discs artificial 

.substrates,mariufacturing them into a standardized size and shape 

eliminated some of their variability and virgin character, perhaps 

compromising some of their "naturalness" to the target organisms. The 

fact that they also sterilized some of· the disc further reinforces the 

artificial aspect of these substrates. 

Phaup and Gannon (1967) obtained usefulda ta from artificial 

substrates having no known area per seD They used lengths of nylon 
.. 

knitting yarn in a model streams study of some of the ecological 

requirements of Sphaerotilus natans. As the yarn substrates were of 

standardized length, presumably equivalent colonization opportunities 

were presented so that comparison between levels of the independent 

variable, sugar loading', could be made. Thus, a more accurate state-

'ment of the utility of artificial substrates is that the variability 

in the amount of substrate being sampled is controlled so that the 

influence of other variables can be examined. As in the study by 

Phaup and Gannon, area is sometimes not the best quantification of a 

sub~trate's. extent. 

Several investigations in California have pioneered the use of 

artificial substrates fabricated of various tubular or cylindrical 

materials. Krock and Mason (1971) compared several materials before 

concluding that roughened tygon tubing was the best alternative. The 

1.27 cm OD (0.5 in) cylinders of 5.08 cm (2 in) length were sized to 

pass the neck of standard BOD bottles without dislodging the 

aufwuchs. They found that rough polystyrene cylinders were inferior 
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because: 1) they were difficult to make, 2) inorganic debris col-

lected in the interstices, 3) air bubbles lodged in the end inter-

stices this confounding the dissolved oxygen test, 4) the a~fwuchs was 

not easily removed, and 5) they were not reusable. The various tubing 

types with the same dimensions overcome these problems, however, vinyl 

tubing supported less growth than tygon tubing. Roughening of the 

tygon tubing prevented the loss of aufwuchs which readily dislodged 

from smooth off-the-shelf stock. Krock and Mason used their new 

substrate design to monitor aufwuchs in San Francisco Bay water 

. bioassays. 

Subsequent studies in San Francisco Bay (Stone et al., 1972) on 

the.Truckee River, California have established the utility of the 

Tygon tubing cylinder design for obtaining aufwuchs samples (Skarheim 

et al., 1973; Frederick R. McLaren Environmental Engineering, 1977; 

Hoffman, 1978; Hoffman and Horne, 1979). Their principal advantage 

over other types of artificial substrates is that they can be inserted, 

with the sample attached, into standard BOD bottles for the light and 

"dark bottle test. One of the main problems with the tubing substrates 
It· 

is that growth on the inside of the tubes was different from that on 

the outside and the contribution of each to the various measurements 

taken could not be separated. Stopping the ends of the tube sub-

strates isolated. the interior growth during the light and dark bottle 

tests but biomass and pigment assays are not as readily conducted on 

the"exterior aufwuchs only. This problem has been remedied in the 

present work by mounting the substrates on snugly fitting teflon rods 

as opposed to the wire supports customarily used. 
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Several investigators have found that the orientation of plate 

substrates affects the accumulation of aufwuchs (Newcombe, 1949; 

Castenholz, 1960; King and Ball, 1966). In lake studies, the ratio of 

vertical to horizontal ash free dry weight was at least 3 and 

sometimes exceeded "12. The river study had a much_~lower ratio, only 

1.15. Having neither horizontal nor vertical faces the tygon tube 

substrates can integrate the spectrum of aufwuchsaccumulation 

witnessed on glass slides and presumably also integrate the highly 

varied orientations to current occurring naturally in streams. 

2.4 Insect Bioassay 

It is very" tempting, when studying the response 'of aquatic insect 

larvae to oil shale related-effluents, to take the approach of 

establishing indicator organism status in" one or more species. 

Goodnight (1973) notes that plant or animal indicators are superior to 

chemical assays because they are of ten "very responsive to small 

perturba tions and can document transients wh"ich could be missed in 

periodic physical/chemical samples. Their use is limited, however, by 

the availability of biological expertise." In contrast to fish, insect 

larvae like aufwuchs have the important characteristic of being unable 

to flee unfavorable habitat changes, except as drift in some cases. 

Rosenberg and Wiens (1976) posit three requirements for selecting a 

species as indicative of human interferences: 1) taxonomic soundness, 

2) wide distribution, and 3) abundance before the impact. They were 

referring strictly to midge larvae but extension of their first" and" 

last criteria to other insects and other circumstances would prob'ably 
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hold. Having conspicuous taxanomic features is clearly a hedge 

against the entomological expertise drawback. Abundance before and 

after the human interference " ••• elimina tes the need to explain 

presence or absence on the basis of factors other than the impact 

being studied." T~e second criterion may not be applicable to 

indicators of oil shale related impacts. Zoogeographic distribution 

beyond the oil shale region would be of little importance. Occurrence 

throug!l0ut'this rather limited region, however, would be valuable. 

The indicator organism approach was not emphasized in this 

research most importantly because' a reliable supply of insect larvae 

from the oil shale, region was not practical. More generally this 

approach was discarded due to . its lack of future applicability. 

"Because o,f the inherent difficulties of quantitative collecting, 

identification, and analysis of findings, the use of anyone species 

as an indicator of poll1,ltion or the classificat,ion of organisms as 

tolerant or non-tolerant becomes nearly insurmountable" (Goodnight, 

1973). The attitude taken in this research is that communities 

reflect the nature of their habitat better than individual species. 

Consequently conclusions are drawn by considering the aufwuchs and 

insect species together. 

Two speCies of caddisfly (Trichoptera) larvae were selected for 

study, here. Ross (1967) and Wiggins (1977) review the biology of this 

insect order. Although Trichoptera are found in nearly every type of 

freshwater habitat, their ecological r'equirements are often narrow. 

The many species that occur in small streams usually reflect the 
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bordering terrestrial environment. Most caddisfliesconstruct 

tube-like larval cases from silk and materials in the environment such 

as pieces of rock or plant •. Wiggins lists some of the functional 

advantages of having cases as: increased respiratory efficiency, 

streamlining, ballast, buoyancy, structural rigidity, camouflage, 

internal water circulation, external water resistance and protection 

from predators that would swallow the case and from those that would 

intrude. Case design is usually a generic characteristic and would be 

of little assistance in making species identification as required by 

Rosenberg and Weins. 

Physiological machinery involved in maintenance of the milieu 

interior may be particularly important in this study where high 

concentrations of salts and other dissolved substances are encountered. 

Caddisflies are hypertonic to their medium but" some waters associated 

with. oil shale activities have .very high ionic strengths, to much the 

insects would be hypotonic. The osmoregulatory implications of 

exposure to oil shale-related" effluents are· the most serious. Caddis-

fly larvae lose ions by renal excretion, but ionic abSorption occurs 

through rectal and/or anal papillae. Additional structures are found 
ti 

on· some species to assist in ionic- and osmoregulation. These 

features, known as chloride epithelia, absorb chloride from water 

flowing through the caSe (Wiggins, 1977). 

The two species used in this research are Decosmoecus gilvipes 

(Hagen); (superfamily; Limnephiloidea, (Limnephilid branch), family: 

Limnephilidaej subfamily: Dicosmoecinae) and Gumaga nigricula 

• 
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(McLaughlin) (superfamily: Limnephiloidea (Leptocerid branch), family 

Sericostomatidae, subfamily; Sericostomatinae). Wiggins summarizes 

the attributes of these two genera and their families, the more 

relavent portions of which are noted here. 

Decosmoecus gilvipes are stout bodied larvae up to 35 .mm long. 

Theil' cases may reach 41 mm in length and are constructed of rock 

fragments in the final instal' although plant materials are used by the 

early instal'S. Limnephilinae are ecologically, important in reducing 

the size of plant debris, probably as a consequence of their attrac-

tion to fungal populations residing on the substrate. Examination of 

D. gilvipes gut content reveal fine organic particles, flamentous 

algae,. animal .remains and vascular plant pieces along with quantities 

of fine sand. Tpe latter is indicative of rock grazers. These larvae 

are found in cool, .running waters where they diapause attached to the 

underside of rocks in mid summer. Adultsetnerge in late summer and 

early 'autumn. 

. Gumaga nigricula are slender in both body and case as compared 

with D. gilvipes. The larvae are up to 19 mm long while their cases, 

made of sand grains may reach 29 mm in length. They are principally 
.. 

detritivores, feeding mainly on plant material. Studies of 

G. nigricula gut contents have found a high proportion of fine 

particles. 

,/ 

• 
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Both of these insect species may 'occupy several tropic levels in 

the aquatic food web depending on the food available. When consuming 

algae or algal remains directly, they are primary consumers but when 

fungal or animal detritus is eaten, they are functionally higher order 

consumers. In turn, each of these species is probably an important 

food source to the fish and other invertebrates of streams. -As the 

quantity and quality of aufwuchs would have important ramifications on 

the food supply of these insect larvae, the concurrent examination of 

these complimentary trophic levels can yield important inforrnation~ 

'-

r 
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CHAPTER 3 

The apparatus used to model lotic habitats of the oil shale area 

was designed afresh from the basics.' The factprs selected as .. 

necessary to control in the model habitat were water velocity, depth, 

temperature, residence time, and chemical composition; illumination 

. intensity and photoperiod; and test effluent concentration. Aufwuchs 

and aquatic insect larvae were chosen as appropriate test organism 

types to observe biologic responses spanning sev~ral"trophic levels. 

Aufwuchs ~esponses were monitored macroscopically in terms of colour, 

inc idence of sloughing and overall appearance; microscopically in terms 

of species cell counts and.relative cellular volume; and for gross 

productivity as biomass, adenosine triphosphate (ATP)L and chlorophyll a 

(CHLA) accumulation and respiratory and photosynthetic rate. Insect 

larvae responses were observed as activity level and the formation of 

prepupae. 

3.1 Physical Model 

The bioassays were conducted in four mutually isolated, parallel 

model streams. Figure 3-1 shows a schematic of the bioassay apparatus 

and support system with one model stream illustrated. The model 

streams were fabricated of 1.27 cm (1/2 in) marine grade plywood. 

Seams were secured with screws and sealed with a bead of silicone 

sealant. All exposed model stream surfaces were coated with non-toxic 

epoxy paint. The other materials in contact with stream water were·· 

polyethylene, teflon, neoprene, plexiglass, p'olyvinyl chloride (PVC), 
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steel, nickel plated copper and glass. Each stream consisted of a 

riffle reach 120 cmlong bounded by a pool reach at each end. The 

upstream and downstream pools were 17 cm and 27.5 cm long, 

respectively. The width of the riffle and pools was 9.5 cm, yielding 

a total volume of 12 liters per stream. A centrifugal pump on each 

stream lifted the water from the lower pools to the respective upper 

pools. The water depth and velocity were adjusted by the combination 

of throttling the pump discharge and altering the stream slope. The 

nominal experimental water velocity and depth in the riffle reach of 

45 cmlsec and 2.5 cm were obtained with a stream slope of 0.0891. 

. Although the riffle channel itself was very smooth, laminar flow was 

disrupted by the. presence .bf artificial substra tes for aufwuchs 

colonization. Turbulent flow existed throughout the sampled area of 

the riffle reaches. The artificial substrate characteristics are 

described below. 

3.3.1 Illumination 

Four foot long fluorescent tubes were assembled in a bank and 

suspended by a pulley system over the model streams, parallel to the 

main axis of the riffles. One standard fluorescent tube (Sylvania 

Lifeline, F40D) and one plant growth fluorescent tube (Sylvania 

Lifeline, F40-GRO) were centered on 4.1 cm centers over each model 

stream. The center line of the fluorescent tubes was maintained at a 

nominal height of 30 cm above the riffle beds. An aluminum foil liner 

immediately above the lights reflected most of the lamp output down

ward onto·the streams. All points in the streams received 
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approximately equal illumination from the two fluorescent tube types. 

The lights we controlled by a timer providing a daily light to dark 

photoperiod of 15 hours : 9 hours. 

3.1.2 Temperature Control 

The model stream water received substantial heat input from the 

centrifugal pump and fluorescent light bank. To maintain the water 

tempeature at the nominal 23 C set point, a closed circuit cooling 

system was fabricated and used. The cooling system consisted of a 

water reservoir cooled by a portable cooling unit (Blue M Electric 

Company, No.' PCC-24A~3). Cooled reservoir water was continuously 

circulated through heat exchangers in the lower pool reach of each 

model stream. The portable cooling unit set point was manually 

ad justed until the desired. streamWa ter temperature was reached. Fine, 

tuning of the individual stream water temperatures was secured by 

throttling clamp valves on the cooling water circuit supply lines to 

each stream's heat exchanger. At no time did cooling water mix with 

stream water. 

3.1.3 Water Supply 

Chemical constancy of model stream waters was maintained by 

metering make-up water to the streams on a continuous basis. The 

make-up water source was Berkeley (East Bay Municipal Utilities 

District) tap water, dechlorinated by passage through a column of 

activated carbon. A nutrient salt solution was metered to the streams 

with the tap water. The chemicals were provided to preclude limita-, 

tion of primary productivity from inorganic nutrient deficiency. The 

• 
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millimolar (mM) concentrations of salts in the tap water and of salts 

added are given on Table 3-1. The resulting concentrations were 

similar to those suggested by Guillard with reduced nitrate content 

and neither vitamin nor buffer addition (Nichols, 1973). 

3.1.4 Test Effluent Delivery System 
I .. -

The test effluents used in this research are described on 

Table 1-2. They were refrigerated at 4 C until the day of use. Daily 

oil shale-related effluent aliquots wereprediluted to manageable 

volumes, approximately 1.5 liters, and connected to each treatment 

model stream. Polysta-ltic, positive displacement pumps (Buchler 

Instrument Company) metered the pred iluted effluent to the make-up 

water supply lines of the treatment streams. The make-up water feed 

rate was adjusted to compensate for the effluent flow rate so that 

each model stream received the same displacement water volume each 

day. The displacement water for a stream was the sum of the make-up 

water, the nutrient solution and the test effluent. The total flow to 

each stream was set at six stream volumes per day for a mean hydraulic 

residence time of four hours. The water feed displaced an equal 

volume of stream water to waste wh~ch left the system via overflow 

ports in stilling wells connected to each stream. 

3.2 Water Quality Monitoring 

Daily in situ water temperature and pH measurements were taken. 

Water temperature in each stream was measured to the nearest 0.1 C 

with a mercury laboratory thermometer. A standard combination pH 

electrode connected to a general purpose pH meter (Corning,· Mod'el 10) 

• 
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Table 3-1. Ionic Composition of Model Stream Make-Up Water. 

CONSTITUENT MILLIMOLAR CONCENTRATION 

Ca+2 

Mg+2 (asMgSO .7H O)a 
4 2 

HCO- 1 
3 

-3 a P04 -P (as H
3

P04). 

NO;1 -N (as NaN0
3

)a 

Si02 
K+1 (as KCl)a 

EDTA (as 

Fe+3 (as 

Cu+2 (as 

a Na2EDTA) 

a FeCL
3

·6H20) 

a CuS04 ·7H20) 

Zn+2 (as znS0
4

·7H
2
0)a 

Co+2 (as COC1
2

·6H
2
0)a 

Mn+2 (as MnC1
2

·4H
2
0)a 

Mo+3 (as Na
2

Mo0
4

·2H
2
0)a 

Na+1 c 

CL-1 c 

SO-2 c 
4 

I T 
,b 

n " ap 

0.45 

0.123 

0.865 

0.0002 

0.0015 

0.120 

0.015 

d 

.0.002 

d 

<0.01 

<0.0001 

0.0003 

<0.01 

0.3045 

0.169 

0.16 

a. compound was used to supply the ion. 

Added 

o 

0.027, 

o 

0.0485 

0.0986 

o 

0.064 ' 

.0.01 

0. •. 010 

<0.01 

<0.01 

<0.0001 

0.0006 

,'<0.01 . 

0.1246 

0.096 

0.03 

Total 

0.45 

0.150 

',0.865 

0.0487 

0.1001 

0.120 

0.079 

0.01 

0.012 ' 

T 

T 

T, 

0.0009 

T 

0,.4291 

0~265 

0.19 

b. typical values for East Bay Municipal Utilities District, average 
of analyses for December 1976. 

c. source from several compounds listed above. 
d. not reported. 
T= trace 
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was used for in situ pH measurement. The meter was standardized with 

buffer near the stream pH value before each day's use. Internal. 

temperature compensation circuitry was operative on the pH meter. 

At three day intervals,when aufwuchs measurements were taken, in 

situ stream water dissolved oxygen concentrations were measured. A 

portable dissolved'oxygen meter (Yellow Springs Instrument Company 

Model 57) was used. Internal temperature compensation was available 

ori this instrument as well. Stream water dissolved oxygen levels were 

always at or near saturation because of high reaeration. 

Ammonia levels in the model stream water were measured at the 

conclusion of 'each experiment. The method of Solozano (1969) was 

used. Aside from hydrogen sulfide, which was probably absent from the 

well aerated stream water, this colorimetric technique is quite 

insensitive to interfering substrances as well as other nitrogenous 

compounds. Interference from color-producing compounds in the 

effluent was probably negligible due to the high dilutions emplo~ed. 

3.3 Aufwuchs Colonization 

In each of the six experimental runs, the colonization and 

development of aufwuchs on in~tially bare standardized substrates was 

monitored at three day intervals for nine days. The original seed 

organisms were obtained by collecting stones (5 cm nominal diameter) 

from the Stanislaus River, California (1300 m elevation) and 

transporting them in chilled contai~ers to the laboratory. The stones 

were distributed around the heat exchanger coils in the lower pool of 

each model stream. Before each of the latter runs, substrates from 
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the control model stream of the immediately preceding run were 

"transferred to the treatment streams of the preceding run to ensure 

equal availability of aufwuchs organisms for recruitment on bare 

areas. In addition, insect larvae, decomposing leaves and detritus 

were periodically placed in the model streams in conjunction with the 

larvae insect bioassays (Table 4-1). This matter was a supplementary 

supply of seed aufwuchs organisms. The source of these materials was 

Big Sulfur Creek, California. 

Representative aufwuchs samples were obtained using artificial 

substrates fabricated of 2.5 cm lengths of 1.59 cm (5/8 in) OD Tygon 

tubing. The outer surface of the substrates was roughened with sand-

paper to promote aufwuchs attachment. Once prepared in this manner, 

the substrates' surfaces were uniformly scored but no attached shreds 

of the tubing material were evident by visual examination. To assure 

that aufwuchs colonization would occur only on the outer surface, the 

substrates were slipped on snuggly fitting, 1.27 cm diameter (1/2 in) 

teflon rods. Three substrates were mounted, abutting each other, on 

each teflon rod and short collars of the same tubing were slipped over 

the ends of the rod so that growth on the ends of the substrates was 

precluded. When removing a sample substrate from its rod, the' end 

collar was discarded first. The teflon rod.s with substrates mounted 

were suspended horizontally in the model streams with the major axis 

perpendicular to the water velocity. The rods were positioned along 

the entire length of the model .streams on 3.18 cm (1.25 in) centers. 

Thin pieces of bent stainless steel spring wire fitting in the rod 
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ends a'1d in holes in the tops of the model stream walls fixed the 

location of the sUbstrates. The three· termi .. nal rod positions were not 

sampled to avoid any end effects due to non-uniform hydraulic 

characteristics in the transition between turbulent and laminar flow 

regimes. 

3.4 Insect Larvae Bioassay 

Two species of caddisflies were used in the bioassays, Dicosmoecus 

gilvipes (Hagen) (Trichoptera: Limnephilidae) and Gumaga nigricula 

(McLaughlin) (Trichoptera: Sericostomatidae). The test organisms 

c- w'ere collected from Big Sulfur Creek, Sonoma County, California. Last 

instar Gumaga and late ins tar Dicosmoecus larvae were used. Collection 

of the larvae was done as soon as possible before the beginning of each 

run (Table 4-1) •. With the exception of the first collection, leaves 
I 

and detr.itus from Big Sulfur Creek were returned with the larvae. 

During the experimental .runs, the test larvae were confined in PVC 

cages located in the lower pool of each stream. The cages were· 

situated in the pools,above the heat exchanger coils and aufwuchs 

seed stones, with the open tops of. the basket shaped cages emerging 

above the water surface. A minimum of 16 cm3 (1 in3) of submerged 

cage volume was provided for each larva. The larvae were counted and 

inspected daily for motility and general level of activity. 

3.5 Biomass 

Development of biomass,on the substrates was monitored in terms of 

total solids (TS) (dry weight) and volatile solids (VS) (ash free dry 

weight). To determine the total solids, immediately upon removing a 
"-,, 
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substrate from a stream all of the aufwuchs was scraped with a. tooth

brush into a filtration apparatus fitted with a glass fiber filter 

(Whatman, GF/C). Any biomass residue remaining on the toothbrush or 

the substrate was· flushed off with a squeeze bottle of distilled 

water. A vacuum was supplied by a vacuum pump on a manifold serving 

six separate filter assemblies. A nominal vacuum -of· 1/2 atmosphere 

was maintained until all excess moisture had passed thro~gh the 

filters. The walls of the fil tration assembly reservoir were flushed 

with distilled water as the filtering operation progressed to prevent 

aufwuchs from adhering. 

Each filter was removed from the filtration assembly with .forceps 

and returned to the crucible in which it had previously been heated in 

a muffle furnace at 550 C, cooled, tared and stored in a dessicator 

until use. The crucible containing filter paper and aufwuchs sample 

was then dried in a drying oven at 103 C to constant weight. After 

cooling to room temperature in a dessicator, weight measurements were 

taken to the nearest 0.1 mg. 

Each time solids determinations were made, four filter 

disks-crucible sets (blanks) were carried through the 'entire process 

except they were not mounted on the filtration apparatus and wetted. 

The total solids value for the sample was computed as the difference 

between the filter disk-crucible tare and the dry weight with the 

sample plus the mean loss in drying of the quadruplicate blanks. 

Triplicate solids determinations were made on each stream at each 

.. sampling period. For the DaY'3 sampling period two substrates were 



62 

fil tered onto each replicate because of the low biomass accumulation. 

Only one substrate per filter replicate was needed for the 6 and 9 Day 

sampling periods. 

Following the total solids determination each filter ·disk with its 

mated crucible was ashed in a muffle furnace at 550 C for 30 min. 

Upon cooling to room temperature in a· dessicator, the filter-crucible 

sets were again weighed. The volatile solids value of the sample was 

computed·as the difference between the 103 C weight and the 550 C 

weight plus the mean weight loss of the quadruplicate blanks between 

the 103 C and 550 C readings. 

Total and volatile solids assays measure classes of materials 

based on their stability as solids at 103 C and 550 C. Specific 
-1 . , 

chemicals are not measured but the response of most chemicals can be 

predicted from knowledge of their thermal properties. Data from total 

and volatile solids measurements may contain considerable error 

(American Public Health Association et al., 1971). Error may result 

from loss of volatile compounds during drying and loss of carbon 

dioxide and volatile minerals during ignition. In addition, the 

formation· of calcium oxides upon ashing may produce low volatile 

solids values. The presence of oil or grease in samples often gives 

variable results due to the difficulty in drying to constant weight. 

The variability in mean weight loss of the mated glass fiber filter 

disk and crucible blanks with drying and ashing was always on the 

order of 1 mg or less, negligable compared to the coefficient of 

variation in solids measurements on the control streams over the 

course of the six. 
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3.6 Adenosine Triphosphate 

The adenosine triphosphate (ATP) content of aufwuchs was estimated 

from samples taken at three day intervals during the experimental 

runs. The extraction and measurement procedure was adapted from the 

luciferin-luciferase method used by Holm-Hansen and Booth (1966) for 

marine plankton. Triplicate specimen substrates were selected from 

each model stream on the sampling days and quickly placed in test 

tubes containing approximately 20 ml of bOiling·Tris buffer (0.02 M 

pH = 7.75) for five to ten minutes. After the extraction period, the 

substrates were removed from the tubes without attempting to pr~vent 

sloughing of the aufwuchs mat. The Tris solution with the extracted 

AT? was then immediately poured into capped vials and frozen until 

measurement •. On each sampling day, duplicate blanks and five ATP 

standards were carried through the boiling step and frozen. 

The ATP of the extracts was measured with an integrating ATP 

photometer. The samples and standards were first thawed and brought 

to a uniform volume of 30 ml with additional Tris buffer solution 

(pH = 7.75). Lyophilized water extract of firefly lanterns (Sigma 

Chemical Co., Stock FLE-50) was then added to centrifuged aliquots of 

the ATP extracts. Light emission from. the samples and unknowns was 

measured after exactly ten seconds lag period. The ATP content of the 

samples was determined by comparison with the light emission of the 

blanks and standards. The photometer readings onATP standards 

prepared on different sampling days agreed within a few percent. 

Thus, one average standard curve was used for all of the unknown 

samples. 
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3.7 Chlorophyll a 

The chlorophyll !!. (CHLA) content of aufwuchs on the sample 

substrates was estimated by spectrophotometric measurement of methanol 

extracts prepared similarly to the methods suggested by TaIling (1969) 

for phytoplan~ton samples. The substrates were assayed for 

chlorophyll!!. individually. No attempt was made to avoid any apparent 

spatial heterogeneity between the triplicate samples drawn from each 

stream on the sampling days. 

The pigment extraction was carried out using boiling absolute 

methanol in graduated centrifuge tubes in a water bath heated on an 

electric hot plate. The procedure consisted of removing a triplicate 

set of substrates from the stream being sampled. After allowing any 

excess water to drip off, each substrate was slipped off the teflon 

rod and transferred with tweezers, touching the inside substrate 

surface only, to one of the centr::ifuge tubes containing boiling 

methanol. 
) 

Six unknowns and one blank were extracted as a set for 

approximately 30 seconds after w~ich time they were removed from the 

heat and the extracted substrates withdrawn from the centrifuge' 

tubes. Excess methanol was allowed to drip back into the centrifuge 

tube as the substrate was removed. The centrifuge tubes with extract 

were then centrifuged for 5 minutes to clear suspended matter from the 

sample. The methano'! extract ,was br~ught up to standard volume at 

this point. A to,tal extract volume of 20 or 30 ml was used depending 

upon the amount of aufwuchs pigment in the sample. The absorbance of 

each sample was measured at 665 nm and 750 nm on a Perkin Elmer 



65 

Model 55 Spectrophotometer after zeroing with reagent blanks. The 

path length was 1 cm. The chlorophyll ~ in the sample was calculated 

as 

CHLA =, 13. 9 (A665 - A750) V 

where CHLA is the mg of chlorophyll ~ in the sample, A665 is the 

optical density at 665 nm, A750 is the optical density at 750 nm and 

V is the sample volume in liters. The constant 13.9 was suggested by 

TaIling (1969) for use with extracts of phytoplankton chlorophyll ~ 

that were prepared in boiling 90% methanol for 30 seconds followed by 

a 30 minute extraction period before spectrophotometric measurement. 

This .constant ignores the possible contribution to absorbance of 

pigment degradation products. Absolute methanol was used here but 

approximately 1 to 2 ml of water was entrai'ned in the aufwuchs mat 

even after the substrate was allowed to drip off. Thus, the water 

fraction in the methanol extract probably was in the range 3 to 10%. 

TaIling recommended adding a small quantity of magnesium carbonate to 

the phytoplankton sample before filtering to prevent development of 

acidity which accelerates pigment degradation. There was no 

opportunity after the sample was taken from the stream when an aqueous 

solution of magnesium carbonate could be applied before the extrac-

tion. Howe~er, pigment degradation was minimized by measuring the 

optical density as quickly "I-fter extraction as possible. Usually 20. 
/ 

to 40 minutes elapsed between removal of a substrate sample from the 
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stream and reading of the absorbance. This time interval compares 

favorably with Talling.' s suggested 30 minutes. The aufWuchsthat 

adhered to the substrate when it was removed from the centrifuge tube 

was in contact with the methanol for only the first 1 or 2 minutes, 

however. Visual observation indicated that sometimes, particularly 

when a dense aufwuchs mat was on the substrate, green pigment was not 

completely extracted. With heavy aufwuchs growth, the underlying 

cells on the substrate surface may not have been adequately heated in 

30 seconds and the circulation of methanol within the mat may have 

been effectively hampered by the interstitial water and cellular 

matrix. 'Since the specific heat of methanol is about 0.6 it may have 

been unable to heat the interstitial water rapidly enough in the 

30 second time ·frame. Undoubtedly, the substrates themselves acted as 

heat sinks~ delaying the temperature rise at their surface. Visually 

at least 90% of the green pigments were extracted in every sample. Of 

course, the aufwuchs that sometimes sloughed when the substrate was 

removed from the centrifuge tube was more completely' leached of its 

methanol soluble pigments. 

Bumping problems with the boiling methanol occurred on several 

occasions as the substrates were placed in the tubes, causing sample 

loss. When this was observed the sample was not used as part of the 

data set. Minor bumping episodes may have gone unnoticed at times. 

Use of glass beads was tried to prevent superheating of the methanol 

in the centrifuge tubes but they were not completely successful. The 

best hedge against bumping was to monitor the temperature with a 
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thermometer in the reagent blank tube of methanol. Even thisprecau-

tion was not always effective because of minor differentials in the 

heating rates of the seven centrifuge tubes in a set. The substrates 

lowered the methanol temperature a few degrees as soon as they were 

placed in the tubes. Hence it was necessary to have the methanol at 

its boiling point, although not necessarily ebullient, when the sub-

strates were put in lest a major portion of the 30 seconds be occupied 

in attaining boiling temperature again. Superheating of the methanol 

was never a problem once the substrates were in the tubes because they 

provided numerous nucleation sites for bubbles to form. 

3.8 Respiration Rate 

An effort was made to measure the oxygen consumption (RESP) of the 

aufwuchs while sttll on the substrates. Each sample substrate was 

incubated in a 60 ml BOD bottle with a ground glass stopper. The 

. incubation bottle· was completely filled with water taken from the 

sampled stream. With the stopper fitted so as to exclude all air from 

the bottle, the assembly was wrapped in aluminum foil to eliminate 

light precluding photosynthesis and other photochemical reactions. 

The incubation period was two hours and began when the wrapped bottles 

were placed in the constant temperature bath. Usually the operation 

of filling the incubation bottles with stream water, inserting the 

sample substrate, wrapping with foil and· situating the assembly in the 

bath took about 2 minutes. Each stream was sampled and incubated in 

triplicate. In addition, duplicate respiration blanks were run on 

each stream with the samples. The blanks were prepared the same as 
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the samples except no substrate was inserted. The blank incubation 

bottles contained stream water onlY. 

The constant temperature bath used for incubation of the 

respiration samples. was fashioned by diverting return flow from the 

in-stream heat exchanger coils through a white enamel coated tray. 

The tray overflowed to the cooling system reservoir, from which the 

heat .exchanger return .flow had been diverted. The incubation bottles 

were placed side by side in the tray with the water depth great enough 

to near~y cover them. One stream at a time was sampled due to limits 

on the number of incubation bottles available and space in the constant 

temperature bath. Stream sampling was staggered at approximately one 

hour intervals. That is, initially one stream was sampled and its 

incubat.ion begun •. An hour later, another stream was sampled and 

included with the first stream's bottles in the constant temperature 

bath. At the .end of the second hour samples from the initial stream 

were removed from the bath for dissolved. oxygen measurement and yet 
\. 

another stream's samples were put in the bath in place of the bottles 

just removed. 

No systematic agitation of the incubating bottles was provided. 

However, when one stream's bottles wer.e removed. from the bath and 

another set introduced, the bottles that had been in the bath for one 

hour were all shifted to a different position in the tray. Any 

circulation set up inside the incubation bottles by so shifting them 

was probably very slight and of short duration. 
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The method used to estimate the dissolved oxygen concentration in 

the bottles at the end of the incubation period consisted of first 

unwrapping and unstoppering the bottles one at a time, removing the 

substrate and measuring the oxygen activity with a polarographic probe 
\ 

connected to a dissolved oxygen meter (YSI, Model 57). In removing 

the substrate, from the incubation bottle, an effort was made to prevent 

any aufwuchs from sloughing off into the bottle, although this some-

times happened. Once the substrate was removed a plastic coated 

magnetic stirring bar was placed in the bottle and the, polarographic 

oxygen probe, having the same taper as the ground glass BOD bottle, 

was fitted into the mouth. With the probe in place, no air pocket was 

in the bottle. The bottle with probe was then placed on a laboratory 

electric magnetic stirrer and the meter was given time to equilibrate. 

Usually about 1 minute was needed for the meter needle to come to a 

constant reading, at which time the dissolved oxygenconcentra tion in 

the bottle was read. The blanks were measured in the same manner 

except there was no substrate to be removed. 

Prior to making the measurements on each stream's set of 

incubation bottles, the meter was zeroed and calibrated with room 

temperature distilled water that had been saturated with oxygen by 

aeration for one half hour with a porous stone diffuser. The calibra-

tion temperature was always within a few degrees of the ihcubation 

temperature and electronic temperature compensation was utilized in 

the meter. The calibration was carried out while stirring the oxygen 

saturated water at the same rate as was used with the unknowns. When 
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the calibration correction needed between sets of samples exceeded 1 

or 2 mg/l, the probe membrane was replaced. This consistantly improved 

the performance of the device. 

The dissolved oxygen in the blanks was computed as 

DOB = DO x 60 

where DOB is the ~g of dissolved oxygen in the blank incubation 

bottle, DO is the oxygen meter reading and the constant 60 converts 

the concentration units given on the meter to the mass of oxygen 

contained ina bottle of the volume used. 

The dissolved oxygen consumption in each sample bottle was 

calculated as 

RESP = [(DOB/60) - 00] x 51.4/2 

where RESP is the sample oxygen uptake expressed as ~g oxygen per hour 

per substrate, DOB is the mean lJS oxygen measured in the duplicate 

blanks for' the samples stream, DO is the d Hisol ved oxygen meter reading 

for the sample, the constants 60 and 51.4 are the incubation bottle 

volumes in ml without and with a substrate inside, respectively, and 

the constant 2 converts the value derived from the two hour' incubation 

to a one hour basis. 
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3.9 Gross Photosynthetic.Rate 

Concurrently with the dark bottle respiration rate measure'ments, 

unwrapped but otherwise identical incubation bottles containing sample 

substrates were immersed in the water bath for the two hour incubation 

period. These photosynthesis samples were drawn from each stream and 

incubated at the same time as the respiration samples. The light 

,bottle (photosyntDesis) incubations required that the bank of 

fluorescent lights be partially diverted from the riffle reaches of 

the model streams and positioned directly over the water bath. A 

nominal light height of 30 cm above the substrates in the incubation 

bottles was used. As with the dark bottles, the position of the light 

bottles in the water bath was changed after one hour of incubation when 

the bottles ·from the preceding stream in the staggered incubation 

series were removed and the next ~tream's bottles emplaced. No other 

agitation was provided. An effort was made to position the substrates 

in the light incubation bottles so that their orientation with respect 

to the light sOurce was the same as it had been in the stream. These 

attempts were not always successful. Duplicate light bottle blanks 

were incubated with' the samples from each stream. 

Exposure to light in the photosynthesis incubations allowed 

photosynthetic and other photochemical reactions to proceed, in addi

tion to the oxygen consuming reactions measured in the dark bottles. 

Thus, the oxygen change measured in the light bottles was very nearly 

the algebraic sum of the gross photosynthesis and the respiration 
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occurring during the two hour period. This quantity is termed net 

photosynthesis and was calculated as: 

where NP is the net sample oxygen production expressed as~g oxygen 

per hour per substrate. The other variables have the, same definitions 

and. dimensions as in the respiration rate equation. The adjustment 

for the blanks, DOB, compensates for oxygen productional' consumption 

by any planktonic microbiota in the model streamwCiter. Note that 

unlike RESP, NP may take on negative values when the sample aufwuchs 

respiration exceeds its gross photosynthesis. 

Theaufwuchs metabolic parameter of interest here 'is the gross 

photosynthetic rate (GP) and was computed as: . 

GP = RESP + NP 

RESP and NP are the means of the triplicate dark and light bottle 

oxygen changes, respectively. Only one value of GP was obtained for 

each model stream on each sampling day since the means of the light 

and dark bottles are summed rather than.three pairs of light and dark 

bottle measurements being summed to yield three GP values.. The under

lying reason is that no logical basis exists for pairing the light and 

dark bottle samples taken from the same stream.' The mean of the dark 
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bottle triplicates is a better estimate of respiration, than anyone 

of th~ three measurements~ as is the case with the light bottles for 

the net photosynthesis estimate. Therefore, the best estimate of the 

stream gross photosynthesis is the sum of the means. 

No light or dark bottle incubations were carried. out on the 

streams on Day 3 of Run 1. Otherwise, one control .GP and one control 

RESP v~lue' were obtained from each stream on each sampling period. 
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CHAPTER 4 

RESULTS 

4.1 Model Stream Physical/Chemical Character 

The model streams were operated for a little more than nine months. 

During this period, six experimental runs were carried out in which 

aufwuchs data were obtained. Insect larvae were studied in three of 

these runs and an additional period between Runs 1 and 2 was used to 

evaluate ,the survival of insect larvae in the model stream environment 

without effluent loading. A calendar showing the schedule of experi

ments performed in the research, appears on Table 4-1. 

Daily measurements of in situ model stream temperature and pH 

taken over the course of the experiments and the insect larvae expo

sure period were subject to a one way analysis of variance. With 

neither variable was there any significant stream individuality in the 

measurements. Although neither the temperature nor the pH of the 

model streams was intended to fluctuate in the design of the experi

ments, variation in the measured values of these parameters did occur. 

The computed coefficients of variation were 4.8% and 9.0% for all of 

the temperature and pH measurements, respectively. On the whole, 

Stream 1 had a slightly higher average pH and lower mean temperature 

than the other model streams. Alternatively the pH was lowest and 

temperature highest in Stream 4. The other two streams had inter

mediate temperature and pH values. Again, none of these deviations 

from the overall mean values were significant. In this and the 

following discussion it is recognized that the concept of average 
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Table 4-1. Calenda~ of Activity 

7/24/77 Aufwuchs seed obtained f~m stones 'transported to model, streams from 
Stanislaus River. All four model streams were seeded but only one 
received 'nutrient solution. The other three model streams received 
only tap water dechlorinated with activated carbon. 

9/10/77 Seed substrates from the model stream receiving nutrient solution 
were distributed among all ,four model streams. All model streams 
began receiving nutrient solution. 

10/18/77, Building water supply failed. Model streams operated on complete 
recirculation mode. 

10/20/77 Water supply ~stored. Normal partial recirculation mode ~sumed. 

12/17/77 Run 1 begun. No effluent additions to model streams. 

114/78 Gumaga nigricula larvae collected f~om Big Sulfur Creek. 

1/7/78 Some of the Gumaga n1gricula collected were placed in model st~eams 
for 12 ,days. No effluent additions. Preliminary insect larval test 
period. 

1/27178 Run 2 begun. First test of Omega-9 water.' Stream 1: .53% 
effluent; Stream 2: .13% effluent; Stream 3: .013% effluent; 
Stream 4: Control, no effluent. 

2/12/78 'Gumaga nigricula larvae collected from Big Sulfur Creek for-Run 3. 

2/13/78 Run 3 begun. Second test of Omega-9 water. Stream 1: 2.12% 
effluent; Stream 2: 1.06% effluent; Stream 3: .27% effluent; 
Stream 4: Control, no effluent. 

3/13/78 Gumaga nigricula larvae collected f~om Big Sulfur Creek for Run 4. 

3/15/78 Run 4 begun. Test of Unfiltered Omega-9 water. 
no effluent; Stream 2: .53% effluent; Stream 3: 
Stream 4: 1.06% effluent. 

Stream 1: control, 
.27% effluent; 

4/2178 Run 5 begun. Test of 150 Ton Retort water. St~eam 1: ,.34% 
effluent; Stream 2: control, no effluent; Stream 3: .084% 
effluent; Stream 4: .67% effluent. 

4/21178 Gumaga nigricula and Dicosmoecus gilvipes larvae collected f~m Big 
Sulfur Creek for Run 6. 

4/22/78 Run 6 begun: Test of ammonium carbonate. Stream 1: 2.26 mH; 
Stream 2: 4.52 mH; Stream 3: control, no ammonium carbonate; 
Stream 4: .56 mH. 
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pH in the sense of arithmetic mean is not entirely appropriate. The 

, log mean value is required to determine the true average hydrogen ion 

concentration. Nevertheless, average pH values are used here for 

comparison between streams. 

When the mean temperature andp~ values for.each model stream are 

examined within a given experimel1talrun, some statistically signif

icant differences are found. Two statistical techniques were used to 

discern these differences. First, the students t test was used to 

compare the mean pH or temperature value for.each model ·stream over 

the course of each experimental run with the average value for the 

other three model streams during the same run. Second, Scheffe's test 

was used to examine all possible linear combinations of the model 

streams' means for each run. This test produces homogenous subsets of 

model stream temperature or pH means where the means of the first and 

the last model streams in the linear subset differ by less than the 

critical value for a subset of that size. The critical value is 

computed so that a .05 level of significance is obtained. That is, in 

5% or fewer of the comparisons, the temperature or pH means of two 

subsets of model streams will be declared unequal when they are in 

fact equal. Unlike Duncan's multiple range test, Scheffe's test is 

exact even if the number of values used ·to compute the mean for each 

model stream is not the same. 

Table 4-2 gives the temperature and pH means and ranges for each 

of the six runs and the preliminary insect larvae exposure period. 

Each of these seven periods was in turn examined by the students t 
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Table 11-2. Temperature and pH of Experimental Runs. 

Test Stream Temperatl,lre (C) pH Ammonia (mM) 
Run No. Effluent D1lution ·Number Mean Range Mean Range Calc. Meas. 

0 1 21l.0 (23.1-25.0) 
8.3 ".r-""I 0 

0 ·2 21l.2 (23.3-25.2~ 8.3 (7.8-9.0) 0 
None 0 3 ·.21l.2 (23.1-25.3) 8.5 (7.8-9.1l) 0 

0 4 24.1 (23.0-25.1l 8.2 (7.8-8.5) 0 

Preliminary' 0 1 24.3 (23.7-25.1l 8.8 (8.6-9.0) '·1 0 
Insect 0 2 24.4 (23.9-25.3) 9.1 (8.9-9. 1l )11 0 
Larvae None C1 3 24.6 (21l.0-25.3) 9.0 (8.7-9.3) I.J 0 
Exposure 0 4 24.5 (21l.0-25.3) 9.1 (8.9-9.3) 0 

0 ,4 23.7 (21.8-21l.8) 7.7 (6.9-8.1l) I 0 
2 Omega-9 .013% 3 23.6 (21.8~21l.8) 7.9 (7.3-8 .7)1 .025 

Water .13% 2 23.6 (22.0-21l.6) 8.0 (7 .1l-8.1l ) .25 
.53J 23.11 (22.0-21l.1l) 8.2 (7~9-8.5) 1.00 

0 4 21.8 (20.8;..22.9) 8.0 (7.0-8.5) 0 0 
3 Omega-9 .271. 3 21. 8 (20.8-23.3) 8.1 (7.6-8.1l) .50 .44 -...J 

Water 1.061. 2 22.0 (21.0-23.3) 8.2 (7.5-8.5) 2.00 2.02 -...J 

2.121. 1 21. 7 (20.7-23.0) 8.2 (7.3-8.4) 1l.00 1l.22 

Unfiltered 0 1 24.0 (22. 9-21l .9) 8.6 (7.7 -8. 9 )I·~I 0 0 
4 Omega-9 .271. 3 21l.1l(23.1l-25.1l 7.6 (6.7-8.2)/ I .50 .080 

Water .531. 2 21l.1l (23.2-25.1) 7.6 (7.0-8.1) I 1.00 .47 
1.061. 4 21l.5 (23.1l-25.2) 8.2 (8.0-8.3)/--1 2.00 2.37 

150 Ton 0 2 23.0 (22.1-21l.1l 8.3 (7.7-9.2) ... 0 0 
5 Retort .084% 3 23.1 (22.2-24.2) . 7. 1 ( 6. 1-8. 4 )1 1 .50 .12 

Water .31l% 1 22.6 (21.7-23.8) 7.9 (6.8-8.6) I : 2.00 1.15 
.67% 4 23.2 (22.1-21l.1l) 7.5 (6.2-8.6) - 4.00 2.31 . 

Ammonium 0 3 23.3 (22.3-21l.2) 8.5 (7.5-9.1)J 0 0 
6 Carbonate .56 mM 4 23.7 (22.7-21l.6) 7.1 (6.9-7.3)1 .56 .011 

2.26 mM 1 23.2 (22.1-21l.1) 6.9 (6.0-8.1) 2.26 .51 
4.52 mM 2 23.4 (22.4-21l.3) 7.2 (6.1l-8.1I) 4.52 1.25 
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test and Scheffe's test as described above. In no case were multiple 

subsets of the streams' temperatures resolved by Scheffe's test, but t 

tests of each stream did find one notable deviation. In Run 4 

Stream 1, the control_, was nearly half a degree C cooler than the 

other three model streams. This difference was Significant (P = .02). 

Significant differences among the pH values were much more 

. frequent. Subsets of model streams with the same mean pHs as determ

ined by Scheffe's test are indicated on Table 4-2. The solid vertical 

bars to the immediate right of the pH ranges connect the model streams 

with statistically the same pH's. Runs 1 and 3 were the only instances 

when all four model streams had the same pH. Of the remaining test 

periods except Run 4, the model streams receiving effluent were grouped 

together apart from the control stream, although~n most cases other 

homogenous stream groupings were-also found. Run 4 had high pHs in 

Streams 1 and 4 and low pHs in the other two. 

The target and measured ammonia levels in each model stream are 

also given on Table 4-2. Ammonia measurements were made at the 

conclusion of the last four runs only. Large discrepancies appear 

between the measured and expected model stream ammonia concentrations 

in the last two runs and with the model streams receiving the two 

lower dilutions of Unfiltered Omega-9 water in Run 4. It should be 

noted that the high effluent concentration model stream of Run 4 which 

did not show a large difference between the observed and expected 

ammonia levels, had been the control stream in the previous runs. 
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4.2 Aufwuchs 

The effects of effluent dilutions on aU,fwuchs development in the 

model streams was monitored using three basic approaches. The first 

of these consisted of visual inspection of the general macroscopic 

condition of the aufwuchs in situ. Secondly, micros,copic examinations 

of representative aufwuchs samples were made at the conclusion of each 

run. Evaluation of cOmlnunity composition was quantified in terms of 

cell count percent and cell volume percent for each species found. 

The third evaluation of the effluent effects utilized measurements of 

growth and metabolic activity of representative aufwuchs samples at 

three day intervals. 

4.2.1 Visual Observations 

Figures 4-1 through 4-4 are photographs of in situ substrates at 

the termination of Runs 3 through 6 respectively. Each view shows 

triplicate three, six and nine day old substrates •. The Day 9 sub

strates had been in the streams since the beginning of the run but the 

younger substrates were clean replacement substrates placed in posi

tions sampled on Days 3 and 6. The green color of the aufwuchs in 

streams receiving effluent' loading is the most distinguishing feature 

contrasting the brown control stream aufwuchs. As the photographs 

illustrate sloughing of the aufwuchs sometimes occurred, especially 

with increased fncubation time and effluent concentration. 

The following is a summary of observational notes made in 

connection with macroscopic examination of the aufwuchs and model 

streams during the experimental runs. The in situ temperature on 

~' 
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D~y 6 had risen by about 1 C in each model stream since the beginning 

of Run 1. Apparently this rise resulted from. increased absorption of 

radiant energy by the dark aufwuchsas compared with ,the initially 

clean substrates and,white model . stream channels. This phenomenon 

occurred in all subsequent runs. The amount of temperature rise 

seemed correlated with the decrease in albedo of the model streams. 

The small differences in temperature between model streams with 

approximately the same amount of aufwuchs probably resulted from minor 

variations in the performance of the parallel cooling systems. 

By Day 9 of Run 1 sloughing had occurred in all model streams. 

Sloughing was not as pronounced in Stream 1 as the other three. The 

substrates had begun to slough on Day 6 .. of Run 2, expecial1y in 

Streams 2 and 3. Streams 1 and 4 exhibited only a slight degree of 

sloughing. 

Normally the lengths of feed line tubing downstream of the 

intersection of the effluent feed lines with the make-up water lines 

supported dense internal aufwuchs growths regardless of the effluent 

concentration belng· fed each model stream. On the last day of Run 2 

however, the make-up water feed to Stream 2 was inadvertently stopped 

for about 15 minutes while the pump feeding the partially diluted 

Omega-9 water remained operative. Consequently, the aufwuchs inside 

the feed line tubing was exposed to 6.4% effluent instead of .13% 

effluent as had been the case during this run. Within this brief 

interval the aufwuchs inside this entire length of tubing completely 

sloughed. The condition within this length of tubing had briefly 

{ 
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become similar to those inside the effluent feed line which supplied 

partially diluted effluent for blending with the make-up water, which 

mixture is continually dispensed to the model stream. In no run was 

the partially diluted effluent in the effluent feed lines of a suf

ficantly low concentration to permit the growth of aufwuchs enough for 

visual detection. The lowest dilutions at which of the effluents were 

pumped through the effluent feed lines were: Omega-9 water - .64%; 

Unfiltered Omega~9 water - 12.7%; 150 Ton Retort water - 4.0%; and 

ammonium carbonate solution - 24 mM. Since aufwuchs growth occurred 

in the feed -line downstream of the point where diluted effluent was 

blended with make-up wa ter when the resulting Omega-9 water concen

tra tion was as high as' 2.12%, yet no aufwuchs ~rowth occurred in the 

effluent feed line above the point ofblendlng with the make-up water 

when the Omega-9 water concentration was only .64%, effluent toxicity 

was probably not the only factor preventing aufwuchs growth. The two 

-most likely explanations are either that aufwuchs seed organisms were 

not present in the effluent feed line or that the partially diluted 

Omega-9 water was nutrient deficient, which condition was altered upon 

blending with the nutrient-rich make-up water. The third possibility 

exists that some aspect of the make-up water, other than shear 

dilution, was antagonistic to Omega-9 water toxicity. 

The Day 9 substrates from Run 3 during which the relatively high 

levels of Omega-9water were tested showed gross-sloughing in Stream 3 

and minor sloughing in Stream 4, the control model stream. The two 

model streams receiving the highest effluent concentrations had 
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sloughed some time earlier and recolonization was light. The aufwuchs 

samples were considerably more difficult to filter through the glass 

fiber discs in the biomass determinations and had a gelatinous 

consistency. 

The light bottles in the photosynthesis - respiration measurements 

from Stream 2 on the sixth day of Run 4 contained an unusually large 

amount of suspended green particu,la~e matter. Although this material 

was not examined with a microscope, it was most probably aufwuchs-

derived pseudoplankton. 

On Day 8 ·of Run 5 the appearance of aufwuchs ,in Stream 3, receiving 

.084% 150 Ton Retort water, changed from resembling the control mO,del 

stream to resembling the higher loaded model streams. ,No microscopic 

confirmation of this suspected population shift was made. 

Some of the substrates in Streams 1 and 2 of Run 6 had begun to 

slough by Day ,6. These streams had the highest ammonium carbonate 
I 

concentrations. The only invertebrate found in the model streams 

other than the caddisfly larvae was a segmented worm which appeared in 

an aufwuchs sample from Stream 4 of this run. It was noticed on a 

filter disc prepared for biomass determination. The worm was alive. 

4.2.2 Microscopic Examination 

Nine algae species were found by microscopic examination of 

aufwuchs specimens from each stream preserved at the end of each run. 

Four species of the genus Navicula and one of Nitzschia were the 

diatoms identified. Closteridium, Microspora and Zygnema were three 

genera of green algae found but one unidentified coccoidal unicellular 

green alga was also present. 
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The composition of the algal component of the aufWuchs samples is 

given on Table 4-3 . This tabulation is based on 'cell counts and is 

expressed in terms of percent of the total number of cells counted in 

each sample. In no run were all of the algal species present in one 

stream. Some species did not appear during the first few runs. Three 

Navicula species in particular were absent initially. Two of these 

did not occur until Run 4, but were consistently present thereafter, 

and one was observed in the control stream of ,Run 5 only. 

No clear trend was recognized in the cell count percentage of 

diatoms in the,control streams. They varied from· 26 to 78% of the 

cells counted in control stream samples. On the average the diatom 

cells were 50% of the total number of control stream cells but the 

coefficient of variation in this value was 35%. 

The diatom fraction of the total cell counts decreased with 

increasing effluent loading in all but Run 3 where there was a slight 

increase. When the percentage cell count results for Runs 2 and 3, 

the Omega-9 water tests, are combined the trend is for a decreasing 

diatom percentage with increasing effluent loading. This trend is 

illusory, however, since the percentages for Run,2, which tested the 

lower concentrations, were always higher than those for Run 3, when 

the higher concentrations were tested. Although a decreasing trend is 

evident in Run 6, it is weak and not continuously decreasing. The 

decreasing trends in percent diatom counts in Runs 2, 4 and 5 appear 

real and unambigious. 



Table 11-3. AufVuchs Community Composition - ~ell Count Percent.-

Navicula Navicula Navicula Navicula Inident1fied Creen 
sp 1 sp 2 sp 3 sp ~ Nitzschia Diatoma Closteridium Microspora Zygnemil Creen Alga Algae 

RUN 1: No ernuent 

Stream I 0 31 0 0 0 31 19 ~ 28 17 69 
Stream 2 0 66 0 0 0 66 16 0 3 15 3" 
Stream 3 0 53 o· 0 0 53 . 12 0 18 17 47 
Stream II o· . ~5 0 0 0 ~5 13 0 37 6 55 

:'} 

RUN 2: Omega-2 Watar 

Control 0 78 0 0 0 78 " 0 II 1/1 22 
.013J 0 63 0 0 0 63 6 2 15 15 37 
.13~ 0 59 0 i 0 0 59 - " 3 5 28 III 
.53J 0 59 0 0 0 59 10 0 5 26 111 

RUN J: Omega-2 Water 

Control 0 III 0 0 0 41 14 0 35- 10 59 
.271- 0 48 0 0 0 48 17 0 8 27 52 

1.06J 0 4/1 '0 0 0 44 40 0 0 15 56 
2.12J 0 /15 0 0 0 /15 11 0 5 33 55 00 

00 

RUN 4: Un rtltered 
Om"'Ba-2 Water 

Control 7 25 0 " P' /13 6 0 9 42 57 
.27S P 25 0 0 P 26 3 2 40.- 29 74 
• 53S P 20 0 p 3 23 4e 0 O . 29 77 

1.06J p 13 0 0 2 16 13 0 " 61 84 

RUN 5: 150 Ton 

/ 
Retort Water 

Con~rol II 57 P 3 5 69 p' 0 o. 30 31 
.084J 1 40 0 0 2 43 2 0 9 4'6 57 
.34J 0 2 0 0 3 5 I 0 12 82 95 
.67S 0 0 0 0 3 3 8 0 46 43 97 

Rtr.l 6: AmmoniuDl 
Carbonate 

Control 1 24 0 26 P 34 38 74 
.56 '"'" P 27 0 0 I 28 1 1 21 49 72 

2.26 '"'" 0 11 0 P P 18 p 0 18 64 82 
1.52 DIM 0 19 0 p 3 21 P 0 12 66 79 

(P = pre~ent but less than .5J) 
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On the cell count basis one of the Navicula species was the 

dominant diatom species in all but the two higher loaded model streams 

of Run 5 when it was slightly surpassed by Nitzschia. Of the diatoms, 

Nitzschia was least affected in numbers by effluent. In most of the 

runs when Nitzschia was found it increased in percentage of the number 

of diatoms with increasing effluent loadings. 

The contribution to cell counts of Closteridium and the 

unidentified· green alga generally increased with increases in he 

ambient effluent concentration, although not consistently so. The 

responses of Microspora and Zygnema to oil shale related effluents 

form no clear pattern on a cell count basis. 

In contrast to Table 4-3, Table 4-4 shows the composition of the 

algal component of the aufwuchs specimens on a cell volume basis. This 

method of evaluation more accurately reflects the relative contribution 

·of' each alga to the total aufwuchsbiomass and probably the total 

metabolic activity as well. Here tOo the control stream 'diatom percent 

contribution to the total ranged widely - 21 to 99%. The average 

control stream aufwuchs percentage diatom volume after nine days 

growth was 61% with a coefficient of variation of 51%. Interestingly, 

in the last three runs the volume percent of diatoms in the control 

,model streams was at least 95% while in the first three runs it was 

usually much lower. Run 2 had an intermediate value of 78%. 

The decreasing trend in diatom contribution with increasing 

'effluent loading occurred in all runs on the volume-wise ,basis. The 

trend in Run 3 was not strong however. In the last three runs no one, 



Table '-Q. Autvuohs Community Composition - Cell Volume Peroent. 

Navicula NaYioula Navicula Navioula Unidenti rted Green 
~ ~ ----;p] ~ !titzsoNa DiatoM Closteridium Hicrosl!0ra Zysnelll8 Creen Alsa Algae 

: RUN 1: No Urluent 

Stream 1 a 21 a a a 21 70 7 P 2 79 
Stream 2 a 43 a a -0 43 56 0 P 2 57 
Stream 3 a q4 a a a 44 54 a P 2 56 
Stream ~ a 38 0 a a 38 61 a p 62 

IWN 2: Omesa-2 Vater 
..-

Control a 78 a a 0 78 20 0 P 2 22 
.013. a 62 0 a 0 62 24 9 P 5 38 
.ns a 60 0 0 0 60 32 5 P 2 40 
.53S 0 49 0 0 0 49 47 0 P 4 51 

RUN J: Omesa~2 Water 

Control 0 3' a 0 a 34 64 0 P 1 66 
.27' 0 33 0 a 0 33 63 0 P 3 67 

1.06, a 17 a 0 0 17< 82 a a 1 83 \0 

2.12S 0 32 0 0 0 32 64 0 P 4 68 0 

Rl!S 4: Unr1ltered 
Cr:r"'ti3-2 "'a ter 

Control 56 1 a 41 p 98 2 0 P P 2 

.271 32 29 0 0 7 68 21 6 P 6 32 

.53S 13 5 0 6 10 34 65 0 a 1 66 
1.06S 15 9 0 0 21 46 47 0 P 7 54 

Rt'N 5: 150 Ton 
Retort Water '-

Cont~ol" 62 5 1 ~5 6 99 P 0 a p 1 
.o8~' 71 14 0 0 8 93 5 a p 3 7 
.3~S a 3 a 0 61 64 12 0 P 24 36 
.67S 0 0 0 0 40 40 51 0 P 8 60 

RUN 6: AlIIIIIOniua 
Carbonate 

Control 43 12 a 34 7 95 P 1 P 3 5 
• ~6 :t.'1 52 24 0 0 10 .. .,) 85 4 3 p 7 15 

2.26 0:.'1 0 35 0 25 12 72 5 0 P 22 28 
4.52 ItH a 26 0 13 44 83 0 P 15 17 

(P = present but leas than .51) 
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species was dominant. There was a strong', unequivocal tendency for 

Nitzschia to increase in relative algal contribution at the high 

effluent concentrations. Closteridium and ~he unidentified green alga 

also generally increased in percentage of the total algal volume with 

increasing effluent loading, but the former, appeared to decline a bit 

at the highest concentrations of Omega-9 water and ammonium carbonate. 

The effect of expressing species' presence in terms of volume 

percent is most vividly illustrated in the case of Zygnema. This 

green alga never exceeded .5% of the total algal volume yet its cell 

counts amounted to as much as 46% of the total algal cell numbers. 

Zygnema's relatively small size is responsible for this effect. 

Conversely, the large Navicula sp 1 at times made up over half of the 

total algal volume when its cell counts were always 7% or less. 

4.2.3 Growth and Metabolic Measures 

The growth and metabolism of aufwuchs samples from each model 

stream were assessed at three day intervals, over the course of each 

nine day experimental run. Six basic variables were measured: total 

solids (1'S),' volatile solids (VS), adenosine triphosphate (ATP), 

chlorophyll ~ (CHLA), respiration rate (RESP) and gross photosynthetic 

rate (GP). In addition the aufwuchs character was appraised by taking 

appropriate ratios of the basic variables. Table 4-5 lists the six 

basic and fourteen ratio variables used in this research along with 

their associated units of measurement. For brevity the abbreviations 

listed in Table 4-5 are used in presenting the results and in the 

discussion. In addition, the units are omitted when reference is made 
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Table 4-5. Definition of Aufwuchs Variables. 

TS 

VS 

%VS 

ATP 

ATP/TS 

ATP/VS 

,CHLA 

CHLA/TS 

CHLA/VS 

CHLA/ATP 

RESP 

RESP/TS 

RESP/VS 

RESP/ATP 

GP 

GP/TS 

GP/VS 

total solids in milligrams per substrate 

volatile solids in milligrams per substrate 

volatile solids as percent of total solids 

adenosine triphosphate in nanograms per substrate 

adenosine triphosphate normalized by total solids in 
micrograms adenosine 'triphosphate per gram total solids 

adenosine triphosphate normalized by volatile solids in 
'micrograms adenosine triphosphate per gram volatile solids 

chlorophyll a in milligrams per substrate 

chlorophyll a normalized by total solids as percent total 
solids 

chlorophyll ~ normalized by volatile solids as percent 
volatile solids 

chlorophyll a normalized by adenosine triphosphate as grams 
chlorophy 11 a per milligram adenosine triphosphate 

respira ~ion rate in micrograms oxygen c:onsumed per hour per 
substrate 

respiration rate normalized by total solids in milligrams 
oxygen consumed per hour per gram total solids 

respiration rate normalized by volatile solids in 
milligrams oxygen consumed per hour per gram volatile s'olids 

respiration rate normalized by adenosine triphosphate in 
grams oxygen consumed per hour per gram adenosine 
triphosphate 

gross photosynthetic rate in micrograms oxygen produced per 
hour per substrate 

gross photosynthetic rate normalized by total solids in 
milligrams oxygen produced per hour per gram total solids 

gross photosynthetic rate normalized by volatile solids in 
milligrams oxygen produced per hour per gram volatile solids 

; . .' 

.~ .. 
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GP/ATP 

GP/CHLA 

GP/RESP 
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Continued 

gross photosynthetic rate normalized by adenosine 
triphosphate in grams oxygen produced per hour per gram 
adenosine triphosphate 

gross photosynthetic rate normalized by chlorophyll ~ in 
grams oxygen produced per hour per gram chlorophyll ~ 

gross photosynthetic rate normalized by respiration -
dimensionless 
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to these variables on tables or in the text unless they differ from 

those shown on Table 4-5. 

4.2.3.1 Unadjusted Aufwuchs Results 

The results of the aufwuchs experiments are presented in ~ppendix 

B on Tables B-2 through B-5. Table B-1 is identlcal to Table 4-5, and 

is inserted in Appendix B for ease in referring to the data presented 

there. Each of the summary of aufwuchs results tables presents the 

mean value and standard .deviation of each variable at each effluent 

loading on each of the three sampling days. The means and standard 

deviations of the variables for the control model streams were cal-

culated using all of the data available. That is, each control stream 

value is the average of the triplicate samples from each stream of 

Run and of the unloaded streams in each of Runs 2 through 6. Thus, 

the number of values included in the mean for each basic variable and 

for %VS was 27, neglecting the occasionally lost samples. Since each 

of the ratio variables except %VS employed different aufwuchs sample 

substrates in the assays yielding the values of the numerator and 
\ 

demominator, the appropriate ratio variable value is the r~tio of the 

means of the triplicate samples rather than mean of the ratios 

computed by matching replicate values. For example, three substrates 

were assayed to give triplicate CHLA values for a model stream on a 

given sampling day. Three other substrates ~ampled from the same 

model stream were used to yield the triplicate TS values. Six sub-

strates were sampled altogether and there is no logical basis for 

matching anyone of the CHLA replicates with anyone of the TS 

'. 
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replicates to get a representative CHLAITS value. The best estimates 

of CHLA and TS are the means of the triplicates; therefore, the best 

estimate of CHLA/TS is the ratio of the means. Hence, the values of 

the controls for the ratio variables on Tables B-2 through B-5 are 

means of nine ratios of means -' four from Run 1 and one from each of 

Runs 2 through 6. No standard deviations are available for the ratio 

variable values of the effluent loaded streams because only one ratio 

was computed - the ratio of the mean of the numerator basic variable 

to the mean of the denominator basic variable. 

The ratio variable of %VS differs from the others in that the same 

sample specimen was used in the determination of both TS and VS. In 

this case, there is a rationale for matching the replicates because of 

the identity relationship that exists between like replicates of these 

two basic variables. This'isthe only ratio variable for which such 

matching could be made. 

The entries on Tables B-2 through B-5 also contain the student's t 

test significances of the differences between the means of each 

effluent loading~and the corresponding control means. These values 

are rounded to two places with .00 indicating that the t test pro

babili~y is less than .005. The ~ean value of the effluent loading 

that is most significantly different from the control mean is 

parenthesized to facilitate rapid identification.' Other t test 

contrasts were examined for each variable. The control model streams' 

mean was compared with means of subsets formed by all possible 

combinations of adjacent dilutions a~ least one member of which 

, .. 
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combinations was either the highest; or lowest concentrati'on tested. 

In this way, concentration thresholds were identified above which or 

below which the effluent significantly affected the mean value of the 

variable. In this procedure, one mean was computed from all of the 

available measurements taken on substrates from model streams in the 

subset, rather than using the mean of the model stream means in the, 

subset. When the student's t test indicated that the mean of a subset 

was more significantly different from the control model streams' mean 

than was anyone of the treatment streams alone then t,he subset con-

centration range is indicated in parenthesis as the last entry for that 

var'iable under the appropriate sampling day. The t test significance 

of the difference b,etween the subset mean and the control streams' 

mean' is given as the last entry in the "t"column. Each set of value 

means for each varia,ble has one parenthesized entry, be it a single 

dilution or a subset of dilutions, having statistically the most 

significant departure from the control streams' mean. 

The basic statistics on the aufWuchs measurements is presented in 

Tables B~2 through B-5. By way of example,the following illustrates 

how these tables may be efficiently read. Reference ,is made to Table 

B-2 where the results of Runs 2 and 3 testing Omega-9 water are 

summarized. Measured values for TS are given as means and standard 

deviations for the control model streams from all of the runs, 

labelled "control", and for the treatment model streams of Runs 2 and 

3 which contained .013%, .13%, .27%, .53%, 1.06%, and 2.12% Omega-9 

water concentrations. The samples taken on Day 3 of the runs for the 
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control model streams had a mean TS value ofB. 7 mg/substrate with a 

standard deviation of 3.9 mg/substrate.The mean TSvalues for the 

treatments were all higher than the control mean and ranged from 8.9 

to ,15.5 mg/substrate. The student's ttest significances extend from 

not significant at all in the case of the .53% Omega-9 water treatment 

(P = .93) to highly significant in the stream receiving .27% effluent 

(P < .005). Nine means of treatment model stream subsets were compared 

with the control mean: .013% and .13%; .013%, .13% and .27%; .013%, 

.13%,.27% and .53%; .013%, .13%, .27%, .53% and 1.06%; .013%, .13%, 

.27%, .53%, 1.06% ,and 2. 12% (that is, the TS values from ALL of the 

treatments averaged together); .13%, .27%, .53%, 1.06%, and 2.12%; 

.27%, .53%, 1.06% and 2.12%; .53%, 1.06% and 2.12%; and lastly the TS 

values from the 1.06% and 2.12% treatments averaged together. Since 

none of these subset mean is more significantly different from the 

control mean than is the .27% Omega-9 water-model stream (P< .005), 

no subset entry is made at J,he bottom of the results report for this 
, , 

variable and sampling day.' 

On the Day 9 TS summary for Omega~9water (Table B-2), the control 

model streams' mean was 30.4 mg total solids/substrate. Each of the 

treatment means is very significantly different from the control with 

the model streams 'having concentrations of .53% and less exhibiting 

enhanced growth and the two more heavily loaded streams having a 

depressed amount of growth. At the bottom' of this summary is the 

entry' (.013-.53) with the corresponding probability of .00. This 

means that the average of the TS values from the model streams having 
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Omega-9 water concentrations from .013% to .53% has less than a .005 

probability of being the same as the control model streams'. mean. 

Although rounding of the t test significance to two places masks the 

fact, since a subset entry is made it is the most significant contrast. 

That is, the probability of different means indicated by the.OOfpr 
.'. 

the (.013-.53) subset is greater than ,the probab ility compu ted for any 

of the .13%, .27% or .53% treatments which have also been rounded to 

.00. 

The entry "All" where the significant subsets are called out 

indicates that all of the treatment stream are included .in the subset. 

The use of this term is illustrated with the Day 3 VS .summary for 

Omega-9 water on Table B-2. 

The summary of aufwuchs results stands without elabora tion. The 

salient features of the results will be pointed out below as the 

performance of the variables in the control model stream and the 

statistically adjusted results are considered. 

4.2.3.2 Control Model Streams' Aufwuchs Results 

The mean value of each variable measured in aufwuchssamples from 

the control streams on each·ofthe three sampling days ·of the 

experimental runs is given on Table 4~6. These means are the same 

numbers that appear as control model stream values on Table B-2 

through B-5 of Appendix B. Along with each variable mean on Table 4-6 

i~ the standard deviation and the number of samples in the computa-

tion. The coefficients of variation given are·averages of the 

coefficient~ computed ·on each sampling day. The average coefficient .. 
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Table a.6. Summary or Controls. 

Variable 

TS 

VS 

SYS 

AT.P 

ATP/TS 

UP/VS 

CHU 

O!l.A1TS 

CHU/YS 

CiU/ATP 

RES!' 

RESPITS 

RESP/YS 

RESP/A!P 

CP 

CP/TS 

CPlYS 

CP/UP 

CP/CHLA 

CP/R::SP 

n 

27 

27 

27 

6 

3 

3 

27 

9 

9 

3 

14 

5 

5 

3 

,5 

5 

5 

3 

5 

5 

Day 3 

i 

8.67 

_.90 

~9.21 

316 

26.9 

55.7 

.095 

i.ll 

1.91 

.541 

36.7 

3.38 

6.35 

166 

97 

8.85 

16.67 

11-9 

.795 

2.96 

, •• c!. 

,I. 7~ 

8.32 

.22 

.42 

.413 

13.0 

1.09 

2.19 

104 

33 

.99 

3.44 

318 

.102 

1.36 

Day 6 

n i 

27 23.17 

27 13.93 

27 61.23 

9 374 

3 15.1 

'3 29.3 

39 

9 

9 

3 

.300 

1.33 

2.14 

.777 

22 33.3 

9 1.38 

9 2.36 

3 160 

9 97 

9 4.32 

9 7.14 

3 361 

9 

9 

.345 

3.86 

..c!. 

5.45 

2.99 

8.88 

187 

8.0 

16.5 

.072 

.~O 

16.1 

.66 

1.34 

88 

18 

1.01 

1.15 

178 

• lOS 

2.23 

99 

n 

27 

27 

27 

9 

3 

3 

27 

9 

9 

3 

22 

9 

9 

'3 

9 

9 

9 

3 

9 

9 

Day 9 

i 

30.45 

18.37 

60.97 

1078 

31.9 

58.6 

.381 

1.29 

2.07 

.291 

50.5 

1.63 

2.69 

56 

132 

4.78 

7.64 

101 

.310 

2.97 

s.c!. 

8.62 

4.99 

6.34 

690 

9.8 

15.2 

c.v. 
eS) 

32.2 

28.0 

13.0 

62.4 

4~.0 

.135 33.9 

.42 27.3 

.53 22.2 

.037 43.7 

17 .4 

23 

35 

2.37 

3.16 

28 

39.9 

36. I 

39.7 

52.9 

31.1 

30.2 

49.2 

.109 26.3 

1.21 _8.6 

• .12 

• .11 

• .30 

.69 

• .95 

- .85 

.15 

.51 

.19 

.26 

.18 

.06' 

1.59 

- .62 

.96 

.81 

.99 

ltul'toais 

- .26 

• .32 

- .53 

- .34 

- .74 

- .40 

• .61 

• .07 

- .41 

- .66 

.31 

1.62 

1.25 

1.22 

2.18 
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of variation was weighted by the number of samples included in each 

day's mean. The following formula was used: 

c.v. = 100 X 
(S.D·D)(ND) 

X ~9 N 
D rf;3 D 

where C.V is the average coefficient of variation for the variable in 

percent, D.is the sampling day (either 3, 6 or 9) and S.D·D' ND 

and XD are the standard deviation,number of samples and mean 

variable value on Day D, respectively. 

As an indicator of the reproducibility of the measurements 

constituting each variable, the coefficient of variation includes the 

variation attributable to such sources as heterogeneity within each 

model stream, differences between model streams, temporal differences 

and analytical errors. The closer to zero the coefficient of 

variation is, the more reproducible is the variable measurement. 

Reproduc ibility should not be confused with accuracy which is the 

ability to get a true measurement. In general, the biomass variables 

had the lowest coefficients of variation and ATP had the highest. 

Likewise, variables normalized by TS or VS had less variation than the 

basic variable except in the case of gross photosynthesis. Normaliz-

ing on the basis of ATP on the other hand consistently yielded 

increased variation. The least variation was found in %VS suggesting 

its Value as a potential indicator of aufwuchs condition. The 

coefficients of variation for the basic variables ranged from 24.9% . 

for GP to 62.4% for ATP. Neglecting ATP, RESP had the worst 

coefficient of variation at just under 40%. 

.. 
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The two columns at the far right of Table 4-6 give the skewness 

and kurtosis of the control stream sample distributions. These 

quantitites are respectively the third and fourth moments of the 

distributions around the assumed means. As with the coefficients of 

variation these statistics are weighted averages of the moment,s 

obtained on each of the three sample days. Together these statistics 

determine how close the sample distribution comes to the normal 

curve. For each moment, a truly normal curve would have a value of· 

zero. Skewness, which measures symmetry takes on positive values when 

more cases are clustered to the left of the mean and the outliers are 

to the right. Negative skewness designates the opposite condition. 

Kurtosis measures the relative peakedness or flatness of the curve. 

Here excessively peaked distributions have a positive kurtosis and 

flat, negative. As an example.of the magnitude kurtosis would take in 

an easily visualized situation, consider the distribution of 272 

integers between 1 and 4 inclusively. When each of the four possible 

values occurs with equal frequency, that is 68 times, the kurtoses 

about the mean of 2.5 is -1.36. 

These statistics are important because they substantiate the 

assumption of normality in the error component in a set of data. This 

normality is requ-isite to justify reliance on the levels :of signif

icance found here. Actually, none of the variable samplE! distribu

tions are truly normal. The parent distribution if an infinite number 

of samples were taken may be -normal nevertheless. Here I have inter-. 

preted the statistical significance results with a grain of salt the 

/ 
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size of .the departure from zero in the skewness and kurtosis 

statistics. Thus, it appears that the biomass values, for example, 

approximate a normal distribution rather well. On the other hand, 

ATP/TS, ATP/VS, RESP/ATP,GP/TS, GP/VS, GP/CHLA and GP/RESP all have 

at least one of these statistics greater than. 75 in magnitude. This 

value I have chosen as being.arbitrarily large. GP/RESP seems to be 

particularly abnormal. Since none of the variables could take on 

negative values, outliers usually were to the right of the assumed 

mean. This is reflected. in the large numbe~ of positive skewness 

values on Table 4-6. With the exception of the GP variables, the 

kurtoses are negative indicating flatter than normal distributions. 

A summary of linear least square regressions of the control model 

streams' values for each variable against sampling time is given on 

Table 4-7. The slope and intercept of the regression line computed 

for the variables is given accompanied by the significance associated 

with each coefficient. Each significance level shown i~ rounded to 

two places and expresses the probability that the coefficient is 

really zero instead of the calculated value. The best fit slope 

coefficients calculated for %VS, the normalized ATP variables, the 

normalized CHLA.variables, RESP/ATP and GP/RESP were not significantly 

different from zero at the .05 le,vel. All basic variables had 

significant positive slopes indicating that the metabolic rates and 

the amount of growth on the substrates increased with time. The oxygen 

production and consumption variables normalized by biomass, and GP 

normalized by ATP and CHLA all had significant negative slopes. This .. 
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Table 4-7. Summary of Regressions on Variable Values of Controls vs.Time. 

Slope Significance Day 0 Intercept Significance 
Variable (Units/Day) of Slope (Units) of.Intercept R2 

TS 3.629 .00 -1.012 .30 .66 

VS 2.2115 •. 00 -1.073 .16 .70 

JVS .293 .21 58.712 .00 .01 

ATP 135.1 .00 -238.1 .20 .33 

ATP/TS .85 .32 19 • .55 .06 .03 

ATP/vS .118 .45 114.95 .011 .00 

CHLA .01177 .00 -.0223 .21 .58 . 
CHLAITS .029 .15 1.0611 .• 00 .04 

CHLA/YS .028 .22 1.869 .00 ~02 

CHLA/ATP -.01118 .20 .7868 .02 .10 

.RESP 2.59 .00 211.011 .00 .12 

RESP/TS -.~1I6 .00 3.517 .00 .31 

RESP/VS -.5211 .00 6;775 .00 .35 

RESP/ATP -18.2 .07 236.8 .01 .30 

GP 6.5 .01 67.8 .00 .22 

GPITS -.581 . .00 '9.269 .00 .31 

GPIVS -1.308 .00 '17.935 .00 .42 

GP/ATP -57.9 ~Oll 651.0 .00 .39 

GP/CHLA -.0616 .00 .85110 .00 .116 

GP/RESP .-.0311 .42 3.534 .00 .00 

.. 
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is interpreted to mean that as the aufWuchs accumulation increased 

with time the metabolic activity did not increased proportionately. 

None of the growth-related basic variables had significant 

intercepts. Hence, the samples confirm that at the beginning of the 

runs the substrates were clean. The two metabolic basic variables GP' 

and RESP had positive and statistically very significant intercepts on 

day zero as suggested by the measurements taken on the subsequent 

sampling days. Since there could not have been any metabolic activity 

with no aufWuchs attached to the substrates, the positive intercepts 

here reflect the same phenomenon measured by the negative slopes of 

the normalized GP and RESP variables. That is, increases in respira~ 

tion and photosynthetic rates lagged increases in biomass 'accumulation. 

With the exception of normalized ATP variables, which had marginally' 

significant intercepts, all of the ratio variables had highly signif-

icant positive intercepts. This means that within a short time after 

growth appeared it respired, photosynthesized and contained 

chlorophyll ~ and ATP. When considered in light of the calculated 

slopes it is likely that the computed intercept values of the ratio 

variables may be somewhat higher than actually existed. 
. 2 . 

The R column at the far right on Table 4-1 gives the fraction 

of the total variable variance that was accounted for by the linear 

effect of sampling time. Two variablesATP/VS and GP/RESP had 

2 2 extremely low R values (R < .005). In addition, the variation 

in %VS, ATP/TS, CHLA/TS, CHLA/VS, CHLA/ATP, RESP, RESP/ATP and GP was 

in each case at least 10% unexplainable by the best fit equation. Of .. 
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2 these variables with low Rvalues, %VS had a particularly ~ow 

coefficient of variation (Table 4-6). Consequently, the percent 

volatile matter was probably not influenced much by the age of the 

control model streams' samples. Although not as clear cut, the 

coefficients of variation for CHLA/TS; CHLAivs and GP were also rather 

low and credence may be given the coefficients resulting from the 

regression analyses. The high coefficients of variation measured for 

the remaining vari~bles with low R2 values may be seen as masking 

the true relationship with sampling time. 

Over 50% of the variation in TS, VS and CHLA could be exp~ained by 

the. linear effect of sampling time. Since these variables did not 

have Day '0 intercepts significantly different from zero, this suggests 

that no lag phase in aufwuchs growth occurred. 

Most of the variables showed very high significance (P < ~005) in 

either the slope or the intercept coefficients of the linear· regres-

sion against sampling time. Those that did not are ATP/TS, ATP/VS, 

CHLA/ATP and RESP/ATP. These variables had coefficients of varition 

from 43 to 53% and must be considered relatively unreliable indicators 

of aufwuchs quality. In summary, the reliability of the variables 

ATP/TS, ATP/VS, CHLA/ATP, RESP and RESP/ATP is poor on the basis of 

the control model streams' measurements. The remaining variables on 

Table 4-5a:re suitable for measuring aufwuchs condition. 

4.2.3.3 Results of Exposure to Effluents on Aufwuchs 

Some of the resul tsta bu la ted on Tables B-2 through B-5 of 

Appendix B were selected for graphical presentation. The results for 
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each of the four effluents of TS, VS, %VS, ·CHLA, CHLA/VS, RESP, 

RESP/VS, GP, GP/VS, GP/CHLA and GPIRESP are plotted on Figures 4-5 

through 4-48. The figures are grouped by variable rather than by 

effluent to facilitate. comparison between effluents for each type of 

measurement. Neither variables normalized. by TS nor variables 

containing ATPas a factor were plotted. 

The frontmost plate within each set of four figures is the same 

since it represepts the average performance of the control model 

streams throughout all runs. The other. plates on each graph plot the 

mean responses at each effluent concentration. Many of the graphs 

show extreme values in apparent contradiction to the general trend. 

This phenomenon is not ver;y pronounced with the plots of TS, VS and 

%VS but for most of. the others it inhibits ready interpretation of the 

resul ts. 

An analysis of variance was performed on the data· from each 

effluent to determine how significant the variation between levels of 

effluent loading was as compared with the variation attributed to such 

factors as the stream from which the sample was taken, the age of the 

sample and higher order interactions. In these analyses of variance 

all available control model stream values were included to increase 

the size of the data set and better discern the influence of sample 

age and stream origin. The data from all three sampling days was 

pooled for the analyses. 

The results of the twenty analyses of variance for each effluent 

are summarized on Tables 4-8 through 4-11. For each effect included 

• 

.. 
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FIGURE 4-5 

Aufwuchs Total Solids vs. Omega-9 Water 

Concentration and Age 
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Aufwuchs Respiration Rate/Volatile Solids vs. 
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Table 11-8. Analysis of Varianoe Summary: Omega-9 Water. 

Time Stream Concentra tion Main Effects Time x Stream Time x Cone. Full Model 

Variable R2 F Sig. R2 F'Sig. R2 F Sig. R2 F Slg. R2 F Sig. R2 F Sig. R2 F Sig. 

TS .59 _.00 .01 .13 .12 .00 .711 .00 .01 .19 .09 .00 .85 .00 

VS .59 .01 .00 .23 .15 .00 .78 ' .00 .01 .08- , .09 .00 .88 .00 

JVS .01 .13 .05 .00 .56 .00 .60 .00 .00 .99 .011 .53 .611 .00 

CHI.A .511 .00 .01 .19 .10 .00 .69 .00 .01 .58 .07 .00 .79 .00 

CHLA/TS .01 .81 .08 .118 .06 .92 .12 .95 ~07 .88 .35 .52 .55 .87 

CHLAIVS .01 .87. .011 .66 .13 .52 .22 .62 .07 .80 .32 .1111 .63 .63 

RESP .211 .00 .011 .02 .03 .20 .311 .00 .08 .00 .17 .00 .69 . .00 
~ 
\J1 

RESP/TS" .32 .00 .01 .87 .13 .15 .56 .01 .011 .72 .22 .20 .88 .011 ~ 

RESP/VS .112 .00 .03 .50 .09 .39 .55 .02 .07 .55 .22 .30 .86 .08 

GP .19 .10 .06 .64 .09 .82 .35 .53 .11 .77 .13 .97 .63 .83 

GP/TS .61 .00 .01 .82 .09 .1111 .70 .01 .03 .89 .09 .88 .811 .13 

GP/VS .68 .00 .01 .77 .12 .16 .75 .00 .06 .48 .09 .70 .88 .03 

GP/CHLA .63 .00 .01 .76 .111 .10 .78 .00 .01 .96 .09 .63 .90 .02 

GP/RESP .05 .35 .011 .59 .14 .112 .31 .33 .05 .88 .31 .38 .76 .37 



Table '-9. Analysls or Varlance Summary: Unrlltered Omega-9 Water. 

Varlable 

TS 

VS 

JVS 

ATP 

ATP/TS 

ATP/VS 

ou .. 

CHU/TS 

Oll.AIVS 

CHU/ATP 

Rr.sP 

~ESP/TS 

RESPIVS 

RESP/ATP 

GP 

GP/TS 

GPIVS 

GP/ATP 

GP/CHLA 

GP/~ESP 

~ 

• 69 

.73 

.00 

.12 

.09 

.08 

.66 

.06 

.04 

.03 

.16 

._2, 
, .62 

.34 

.06 

.50 

.68 

• .35 

Tl ... 

F Slg. 

.00 

.00 

.86 

.00 

.0 ' 

.07 

.00 

.50 

.59 

.79 

.00 ' 

.00 

.00" 

'.11 

.31 

.00 

.00 

.15 

~-67,' -,DO 

.05 .58 

~ 

.01 

.01 

.04 

.01 

.11 

.06 

.07 

Strea .. 

F Slg. 

-.17 

.27 

.02 

, .19 

.48 

.66 

.03 

.01 , .• 80 

.03 .~5 

.04 .64 

.01 .82 

.01 .14 

.01 .71 

.09 .56 

Concentration 

R2 

.01 

.03 

.57 

.37 

'.35 

.25 

-.01 

.05 

.19 

'.25 

.09 

,.20 

.08 

.19 

.15 

, ,.08 

.06 

.21 

.06 

.13 

F Slg. 

.15 

.01 

.00 

.00 

.00 

.01 

.58 

.78 

.22 

.36 

.01 

.00' 

.13 

.38 

.14 

.08 

.14 

.44 

.06 

.44 ' 

Ha In [free ts 

R2 

.74 

.78 

.69 

.53 

.47 

.34 

.69 

.19 

.27 

F Slg. 

• .00 

.00 

.00 

.00 

.00 

.01 

.00 

.79 

.54 

.26.58 

.30,' .01 

.70 

.72 

.46 

.28 

.64 

.72 

,.50 -

.76 

.,29 

.00 

.00 

.25 

.23 

.00 

;00 

.31 

.00 

.59 

Tl .. e x Strealll 

R2 

. - .02 

.02 

.00 

.01 

.10 

'.11. 

.15 

.02 

.06 

.01 

.02 

.06 

.01 

.10 

F Slg • 

.24 

.12 

1.00 

.58 

.88 

.80 

;01 

.72 

.55 

.77 

.89 

.48-

.96 

, .88 

TIme x-Cone. 

" R2 

.00 

.01 

.01 

.29 

.51 

.60 

.01 

.03 

.01 

.36 

.13 

.20 

• .13 

.23 

.28 

.,17 

.06 

.11 

.12 

.01 

P Slg. 

.99 

.67 

.90 

.00 

.00 

.00 

.93 

1.00 

1.00 

.44 

.02 

.01 

'.16 

.55 

.13 

.05 

.44 

.88 

.04 

.94 

Pull Model 

R2 

.77 

.81 

.70 

.82 

.98 

.95 

.72 

.36 

.44 

.62 

.52 

.94 

.88 

.69 

.76 

.90 

.89 

.61 

.93 

.52 

F SlS. 

/ 

.00 

.00 

.00 

.00 

.00 

.01 

.00 

.96 

.87 

.54 

.00 

.00 

.01 

.38 

.17 

.01 

,.01 

.57 

.00 

.85 

..... 
VI' 
1'-.) 



Table _-10. Analyels or Yar1ance Summary: 150 Ton Retort Water. 

Variable 

TS 

VS 

J YS , 

ATP 

ATP/TS 

ATP/YS 

CHLA 

CHLAITS 

CHLA/YS, 

Time 

R2 F Sig. 

.67.00 

.76' .00 

.00 .62 

.34 

.07 

.07 

.00 

.05 

.29 

.63 .00 

.15 .15 

.08 ".23 

OlLA/ATP .05 .69 

RESP ~ .• 15 .00 

RESPITS 

RESP/VS , 

RESP/ATP 

CP 

CP/TS 

CP/VS 

CP/ATP 

CP/CHLA 

CP/RESP 

.38 .00 

.5,9 '.00 

.40 .02 

.02 .62 

.38, .00 

.59 .00 

.50 .04 

.35 .00 

.10 .36 

R2 

.01 

.01 

.05 

.01 

.09 

.04 

.07 

.00 

.02 

.04 

.00 

.01 

.00 

.09 

Stream 

F Sig. 

, .15 

.22 

.01 

.19 

.48 

.66 

.04 

.75 

.40 

.63 

.82 

.72 

.51 

.• 56 

Concentration 

R2 'F S1g. 

;07 ' .00 

.01 .28 

.53 .00 

.21 

.65 

.43 

.06 

.15 

.38 

.33 

.04 

.23 

.10 

.07 

.17 

.19 

.09 

.04 

.18 

.17 

.00 

.00 

.03 

.00 

.25 

.02 

.23 

.13 

.00 

.02 

.46 

.10 

.00 

.03 

.81 

.00 

.32 

Hain EfCects 

R2 

.75 

.78 

;66 

.53 

.73 

.50 

.70 

.33 

.46 

.38 

.35 

.71 

.77 

.4'~ 

.27 

.66 

.73 

.54 

.61 

.38 

F S1g. 

.00 

.00 

.00 

.00 

.00 

.05 

.00 

.34 

.08 

.38 

.00 

.00 

.00 

.06 

.22 

.00 

.00 

.16 

.00 

.43 

T1me x Stream 

R2 

.02 

.03 

.00 

.01 

.08 

.08 

.14 

;01 

.03 

.07 

.01 

.04 

" .00 

.10 

F Sig. 

.21 

.07 

1.00 

.57 

.88 

.80 

.01 

.72 

.55 

.77 

.89 

.• 48 

.96 

.88 

Time x Cono. 

R2 

.01 

.00 

.01 

.18 

.23 

.36 

.01 

.11 

.09 

.27 

.08 

.23 

.13 

.40 

.,40 ' 

.23 

.13 

.18 

.33 

, .02 

F S1g. 

.74 

.98 

.96 

.00 

.03 

.14 

.58 

.77 

.75 

.62 

.09 

.00 

.04 

.10 

.05 

.00 

.04 

.67 

.00 

1.00 

Full Model 

R2 

.78 

.81 

.68 

.70 

.96 

.86 

.72 

.50 

.61 

.65 

.53 

.97 

.93 

.87 

.77 

.94 

.93 

.73 

.99 

.53 

F S1g. 

.00 

.00 

.00 

.00 

.00 

.08 

.00 

.73 

.37 

.52 

.00 

.00 

.00 

.07 

.15 

.00 

.00 

.33 

.00 

.83 

t-' 
VI 
W 



Table ~-". Analysis or Variance Summary: Ammonium Carbonate. 

Variable 

TS 

VS 

JVS 

ATP 

ATP/TS 

ATP/VS 

-CHLA 

CliLAns 

CHLA/VS 

CIlLA/ATP 

RESP 

RES P ITS 

RESP/YS 

RESP/ATP 

GP 

GP/TS 

GPlYS 

GP/ATP 

GP/CHLA 

GP/RESP 

Time 

R2 F Sig. 

.72 .00 

.711 .00 

.01 .42 

.26 ,.00 

.16 .06 

.14 .19 

.65 

.11 

.10 

.09 

.15 

.55 

.65 

.114 

.10 

.00 

.21 

.28 

.45 

.00 

.00 

.00 

.02 

.19 

R2 

.01 

.01 

.09 

.01 

.08 

.06 

.06 

.01 

.04 

.05 
/ 

.511 .00 .01 

.63 

.32 

.1i3 

.03 

.00 

~01 ' 

.00 

.70 

.01 

.01 

.09 

Stream 

F Sig. 

.15 

.22 

.01 

.21 

.118 

.66 

.04 

.84 

.47 

.62 

.82 

.711 

.69 

.57 

Concentration 

R2 

.00 

.03 

.29 

.08 

.17 

.09 

.05 

.21 

.09 

.10 

.13 

.11 

.03 

.04 

.13 

.04 

.06 

.15 

.07 

.23 

F Sig. 

.85 

.01 

.00 

.11 

.10 

.49 

.00 

.13 

.47 

- .61 

.00 

.10 

.60 

.71 

.23 

.39 

.14 ' 

.07 

.01 

.21 

-Ma in £rfects 

R2 

.74 

.78 

.j4 

.33 

.33 

.23 

.72 

.38' 

.27 

.20 

.38 

.74 

.73 

.48 

.30 

.60 

.70 

.46 

.57 

.34 

F Sig; 

.00 

.00 

.00 

.00 

.06 

.34 

.00 

.23 

.49 

.61 

.00 

.00 

.00 

.07 

.27 

.00 

.00 

, .02 -

'.00 

.119 

Time x Stream 

R2 

.02 ' 

.02 

,.00 

.01 

.07 

.10 

.13 

.05 

.08 

.08 

.03 

.05 

.00 

.10 

F Sig. 

.22 

.08 

1.00 

.60 

.88 

.80 

.01 

.72 

.55 

.77 

.809 

.48 

.96 

.88 

Time x Cone. 

R2 

.02 

.03 

.01 

.18 

.56 

.58 

.03 

.06 

.08 

.50 

.13 

.08 

.60 _ 

.37 

.21 

.12 

.05 

.116, 

.21 

.09 

F S1g. 

.23 

.05 

.96 

.06 

.03 

.11 

.07 

.92 

.87 

.28 

.01 

.52 

.66 

.15 

.30 

.23 

.50 

.02 

.00 

.90 

Full Model 

R2 

.79 

.83 

.36 

.51 

.90 

.81 

.76 

.53 

.47 

.69 

.57 

.85 

.811 

.85 

.72 

.86 

.90 

.93 

.96 

.53 

F Sig. 

.00 

.00 

.00 

.00 

.03 

.16 

.00 

.63 

.80 

.42 

.00 

.03 

.011 

.09 

.29 

.02 

.00 

.01 

.00 

.83 

t-' 
V1 
.j:-. 
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\ 

in the analysis, the R2 value is given and the significance of the 

computed F value. Stream origin was not included as an effect in the 

analyses of variables having ATP'as a factor. Since ATP measurements 

were not made during Runs 1 and 2, the number of cases was too few for 

analysis with~he model having all three effects. 

The R2 ~d F significance values under the "main effects" 

heading evaluate the joint influence of the three main effects. The 

2 
sum of the R values for the three main' effects dOes not usually 

2 
equal.-the main effects R because the data set is not orthogonal, 

due to missing cases. 
. 2 
The R and F significance of each main' effect 

was computed as the portion of the variance attributed to the three 

main effects jointly that was not accounted for by the other two main 

effects. Similarly the R2 and F significance of the interactions 

between the main effects was computed as the difference between the 

variance explained by the full model and the additive e'ffect"s of 

sampling time, stream of origin and· effluent exposure. 

The analyses of variance indicate th~t the full 'three-way model 

'did not explain a significant portion of the total variation- observed 

with any of the four effluents for the variables CHLAITS, CHLA/VS, 

CHLA/ATP, RESP/ATF, GP and GP/RESP. The explained variance was 

significant with the Urifiltered Omega-9water run alone for ATP/VS and 

with the ammonium carbonate test alone for GP/ATP. The RESP/VS and 

GP/TS data variation was significantly explained by the full model in 

all runs except those testing Omega-9 water. The sources of variation 

not considered by the three-way model were within stream spatial 
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heterogeneity and analytical error. 

between these two sources. 

No effort was made t.o distinguish 

Generally when the full model explained a significant portion of 

the variance, the total additive effect of sampling" time, str.eam of 

origin and the effluent exposure was also significant •. In three 

instances this was not true. With ATP/TS in the ammonium carbonate 

test the full model was significant while the additive contribution of 

the main effects was not. Conversely, "with RESP/VS and GP/TS in the 

Omega-9 water runs the additive ·effect but not the full model was 

significant. 

The occurrence of significant interaotions in the model confounds 

interpretation of the main effects. Significant interactions mean 

that them~in effects are .not independent of each other. For instance, 

a significant i1)teraction_ between sampling time and effluent, exposure 

means that the influence of congentrat;ion on the variable. being 

measured is different depending upon the aufwuchs age. Several 

biological meqhanisms could account for this type of interactton: 

community succession involving organisms with different tolerances to 

the effluent; a lag between effluent exposure and expression o~ the 

response j or acclimation .to an "abnormal" ~nvironment. . Only one 

variable's values showed significant time-stream interactions: RESP ih 

tests of each of the four effluents. The time-effluent concentration 

interactions were significant much more frequently. The variables 

showing these interactions when the full model was found to be 

significant were with Omega-9 water: TS, VS, 'CHLA and RESPj with 
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Unfil tered Omega.-9 wa ter: ATP, ATP ITS, ATP IVS, RESP, RESP ITS and 

GP/CHLAj with 150 Ton Retort water: ATP, ATP/TS, RESP/TS, RESP/VS and 

GP/CHLAj and with ammonium.carbonate: RESP, GP/ATP and GP/CHLA. The 

only variable in all significant full models that was consistently 

free of either. type of two-way interaction was %VS. 

Numerous significant main effects are>shown ~n Tables 4-8 through 

4-11. However, only those effects without interactions with other 

main effects are unambigously influential, since a significant inter

action implies that the effect is not ,uniform across categories of the 

other factor. Sampling time was always a significant effect regard

less of the effluent being tested for the variables TS, VS, ATP, CHLA, 

RESP, RESP/TS, RESP/VS, GP/TS, GP/VS and GP/CHLA. It was never a 

significant factor with %VS nor for any variable for which the full 

model was not significant. Instances when the remaining variables 

showed sampling time to be significant yet had no sampling time 

interactions occurred with ATP/TS, RESP/ATP and GP/ATP in the 150 Ton 

Retort water.run and RESP/ATP in the ammonium carbonate run. 

The stream from which the sample originated was a significant 

factor with %VS and RESP regardless of which effluent was being 

tested • While two-way interactions were also significant in the case 

of RES~, the effect of stream origin on %VS was not so clouded. On 

the average the %VS was about 3 percentage units less in Stream 2 and 

about 3.5 percentage units higher in Stream 4, all other things being 

equal. The adjusted %VS in. Streams 1 and 3 were intermediate. 
. / 
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Only%VS was significantly affected by concentration regardless of 

the effluent being tested. Thus, the concentration ranges selected 

can be appropriately monitored by an indicator variable having the 

sensi tivity of %VS. Aside from %VS, variables significantly affect by 

effluent concentration' in' significant models and free of compounding 

interactions were VS,'in the Unfiltered Omega-9 water test, TSand CHLA 

in the 150 Ton Retort water test and VS and CHLAin the ammonium 

carbonate' test. These variables are the clearest indicators of the 

effluent effects on auf'wuchs growth that was resolved by this 

investigation. 

Interpretation of the effects of effluent conceritration on the 

variables measured is sometimes not irrimediately ~bvious from examina

tionof the raw data. To help elucidate these effects, adjusted 

variable values at each effluent dilution were' computed inconjlmc't,ion 

with the analyses of variance. ,These values were arrived at by 

eliminating the effects of the factors sampling time and stream of' 

origin from the data pool for each effluent. The da'ta pool of' a 

variable for an effluent included measurements on the treatment 

streams for the run testing that effluent plus the control streams' 

measurements from all runs. Tables 4-12 through 4-15 give the 

adjusted effluent effects of the four effluents. The values under 

each test concentration give the adjlisted response as a percentage of 

the mean adjusted control streams' response. The entries in the "beta 

squared" column give the square of the partial-regression coefficient 

associated with the concentration factor for that particular variable. 
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Table 4-12. Adjusted Effluent Effects: C)[nega-9 Water 
(percent of control) 

Omega-2 Water Concentration 

Variable .ons .13% .27S .53S 1.06S 2.12S Beta2 

18 1"5 1"9 1"8 122 84 6Jl. .15 

VS 159 164 176 156 114 95 .18 

SVS' 108 113 11" 125 138 138 .71 

CHLA 154 142 1"2 123 96 62 .12 

CHLAI'l'S 95 126 96 113 112 98 .08 

CHLAIVS 89 112 85 91 84 71 .16 

RESP 84 115 103 111 128 109 .06 

RESP/TS 58 86 50 1"6 138 162 .25 

RESP/VS 52 63 42 106 85 108 .15 

GP 82 96 1" 99 108 80 .10 

GP/TS 50 79 76 116 120 114 .15 

GP/VS "6 60 66 86 79 78 .16 

GP/CHLA 65 50 79 90 113 1'9 .17 

GPIRESP . 88 77 195 82 811 69 .19 

• Variables ,for which Omega-9 water concentration is a significant factor in 
the analysis of variance examining age, streams of origin and concentra-
tion (Table 4-8). 

"-

Note: Beta2 is the: square of the partial-regression coefficient associated 
with concentration. It is the portion of the remaining variation that 
concentration accounts for after the .data set has .been adjusted for the 
effects of sampling tilDe and stream of origin. 
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Table li-13: Adjusted Effluent Effects:, Unfiltered Omega-9 Water 
, (percent of controls).' 

Effluent Concentration 

Variable .27% .53% 1.06% Beta2 

TS 107 85 81 .02 

VS· 136 116 113 .03 

SVS· 124 1liO 14~ . .62 

.lTP 461. 218 1li7 " .39 

ATP/TS 347 330 208 .35 

.lTP/vS 237 213 120 .25 

CHLA 112 96 85 .01 

CHLAITS 96. 122 102 .07 

CHLAIVS 76' 91 ' 73 .20 

CHLA/ATP 53 22 69 .26 

RESP 123 104 138 .10 

RESP/TS 141 126 251 .23 

RESP/VS 106 74 168 .11 

RESP/ATP 75 8 90 .20 

GP 63 66 123 .21 

GPITS ,71 .1.11 164 .. '2 

GP/VS 53 73 112 .09' 

GPIATP 53 13 69 .21 

GP/CHLA 87 81 155 .09 

GP7RESP 56 71 52 .14 

• Variables for which Unfiltered Omega-9 water concentration is a 
'significant factor in the analysis of variance examining age, 
stream of origin and concentration (Table 4-9). 
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Table 4-111. Adjusted Effluent Effects: 150 Ton Retort water. 
(percent of control) 

150 Ton Retort Water Concentration 

Variable .084% .34% .671- Beta2 

TS· 96 58 . 64 .08 

VS 108 92 84 .01 

1-VS· 109 144 136 .61 

~\ 
ATP 79 223 199 .21 

ATPITS 95 321 295 . .66 

ATP/VS 73 194 179 .• 42 

CHU· 67 74 63 .07 

CHU/TS 62 111 76 .19 

CHUIVS 57 77 57 .41 
) 

CHLA/ATP 85 30 30 .34 

RESP 113 128 111 .05 

RESPITS 136 267 275 .27 

RESP/VS 122 172 182 .12 

RESP/ATP 124 67 149 .06 , 

GP 44 106 79 .23 

GPITS 47 236 159 .28 

GP/VS 43 157 108 .14 

GP/ATP 62 68 97 .04 

GP/CHLA 80 259 316 .22 

GP/RESP 46 83 39 .19 

·Variables for which 150 Ton Retort water concentration is 
a significant factor in the ana~ysis of variance examining 
age, stream of origin and concer.trati.on (Table 4-10). 
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Table 4-15. Adjusted Effluent Effects: Ammonium . Car bona te • 
(percent of control) 

Ammonium/Carbonate Concentration 

Variable .52 DIM 2.26 DIM 4.52 DIM Beta2 

TS 108 101 104 .00 

VS· 116 125 124 .03 

~VS· 104 123 120 .35 

ATP 219 109 157 .• 08 

ATPITS 186 125 147 .17 

ATP/VS 144 88 108 .09 
~ 

CHLA· 115 154 123 .06 

CHI..AITS 98 ' , 155 117 .27 

CHLA/VS 95 128 99 ~ 13 

CHI..A/ATp· 80 141 91 .10 

RESP 135 140 122 .14 

RESPITS 142 168 122 .13 

RESP/VS 130 123 87 .04 

RESP/ATP 95 105 147 .04 

. GP 73 62 93 .16 

GPITS 65 82 123 .06 

GP/VS 64 59 95 .07 

GP/ATP 59 58 227 .14 

GP/CHLA' 66 43 164 .11 

GP/RESP 20 55 76 .25 

• • Variables for which Ammonium Carbonate concentration is a 
significant factor in the analysis of variance examining 
age, stream of origin and concentration (Table 4-11). 
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This value is the portion of the remaining variation that concentra-

tion accounts for after the data set has been adjusted for the effects 

of sampling time and stream of origin. An asterisk beside the 

variable name indicates that the full model and the concentration 

factor are both significant for that variable and that no significant 

two-way interactions of other factors with effluent concentration 

exist. The magnitude of the responses in relation to the control 

streams' responses as given in Tables 4-12 through 4-15 are the best 

estimate of the true effect of oil shale-related effluents on 

freshwater lotic aufwuchs. 

The adjusted effect of sampling time was also computed for 

comparison with the summaries of the control model streams' data 

listed on Tables 4-6 and 4-7. Table 4-16 gives the adjusted time 

effects as a percent of the mean value of the variable for that data 

set. The slope and intercept coefficients are given in the units 

listed on Table 4-5. For each effluent, only those variables for 

which both sampling time and the full model were found to be 

significant are shown. Variables with signifcant interaction terms 

are excluded from Table 4-16. 

The beta squared values on Table 4-16 indicate that the sampling 

time factor weighed heavily in explaining the variable variances once 

the stream of origin and effluent concentration factors were held 

constant. In this case beta squared is the fraction of this adjusted 

variability explained by sB:mpling time. By comparing the beta squared 
.. 2 

values of Table 4-16 with the R values of Table 4-7, insight 
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Table 4-16. Adjusted Sampling Time Effects. 

! 
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concerning aufwuchs development and the model stream system may be 

had. 
. 2 

Since the R measures the amount of variance explained by the 

best fit straight line for all unloaded model streams and the beta 

squared measures the fraction of variance explained by sampling time 

after the elimination of effluent and stream of origin influences, the 

differences between these values must be a measure of the nonlinearity 

of the effect of the sampling time factor and of the importance of 

stream of origin. The TS beta squared values range from .67 to .72 

(Table 4-16) while the R2 is .66 (Table 4-7). As the difference is 

small either the nonlinearity of the sampling time effect and the 

stream of origin effect cancel each other out, which is unlikely, or 

they are both small. Inspection of the foremost plates in Figures 4-5 

through 4-8 confirm that aufwuchs accumulation is nearly linear. The 

2 difference between beta squared and R for VS, ATP and CHLA was less 

than .1 corroborating the relatively linear increase in aufwuchs 

accumulation as discussed above in the case of TS. Thus, no lag phase 

nor leveling off of the standing crop is suggested by the data. The 

ratio variables on Table 4-16 showed differences between beta squared 

2 and R on the order of .2 or more. This discrepancy arose from the 

lack of linearity in the decline of these values with time. 

The slope coefficients given on Table 4-16 are ~12% of the 

corresponding values on Table' 4-7 for TS, VS, CHLA and GP/CHLA. The 

remaining variables show generally higher slopes when the influence of 

stream origin is eliminated. Similarly the intercept coefficients on 

Table 4-16 are higher than on Table 4-7, where only control model 
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streams' samples were considered. GP/VS and GP/CHLA have nearly the 

same intercepts in both instances. 

4.3 Insect Larvae 

Table 4-17 'details the response of the caddisfly larvae for each 

of the three runs in which they ,were exposed to wastewater. The 

disposition of 'the initial number of larvae in each stream is 

partitioned between the categories "active," "prepupae," "pupae", 

"dead or moribund}' and "missing." To warrant "active" status a larva 

must extend its legs beyond the case and crawl around. This criterion 

was usually easily observed as the species studied were quite mobile 

in, the stream cages. In some instances larvae had ,turned around in 
.I 

their cases or begun pupa.ting by sealing Orie end of their cases and/or 

attaching their cases to the cage, or the allochthonous leaf matter 

with silk threads. These larvae were designated "active" as long as 
I 

extended moving legs were visible. All larvae not active for longer 

than a day were removed from the stream and preserved. At the end of 

each of the three effluent runs all larvae were preserved for post-

mort~m examination '~hen the inactive individuals were classified as 

"prepupae" (Wiggins, 1977), "pupae" or "dead or moribund." Also 
\ 

designa ted "dead or moribund" were larvae which abandoned their cases 

whether still motile or not. The decision to classify these larvae as 

dead stems from the assumption that the decased condition would be 

fatal within a short period of time. "Missing" larvae were noted in 

Run 6 only. 

I 
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Table 1I-17. Insec t Larvae Bioassay Results after 9 Days Exposure to Ind ica ted Effluent. 

Effluent Initial Dead or 
Dilution No. Active Prepupae Pupae Morbidund 'Missing 

RUN 3 

Gumaga nigricula 0% 17 16 0 .1 0 0 
.27% 15 15 0 0 0 0 

Omega-9 1.06% 15 111 1 0 0 0 
Water 2.12% 16 14 2 0 0 0 

RUN 4 

Gumaga nigricula 0% 18 13 2 2 1 0 
.27% 14 ' 9 2 3 0 0 

Unfiltered .53% 18 12 3 2 1 0 
Omega-9 Water 1.06% ' 18 13 2 0 3 0 

RUN 6 

Gu:ilaga nigricula OmM .9 5 2 1 0 1 
.56 mM '11 8 3 0 0 0 

Ammonium 2.26 mM 10 5 3 1 1 0 
Carbonate 1I.52 mM 9 1I 3 1 1 0 

RUN 6 

Dicosrnoecus 
gilvi2es OmM 10 9 0 0 0 1 

.56 mM 9 8 0 0 1 0 
Ammonium 2.26 mM 9 2 0 0 3 4 
Carbonate 4.52 mM 10 4 0 0 4 2 
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The results of the preliminary insect larvae test period are not 

shown on Table 4-17 because only one inactive specimen occurred over 

the course of the 12 days. Of the ten Gumaga nigricula l?lrvae in each 

stream at the beginning of this test period, one larva from Stream 1 

sealed the ends of its case and attached itself to the PVC screen cage 

as though entering pupation. The specimen was unfortupately not pre

served,to later determine if the pupation process had begun. This 

larva became inactive on the fourth day of the period. On the seventh 

day of the preliminary insect larvae test period, one larva in Stream 2 

became inactive and sealed the ends of its case but by the next day it 

had unsealed the case and begun crawling around again. It remained 

active through the end of the test period. The biological effects of 

150 Ton Retort water were not assayed using caddisfly larvae. 
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CHAPTER 5 

The results of this research are best appreciated by making 

comparisons with the magnitude and variability reported by others of 

similar measures on aufwuchs. Such comparisons are particularly 

important here as this study has yet to be confirmed by field testing. 

The results presented are relative to this system and have not been 

grounded to on-site data from creeks of the oil shale region. Addi

tionally special meaning may be inferred from the published data con

cerning the responsiveness or 'insensitivity of particular variables to 

treatment conditions, as well as traditional interpretations of the 

observed trends. 

Many of the comparisons to be made are more qualitatively 

illustrative than absolutely quantitative. This is because sampling 

and analytical te~hniques vary among" investigations and due to non

uniform definition of just what measurement each variable, quantifies. 

For example, two of the more recurring instances where direct quanti

tative comparison with other studies is difficult are expression of 

mass or metabolic activity on a per area basis and computation of 

GP IRESP on a per daylight hour versus per day basis. Each of these 

problems will be discussed as the variables involved are dealt with 

below. 

5.1 Biomass 

Total and volatile matter or similar measures are probably the 

most widely reported aufwuchs growth parameters. The control model 
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streams here averaged 30 mg/substrate after nine days growth. Since 

no leveling off of the aufwuchs accumulation was observed, this value) 

cannot be interpre'ted as being of the ultimate standing crop. It 'is 

doubtful that any nearly constant figure for standing crop' could be 

obtained in the model streams due to phenomenological sloughing of 

chunks of the aufw~chsmat when excessive growths are present. 

Similarly the mean Day 9 VS of the control model· streams' 'samples was 

about 18 mg/substrate. 

The biomass figures are presented here on a per substrate basis 

. .22 
because any other normalization, such as per cm or per·m , would 

imply a uniformity of the groWth surface orientation with respect to 

light and water velocity that did not exist here. Most artificial 

substrates have planar surfaces so that uniform exposure to light and 

shear stress· applies to the entire sample. The cylindrical design of 

these artificial substrates however, gave varying light and shear 

stress exposure depending upon the·position each cell occupied on the 

substrate. The per substrate expression of :growth and ·metabolic 

measures· used here gives a weighted average value for the variables 

over all existing exposures. Reports of aufwuchs·accumulation and 

metabolism on natural substrates such as gravel or cobble are often in 
2 c . 

terms of per m. of stream bbttom.· When treated· this way, the area-

normalized awfwuchs measurements are substantially higher than when 

described on an absolute surface area basis, because the surface area 

p·er unit area is frequently much greater than unity for convoluted 

stream bottoms. This exaggeration may be particularly pronounced in 
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the case of respiration rate where the hyporheic contribution may be 

significant. When required, the per substrate units may be converted 

to the unit area basis by dividing the factor 1.84 cm2/substrate. 

Pennak (1974) published the first report of aufwuchs standing crop 

in oil shale region creeks. His unit of measurement was "mg of 

organic material (dry weight) scraped from exposed rubble surfaces in 

five minutes." He neglected to mention any approximate area that may 

have been sampled. Piceance Creek yielded values from 38 to 665 mg. 

The White River samples ranged from a trace to 3816 mg and the nearby 

creeks had generally comparable values with within-stream variability 

of one or two orders of magnitude. .A distinctly different stream in 

the vicinity is Yellow Creek. This saline creek has very hard water 

which Pennak described as "brackish." Its sample volatile solids 

measurements never exceeded 18 mg. 

The Detailed Development Plan submitted by the developers of the 

federal oil shale lease tract C-b near Piceance Creek gives more 

recent and quantitative data for the local surface waters (Ashland 

Oil; Inc., and Shell Oil Co., 1976). Their measurements of TS of the 

stand.ing crop of aufWuchs show a high of 84 g/m
2 in Piceance Creek 

while a low of .62 g/m
2 was found in the tributary Stewart Creek. 

Equivalent growths.would be 99.5 and .73 mg/substrate, respectively. 

These,. values bracket the results here and the higher value would be 

even closer to the Day 9 control model streams' TS if expressed in 

terms of the actual surface area of the rubble substrate. More easily 

compared with this study are the VS productivity rates measured by the 
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developers. 2 Piceance Creek ranged from 9 to 363 mg/day/m while the· 

2 tributary Stewart and Willow Creeks measured 6 to 142 mg/day/m and 

26 to 443 mg/day/rrP, respectively. Converting to their units my VS 
. . 2 

productivity was nearly 1900 mg/day/m. In addition to avoiding the 

grazing pressure inherent in most field studies, the model streams 

received nutrient supplements which promoted primary productivity. 

The temperature range of the model streams was near the maxima ever 

reported from streams in the oil shale region (Table 1-4).· As temper-

ature increases within the optimum growth range, productivity 
/ 

generally increases. This too helps explain the superior rates 

rep or ted here. 

The aufwuchs biomass growth rate and standing crop for numerous 

other rivers and streams have been measured, frequently via artifical 

substrate methodologies. Early on Butcher (1932) measured the 28 day 

accumulation of aufwuchs on glass slides in the English Rivers Lark 

and Tees as a function of water velocity. He reported a fairly uni

form increase in accumulation as velocity decreased with .6 mg TS/cm2 
. ." . 2 

at 107 cm/sec on one end of the range and 5.3 mg TS/cm at 49 cm/sec 

on the other. Being close to the nominal model stream velocity of 

45 cm/sec, "Butcher's latter figure is equivalent to 63 mg/substrate. 

His higher measurement is likely attributable to the combined effect 

of inorganic sediments entrained in the aufwuchs mats of his slides 

and increased incubation period. 

Duffer and Dorris (1966) measured theVS on natural substrate in 

the Blue River, Oklahoma. Their measurements ranged .from 46 to 
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250 g/m2 (54 to 296 mg/model stream substrate), considerably higher 

than those reported here. Again incubation for longer than 9 days and 

entrained organic detritus explain part of the higher measurements but 

also the stream bed area rather than substrate surface area basis for 

normalization is contributing. 

The rate of VS accumulation was measured using plexiglass plate 

artificial substrates in the warm-water Red Cedar River, Michigan 

(King and Ball, 1966). Substrates were removed after varying incuba

tion periods and nO,lag phase was found. The average VS accumulation 

rate was .289 g/m
2

/day of which 76% was autotrophic growth. The 

control model streams a,verage growth rate, which must have been nearly 

all autotrOphic, was nearly seven times greater than the average total 

growth rate they reported. King and Ball did not report nutrient 

availability in Red Cedar River but state it received municipal and 

agricultural waste. Due to the high turbidity, it seems likely that 

light limited the autotrophic growth rather low nutrient levels. 

Interestingly, this river study did not find the usual growth 

difference between vertically and horizontally oriented plates that 

others have reported. After 15 days ex~osure sloughing occurred on 

many of their plexiglass plates. 

The Sacramento River, another warm-water course, was sampled using 

microscopic slide artificial substrates (Sacramento Area Consultants, 

1977). The incubation periods varied from 7 to 16 days. Upon con

verting their results to the equivalent growth after 9 days on model 

stream substrates, the TS was at most 24 mg/substrate above the 
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Sacramento, California outfalls but went as high as 262 mg/substrate 

downstream. The corresponding VS values 'for their stations were 5 and 

~5 mg/substrate, respectively. Considering the high turbidity of the 

ri ver (up to 33 FTU); the upstream accumulatiOlls were probably limited 

by light from achieving the growth levels of the model streams. Down-

stream the aufwuchs was dominated by filamentous Sphaerotilus-like 

organisms which increased the VS and entrained large quantitites of 

sediment to greatly augment the TS levels. The Sacramento discharges 

were generally BOD rich from domestic and sugar refining sources. 

The Truckee River near its source at Lake Tahoe, California'is 

relatively nutrient poor and has been extensively studied '(Ska~heim 

et ale, 1973; Frederick.:. ___ R. McLaren EnvIronmental Engineering; 1977; 

Hoffman, 1978; Hoffman and Horne, 1979). The earlier study by 

Skarheim's group utilized model streams operated on a once-through 

basis with Truckee River water. Their VS measurements on rock rubble 

in the model streams were obtained in two ways. First, Surber-type 

samples were used to yield data on a gross areal basis. Later, 

measurements were made using .8 in2 corers and more closely 

approached definite surface area samples. The former samples ranged 
'2 

from 2.~ to 25.2 mg/cm (28 to 298 mg/model stream substrate) while 

2 2 " 
the latter ranged from 14.9 mg/cm to 75 mg/cm (177 to 892 mg 

model stream substrate). These sampling techniques were not used 

concurrently and the larger figures for the latter samples likely 

reflect seasonal changes. Regardless of the method, these values far 
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exceed the Day 9 control model stream VS of 18 mg/substrate. 

Skarheim's incubations were for longer than one month and approximate 

a standing crop estimate. In addition, at times heavy detrital loads 

from the Truckee River contributed to the VS of the aufwuchs mat. 

Shorter term tests were done by Skarheim's group using vinyl 

tubing artificial substrates 1.3 cm OD by 5 cm long in his model 

streams. These were very similar to the artificial substrates 

employed here except that growth on the inner surfaces of the 

substrates ,was prevented in the present study. Samples from the 

tubing substrate outer surfaces after about two weeks exposure to 

Truckee River water in Skarheim's model streams yielded 31.1 to 53.4 mg 

I substrate (10.9 to 18.7 mg/present model stream substrate in 9 days) 

, and substrates directly in the river had 26.8 mg/substrate (10.1 mg 

present model stream substrate in 9 days). These figures are remark

able close to the 18 mg/substrate found here considering the different 

conditions of Skarheim's study: no nutrient enrichment, insect grazing, 

detrital contribution, solar rather than fluorescent illumination and 

seasonal effects. 

The other Truckee River studies report the data generated in 

Hoffman's Ph.D. research and present it in such detail' that an esti

mate may be made as of the variability that can be expected within 

similar field studies. As with Skarheim's work, tubular artificial 

substrates were used in on-site model streams., The same substrates 

were also incubated directly in the river. Growth occurred on the 

inner substrate surfaces but was not sampled. The samples were taken 
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from 1.3 cm OD by 5 cm lengths of roughened Tygon tubing and the 

2 measurements expressed as units per cm. Throughout this dis-
.. 

sertation Hoffman's results are reported after conversion to equiva-

lent values for the artificial substrates used here. The best estimate 

for the 9-day TS on Hoffman's model stream substrates was 18 mg/sub-

strate with' a least squares accumulation rate of 2.46 mg/substrate/day. 

Artificial substrates in the Truckee River indicated 5.3 mg TS/per 

substrate after 9 days and an accumulation rate of only .31 mg TS/per 

substrate/day. As grazers were intentionally removed to the extent 

practicable from Hoffman's model stream substrates because of the 

extreme patchiness they tended to produce, the reduction in grazing 

pressure may account for the elevated amount of aufwuchs measured 

there. In any case, the TS in the warmer, nutrient rich laboratory 

model streams used here accumulated somewhat faster than was measured, 

in the Truckee River experiment (Table 4-7). The average coefficient 

of variation within Hoffman's TS triplicate samples was 52% as com-

pared with an average of 32% for the three sets of 27 samples each 

taken here. Since analytical errors were likely similar in the two 

data sets, Hoffman's larger coefficient of variation is a measure of 

the effect of differential herbivorous grazing on the aufwuchs mats. 

Volatile solids measurements were not made in Hoffman's research. 

Instead particulate organic carbon (POe) was assayed. Taking poe to 

be roughly one half of VS, so~e comparison with the VS data here may 

be made. Most importantly the coefficient of variations in the poe 

triplicates was less than half that with TS, only 25%. From model 
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stream substrates, Heffman's data predict the equivalent ef 3.9 mg 

VS/substrate after 9 days incubatien with a growth rate ef .410 mg 

VS/substrate/day. The cerrespending Truckee River substrate resl.!lts 

were 3.0 mg VS/substrate after 9 days and a .420 mg VS/substrate/day 

accumulatien rate. Again the Truckee study biemass values are cen-

siderably lewer than determined in the present laberatery medel stream 

study. But en a poe basis, the en site Truckee medel streams data 

agree quite well with the data ebtained frem the river. Why this 

sheuld be so fer poe but net TS is net clear. 

Several greupsef investigaters have gathered data ef aufwuchs 

grewth in laberatery medel streams. Kevern' s Ph.D. research (Kevern. 

and Ball, 1965 j Kevern et al., 1966), empleyed clesed medel streams 

centaining distilled water and inerganic nutrients which relied 

heavily en mineralizatien as a seurce ef centinued nutrient supply. 

Inerganic nutrient supplements were given infrequently aside frem 

small deses to, cempensate fer fixed nutrients remeved with the aufwuchs 

samples. Plexiglass plate artificial substrates were used by Kevern 

but the data are reperted here in terms ef the Tygen tubing artificial 

substrates. Grewth after 28 days expesure ranged frem 1.6 to, 9.3 mg 

VS/substrate. The incandescent light seurcewas enly 15% ef the 

theeretical maximum phetesynthetic value and acceunts fer the lew 

accumulatiens. No, upper asymptete was reached after 35 days incuba-

tien in 'the medel streams. Seme ef Kevern's data were taken at three 

day intervals to, estimate grewth rates. A lag phase ef nearly two, 

weeks eccurred which was termed the "celenizatien phase ef grewth." .,. 
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The rates were .089 and .604 mg VS/substrate/day for growth before and 

after the 12.8 day discontinuity, respectively. A concurrent study-

was made of a nearby spring in which the aufwuchs accumulation rates 

during and after a 14 day lag phase were .081 and .237 mg VS/substrate 

day, respectively. These values are all much lower than the 2.245 mg, 

substrate/day computed here in the absence of any detectable lag phase 

(Table 4.;..7). 

McIntire's group has conducted a number of studies using partially 

closed laboratory model streams fed by filtered water from a nearby 

stream (McIntire et al., 1964; McIntire, 1968; McIntire, 1975). The 
.. " 

aufwuchs samples were taken from the rubble ,substrate and expressed as 

g/m2• The data have been transformed to a per model stream substrate 

basis for comparison with this study but the differences between pro-
, . , 

jected areal normalization used by McIntire and true substrate surface 

area normalization were not taken into account. Established communi-

ties were developed before samples were taken. Thus, standing crop 

rather than rate data are presented. The aufwuchs TS varied from 56 

to 474 mg/substrate with a coefficient of variations of about 22%. 

Similarly, VS varied from 18 to 127 mg/substrate with 38 to 41% 

coefficient of variation depending upon the experiment. Although up 

to an order of magnitude higher than obtained from the'model streams 

here, McIntire's biomass results seem in agreement considering his 

current speed was about half that used here and the extended period of 

growth allowed dense commun,ities to develop without sloughing. 

Interestingly, his TS coefficient of variation was much better than 
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found here as might be expected when larger quantities are measured, 
I 

yet for VS the relative variation was decidedly poorer. He notes that 

the organic content seemed to depend upon the age and species 

composition of the community (McIntire et al., 1964).· 

To briefly contrast the discussion of lotic habitats, results from 

artificial substrates used in aufwuchs studies of lakes and estuaries 

are presented. Newcombe (1949; 1950) measured aufwuchs accumulation 
> . 

on glass slides in two Michigan lakes. He recommended allowing 3 to 

5 mg TS to attach to standard microscope slides before attempting 

reliable measurement. This is comparable to only .9 to 1.6 mg 

TS/model stream substrate. Newcombe's lentic aufwuchs growth rates 

ranged from the equivalent of .01 to 13.5 mg TS/model stream substrate 

and .04 to 2.91 mgVSlmodel stream substrate after 9 days incubation 

in the lake. Castenholz (1960) used glass plate artificial substrates 

to assess aufwuchs accumulation rates in two freshwater and two saline 

lakes in the lower Grand Coulee, Washington after two and four weeks 

exposure •. A rework of his data shows that -the freshwater lake rates 

were from .020 to 5.164 mg TS/model stream substrate/day and .004 to 

1.085 mg VS/modelstreamsubstrate/day • Correspondingly, the saline 

lake rates were .039 to 3.859 mg TS/model stream substrate/day and 

.013 to 1. 235 mg VS/model stream substrate/day. These rates compare 

with 3.629 mg'TS/substrate/day and 2.245 mg VS/substrated day in the 

present study. Castenholz's data typically had a coefficient of 

variation with VS of about 22%, somewhat lower than was obtained from 

the\model streams. Three interesting points emerge from the lower 
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Grand Coulee lake study~ First, rates computed from the two week 

versus the four week samples were ,not consistently lower, indicating 

the absence of a large lag phase. Castenholz recommends the shorter 

time frame so that shorter duration events may be observed. Second, 

at least as far as glass artifical substrates are concerned, the 

character of the surface is not critical. No significant difference~ 

were found in either 2 or 4 week samples between unused glass plates 

versus used, scraped and returned glass plates or between smooth glass 

surfaces versus sandblasted (frosted) glass surfaces. Castenholz 

postulated that algal attachment depends upon the bacter~al film which 

rapidly develops on the substrate. Third, wit~in both the Newcombe 

and Castenholzstudies, the accumulation rates vary over about two 

orders of magnitude. This variaton is greater than is ,normally found 

between studies in lotic environments. 

Estuarine aufwuchs communities have been studied employing tubing 

artificial substrates similar to those used here (Krock and Mason, 

1971; Stone et al.,1973). As with Skarheim's and Hoffman's artifi

cial substrates, no attempt was made to prevent growth on the inner 

surface of the tubes. Krock and Mason measured aufwuchs de"elopment 

rates in the Berkeley Marina on San Francisco Bay equivalent to 1.351. 

to 13.253 mg TS/model stream substrate/day. The 3.269 mg TSl,substr:ate/ 

day found in the control model streams is aJIittle less than the 

average rate measured in the Berkeley Marina and much less than the 

maximum documented rate. With some probable sedimentation contribu

tion, the lack of current shear stress allowed more luxuriant aufwuchs 
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attachment than would have occurred in a similarly eutrophic lotic 

environment. Krock and Mason stated that they generally incubated 

their substrates until the equivalent of 88 mg TS/model stream 

substrate was attached. Reproducible results were obtained from 

substrates in the model streams at a third of this amount and it is 

doubtful that such a crop coula be maintained in the 45 cm/sec model 

stream current. In like fashion, Stone's group found that the equiva~ 

lent of 58 to 175 mg VS/model stream substrate was the optimum amount 

of growth in a sample. Their tubing artificial substrates were inqu

bated for about two weeks in San Francisco Bay and in analog San 

Francisco Bay simulation tanks. The bay samples showed rates 

equivalent to .350 to 2.587 mg VS/model stream substrate/day while 

those from the bay analog tanks showed increases of 1.043 to 3.463 mg 

VS/model stream substrate/day. These VS values are generally a little 

lower than the Berkeley Marina TS values. The difference probably 

reflects the lowered nutrient availability at Stone's Central 

San Francisco Bay sampling sites. With the exception of Newcombe's 

Michigan lakes, both the lacustrine and esturaine aufwuchs growth rate 

data presented here are as great or greater than the. rates in the 

model streams where nutrient availability was far in excess of primary 

productivity requirements. This observation suggests that; ceteris 

paribus, shear stress depresses luxuriant aufwuchs development. From 

his study of the relationship between aufWuchs biomass and current, 

Butcher (1932) concluded " ••• the greater the current, the morediffi

cult it is for the algae on the river-bed to retain their hold, so it 
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is to be expected that the faster the current the sparser and less 

varied the growths •••• " 

The effect of oil shale-related effluent dilutions on aufwuchs in 
" 

the model streams as depicted in Figures 4-5 through 4-12 is best 

summarized by the adjusted effects on Tables 4-12 through 4-15. Iri 

general, low concentrations stimulated aufwuch growth. Ammonium 

carbonate stimulated the growth at all concentrations tested. At 

higher effluent concentrations of the industry effluents, growth was 

depressed. The stimulation ·of TS and VS and the depression of TS were 

significant in the Omega-9 water tests in which a relatively wide 

range of dilutions were examined (Tables B-2 and 4-12). The Unfil-

tered Omega-9 water run tested only the greater dilutions and found no 

conclusive biomass depression although significantly elevated VSwas 

still observed (Tables B-3 and 4-13). The dilutions of 150 Ton Retort 

water in Run 5 were designed to span the same concentration range as 

with Omega-9 water runs, at least in terms of ammonium content, but 

stream water analyses showed that, in fact, only the lower concentra-

tions were represented (Table 4-2). Thus, the conditions may have 

moreclos'ely duplicated the Unfiltered Omega-9 water run instead. The 

150 Ton Retort water depressed TS and had no conclusive effect on VS. 

No stimulation was demonstrated (Tables B-4 and 4-14). Although 

ammonium carbonate consistently stimulated the adjusted biomass 

variables, the effect was significant only with VS at the lower 

molarities (Tables B-5 and 4-15). Here again the target concentra-

tions were not achieved in measurements of model stream waters so any 
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biomass depression at the intended loadings would not have been 

evident. Of course there is no definitive basis for supposing the 

different effluents, even from siJllilar oil shale industry operations, 

would evoke the same aufwuchs responses when compared on an arbitrary 

standard - here volume percent of stream water or ammonium'concentra

tion. The disparate biomass responses suggest that indeed such a 

supposition may be false. 

The general trend for, biomass stimulation below a threshold' 

concentration with depression beyond intimates that one or both of two 

general phenomena may be occurring. First; the typical control stream 

algal component of the aufwuchs may be replaced or supplemented at the 

lower effluent concentrations by faster growing, less sensitive types 

which are in turn, inhibited as the effluent exceeds the threshold 

concentration-~ For any of a number of reasons the effluent tolerant 

types were not dominant in the absence of effluent. Second, the algae 

may have been relatively uneffected at the low concentrations but the 

heterotrophic aufwuchs component, bacteria and/or fungi, was stimulated 

by the supply of reduced carbon in the effluent. Again; at higher 

effluent concentrations growth was depressed in general. The impor

tance of these two mechanisms can be clarified by examination of the 

other aufwuchs qualitative and quantitative measures. 

Often the variance in variables computed as sums or products of 

actua:l measurements is greater than the variance in any one of the 

underlying measurements (Bevington, 1969). In the case of VS however, 

which is the difference between pre- and post-ignition weighings, the 
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covariance negates much of the additive error. Since the same sample 
/ 

drawn from the stream was used in both weighings any variance due to 

sampling would occur in the two mea~urements. The sampling variance 

is much larger than the analytical variance in gravimetric analyses. 

Therefore the covariance between the two measurements would be large. 
~ 

As the variance of the difference b~tween two variables is the sum of 

the two variables' variances less twice their covariance, the variance 

in computed VS is similar to that of TS. A similar situation exists 

with the computed variable %VS, the quotient of VS divided ,by TS. 

Bevington states that the variance, of a quotient ,normalized by the 

square of the quotient is equal to the sum of the variances of the 

divisor and dividend normalized by the squares of the divisor and, 

div:i,dend, respectively, less twice the covariance normalized by the 

product of the divisor and dividend. The ratio variables qsedhere, :~ 
save %VS, were computed from separate samples drawn from the :'model 

streams since' each type of measurement on the aufwuchs generally 

precluded taking another type of measurement on the same specimen. 

Thus, the ratio variables typically had larger coefficients of -

variation than their constituent basic variables. 

The coefficient of variation for %VS was lower than that of any-

other variable favoring it as a particularly good indicator of 

aufwuchs character. Although not necessarily a more sensitive 

respondent to the stimulation and stress imposed here, %VSdifferences 

could at least be discriminated better in the samples. The%VS is 

also a val1pable variable, because it is frequently reported in other 
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studies, is not suscept~ble to the confusion arising from projected 

areal versus actual surface area nor~alization as encountered with TS 

and VS, and varies sharply with the relative contribution of diatoms 

to the aufwuchs • 

. The %VS average of the control model streams was 60.5% and varied 

negligably across the means for the three sampling times. Thus, it is 

likely that the contribution of diatoms, to the aufwuchs bioma,ss did 

not change much between Days 3 and 9 in the control model streams. 

The %VS literature reports vary widely. Those approaching 90 %VS 

were generally associated with heterotrophic populations or communities 

without many diatoms. On the other hand values approaching 0% VS were 

indicative of extensive inorganic sediment entrainment by the aufwuchs 

matrix. Artificial substrate aufwuchs samples from the Sacramento 

River ranged from 10 to 56% VS but the large inorganic sediment con

tribution ,obscured the effect of the Sacramento discharges (Sacramento 

Area Consultants, 1977). The nuisance.Spharotilus-like growths below 

the outfalls entrained proportionally more inorganic particulate matter 

concealing their presence upon examination of %VS data alone. 

Skarn~im's group (1973) reported volatile fractions of from 16 to 

22 %VS on artificial substrates in their control model streams and 

from 7 to 8 %VS in the Truckee River •. Again, naturally occurring 

inorganic particulate matter depressed the magnitude of this variable 

and prevented ~lear expression of the effect·of the treated domestic 

wastewater, in their tests. 
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The comparison of %VS here ,with Hoffman's data is exacerbated 

somewhat by his use of poe mea.sure'ments (Frederick R. McLaren 

Environmental Engineering, 1977; 'Hoffman, 1978; Hoffman and Horne, 

1979). Again, applying a factor of 2 to convert poe to VS, this 

Truckee River study shows an average of 23.6 %VSon model stream 

artificial substrates and 76.5% VS in the river itself. This river 

value seems high in light of Sharheim's results but uncertainty. in the 

poe to VS conversion factor, seasonal variation and differences in 

inorganic sedimenta.tion potential at the particular sampling site 

could explain much of the differe.nce. In c6ntra~t to the present 

research, Hoffman's data suggests that the sample age did alter the 

%VS. The 3 day value predicted by regression of his model stream data 

lies 20 %VS units above his indicated 9 day value. This may simply be 

a reflection of seasonal effects occurring in his data. His sampling 

dates were not randomly distributed over the seasonal fluctuations nor 

were they numerous enough (n = '18) to put much reliance on the decline 

in %VS with sample age. It is likely however that a large aufwuchs 

mat would entrain more suspended inorganic particulate matter than 

would one or' two layers" of cells on an otherwise clean substrate. 

Unlike the field studies, 'laboratory model stream substrates do 

not enconnter suspended inorganic solids~ Experiments using' McIntire's 
\ 

model streams typically inVestigated the response of aufwuchs to 

environmental parameters such as light intensity, temperature and 

current rather than unnatural perturbations like wastewater effluents 

(McIntire ~t al., 1964; McIntire, 1968; McIntire, 1975). Thus, his 
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%VS results probably delimit the range of values expected from labor-

atory simulation of "natural" conditions. The volatile fraction ranged 

from 23 to 74% in his model streams, the lower values originating from 

older communities. Presumably in developed communities, organic matter 

is lost from the diatoms as they die but the frustules remain as part 

of the matrix thus lowering the %VS. One set of McIntire's data 

permitted computation of the coeffieint of variation in %VS. It was 

11.9%, nearly the same as was found in the present research 

(Table 4-6). The two species composition ratios - blue green algae to 

diatoms and filamentous algae to diatoms accounted for 66% of the 

variability in %VS during one experiment using McIntire's model 

streams. 
.. 

Newcombe's Michigan lakes produced aufwuchs on his substrates that 

varied from 21 to 97% VS depending upon the season, depth, sedimenta-

tion rate, wave action, presence of insect larvae tubes and whether 

the upper or underside of the horizontal slides was sampled (Newcombe, 

1949; 1950). Likewise Castenholz (1960) recorded volatile fractions 

of 9 to 69% VS in the lower Grand Coulee lakes study. Castenholz 

co.nsidered the nearly pure diatom communities on the underside of his 

horizontal glass plates, which were free of sediment deposition, to 

have "'ideal' ash percentages." These ash fractions averaged 42 to 

.55% of the TS in the four lakes (45 to 58 %VS) and agree quite well 

with the present control model streams' data. Although the %VS was a 

little higher, 60.5% VS, the control model streams' aufwuchswas not 

composed entirely of diatoms. They did, however, frequently 

predominate bya large margin in volume percent (Table 4-4). 
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Richardson et al. (1969) studied physiological chan'ges in 

nitrate-starved chemostat;i.c continuous cultures of the green algae 

Chlorella sorokiniana and Oocystis polymorpha. When KN0
3 

was avail

able in excess, the measured %VS levels in the pure cultures were 

94.5% and 93.6% respectively. Upon reduction in nitrate ,to limiting 

concentrations, %VS of C. sorokiniana fell to 93% but with O. polymorpha 

it rose to 95.4%. These volatile fraction values may be used as 

"ideal" non-diatomaceous values to contrast the "ideal" diatom figures 

developed by Castenholz. 

It must be pointed out that ignition of biomass samples at 550C 

may volatilize some minerals in addition to the target o,rganic 

compounds. This phenomenon probably played little role in the present 

research but field samples where a substantial amount of carbonate 

sediment is present may render misleading data through evolution of 

All dilutions of the ,effiuents tested ,increased the %VS of the 

aufwuchs. This difference from the control mOdel'streams' samples by 

Day 9 was very significant (p < .005) except "at .13% and .013% Omega-9 

water and .084% 150 Ton Retort water. The effect produced seemed to 

be the same with each of the three industry efflUents. The ammonium 

·carbonate run showed consistently elevat~d %VSin the treatment 

streams' samples but not to the extreme degree found with the actual 

effluents. The highest triplicate mean %VS was 92% which occurred on 

Day 3 in the model stream receiving 1.06% Unfiltered Omega:...g'water 

(Table B-3). The highest adjusted effluent effect was' a 44% elevation 
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over the contro1'mode1 streams', value in the case of .34% 150 Ton 

Retort water (Table 4-14). This increase 'corresponds to 87.3% VS, 

after removal of the influence of the factors sampling time and stream 

of origin. 

The higher %VS levels measured in the treatment streams surpass 

figures reported in the literature for other lotic environments. Even 

other laboratory model streams, where depression of %VS from inorganic 

particulate matter was ,absent, failed to produce such high volatile 

fractions through manipulation of light, temperature or water velocity. 

Newcombe did report organic fractions higher than 90% on his micro-

scope slides in Sodon Lake, Michigan. These higher values were from 

scrapings of the underside of horizontally oriented slides, incubated 

at 4.8 meters depth. The light intensity on the underside of these 

microscopic slides was probably low'and unfavorableto'diatom 
\: 

, production. 

The control model streams' aufwuchs was heavily populated with 

diatoms (Table 4-4). Although the last 3 runs had'at least 95 volume 

percent diatoms in the control streams' samples, Runs 1 and,3 had less 

than 50 volume percent. This wide variation is puzzling'and is not, 

reflected in the %VS data~ The means of the %VS triplicates taken at 

the same time as the control model streams' microscope count specimens 

showing low diatom volune '% are: Run 1, Stream 1 -61.6%, Stream 

2 - 64.D%, Stream 3 - 68.5%, Stream 4 ,- 68.0%; Run 3, 

Stream 4 - 66.0%. These model streams'%VS measurements were a little 

higher than the overall control model streams' average of 60.5% VS. 
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The fraction of diatoms in the control model streams 'aufwuchscan 

be estimated by using' Castenh6iz's 45 ·to 58% VS. figure forp,ure diatom 

communities and Richardson's 94% VS for pure cui tures of green algae. 

If X is the diatom fraction, then 

60.5% = X (45 to 58%) + (1-X) (94%). 

The control mode'lstreams' diatom fract10n determined by this method 

is in the range of .68 to'. 93. The control model streamS' samples. 

were composed predo~inately but not exclusively of diatoms. 

5.~ Adenosine Triphosphate 

ATP is found only in living cells and is degraded very rapidly 

upon killing. It has been used ,to estimate living biomass although in 

nutrient depleted media, cellular ATPlevels are very low and may give 

misleading predictions (Holm-Hanson and Booth, 1966; Cavari, 1976)., 
. ~ 

Unexplained variation in the ATP data was high as was.thecase 

with its biomass normalizations ATP/TS and ATP/VS.Assays of aufwuchs 

ATP levels were made for the last three runs but not in Run when no 

effluent was applied to any of the model streams, nor in the two 

Omega-'9 water runs. The ATP values for the ammonium carbonate run was 

the only instance when the analyses of variance showed that the factors 

of the model were significant while the interactions were not 

(Table 4-11). Analyses of ·variance on the ATP/TS and ATP/VSdata 

never detected unambiguous factor effects. There is no reason to 

expect within stream ATP,heterogeneitywQuld be greater than 'for the 

" ,~ ... j 
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gravimetric biomass variables. Thus analytical errors and the reduc-

tion in statistical resolution because of fewer measurements probably 

promoted high scatter in the data. Discussion of ATP and variables 

with ATP as a factor is in terms of trends without relying on absolute 

figures. 

Control model stream ATP measurements significantly increased with 

time. Neither ATP/TS norATP/VS showed significant variation with 

time in the control model streams. These ratios were on the order of 

25 and 48 jJg ATP/g TS and VS respectively. The coefficient of varia-

tion was about 45% with the ra.tio variables and 62% with ATP. Since 

normalization by bicimassreduced the coefficient of variation even 

when the number of cases in the computation decreased by a factor of-

3, ATP and biomass vary together somewhat •. This is expected since 

probably relatively few of the cells in the· young communities were 

dead. 

Holm-Hansen and Booth (1966) measured ATP levels in planktonic 

microorganisms by luciferin-luciferase reaction of Tris buffer 

extracts and obtained very modest standard deviations in their data. 

~ .,' 
The coefficient of variation in replicate measurements of ATP in 

cultures of the marine bacterium GL-7 was 6. 7% and only 5.1% for the 

diatom Navicula pelliculosa. ·They reported ATP/TS values for a number 

of marine bacteria and algae which ranged from 720 to 2200 jJg ATP/g TS 

and 20 to 4900 jJg ATP/g TS, respectively. The wide ranges were 

attributed to nutrient depletion, age of the culture and interspecific 

variation. Plankton samples obtained off the Ca~ifornia coast were 
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assayed for POC and ATP. After applying the factor of 2 for con-

version to POC to VS, their range in ATP/VS values would have been 13 

to 1488 ~ ATP/g VS. The ratio was highest in the photic zone and 

sharply decreased with depth indicating that nonliving POC depressed 

the abyssal values. The Holm-Hansen and Booth study revealed that the 

speed of killing was an important determinant of the amount of ATP 

extracted as was the extraction 'temperature of 100 C. Slowed killing 

or 'reduced extraction temperatures sharply lowered ATP recovery.' In 

the present research much' of the variation in the data may have arisen 

fronithese two factors. Residual stream water within the aufwuchs 

matrix, expecially in the case of densermats"rprobably did'not 

exchange convectively,with the boiling Tris'buffer fast enough to kill 

the underlying cells immediately. This problem was exacerbated py the 

artificial SUbstrate which acted as a heat sink for the attached cells, 

delaying their temperature rise. This source of error could be 

eliminated by scraping the sample from th'e artificial substrate and 

filtering off the interstitial water. 

Planktonic ATP and organic carbon were measured in Lake Kinneret, 

Israel in connection with aPeridinium bloom (Cavari, 1976). For 

Peridinium, organic carbon was found to' equal about .5TS. On,this 

basis, lake plankton ATP/TS ratios ranged from 186 to 2195 ]Jg ATP/g TS. 

Phosphorus deficiency was found to depress ATP/TS dramatically. In' 

laboratory Peridinium cultures the ratio in balanced media was 1610 ]Jg 

ATP/g TS. Phosphorus starved cultures had only 353]Jg ATP/g TS but 

after addition of the nutrient to the medium the ATP content rose to 

2817 ]Jg/g TS. 

.j. 

~ 
" ' 

,,' 

I.'P. 
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Weber (1973) briefly reviewed ATP ITS values reported in the 

literature for aquatic microorganisms. Reports spanning the range 30 

to 12,000 ]..Ig ATP/g TS were cited but most values were between 1000 and 

4000 ]..Ig ATP/g TS. The extreme case where ATP content was 1.2% of the 

total solids was assayed in the bacterium Streptococcus faecalis. 

The Truckee River model stream stUdy undertook aufwuchs ATP 

measurements (Frederick R. McLaren Environmental Engineering, 1977; 

Hoffman, 1978; Hoffman and Horne, 1979). The' coeffienct of variation 

in Hoffman's data was about the same as in this research for ATP but 

considerably higher forATP/TS and ATP/VS. This is expected from the 

vagaries of field sampling. 'Although Hoffman's river and model stream 

aufwuchs ATP measurements increased with time, the rate was" consider

ably slower than in this study. The average ATP/TS in Truckee River 

aufwuchs was 46 ]..Ig ATP/g TS and 75 ]..Ig ATP/g TS in the model streams at 

the site. Using POC data, the equivale"nt ATP/VS means in Hoffman's 

samples were 129 ]..Ig ATP/g VS in the river and 353 ]..Ig ATP/g VS in the 

model streams. These ratios are much higher than those of the present 

study. Despite the fact that Hoffman's Tris buffer boiled at 92C 

because of the elevation at the site, the higher values probably 

resulted from transferring the sample to filter paper before 

extraction. 

Clark, Messeng~r et al~ (1978) compared ATP extraction 

efficiencies using Tris buffer and two other techniques. No one 

technique consistenty gave the highest measurement. Recovery 

problems, apparently similar to those encountered here, arose when 
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extraction was attempted directly from an artificial substrate. 

Laboratory pure cultures of algae or fungi.of densities sufficient for 

ATP extraction without concentration had higher ratios of extract to 

biomass than did aufwuchs samples on glass slides. Inte~estingly, 

they conjectured that excessive absorptive inorganic and organic 

particulate matter, rather than decreased extraction temperature, was 

instrumental in the lowered ATp
J 

recovery. 

The ATP per biomass ratios derived in this research are 

unquestionably lower than are to be expected in natural populations. ' 

The presence of oi~ shale-related effluents produced no statisticall~ 

discernable effects on ATP extracts of ' model stream aufwuchs. 

5.3 Phytopigments 

The chlorophyll a extractions of,model stream aufwuchs samples 

were performed without first dislodging the specimens from the 

artificial substrates. As wit,h ATP, some variation in the data 

probably arOse from incomplete extraction of the pigment, especially" 

in the cases with dense mats. Additional variation may be,attribut-

able to phaeophytin, a degradation product of chlorophyll ~, whose 

relative concentration may not have been uniform over the course of 

the six runs. The ratio of phaeoplytin to chlorophyll has been used 

,as an indicator of the physiological state of algae (Weber, 1973). 

Table 4.;.6 shows that the coefficient of variation 'in CHLA is reduced 

upon normalization with either of the biomass variables. .,..' .:lUS 

differences between samples in quantity as well as quality of the 

growth was important in determining the amount of pigment present. In 
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this vein, VS normalization reduced -the apparent CHLA variation more 

than did TS. On the other hand the coefficient of variation in the 

CHLA/ATP data was large, as would be expected from the poor precision 

of the ATP assay. 

Grzenda and Brehmer (1960) measured phytopigments and biomass of 

diatom dominated aufwuchs from horizontally oriented plexiglass plates 

in the Red Cedar River, Michigan. They recovered the artificial sub~ 

strates "after the periphyton mat was plainly visible, but before the 

growth was dense enough to slough off •••• " The variation in CHLA/VS 

increased with VS in their study and was attributed to death of some 

of the cells and accumulation of organic detritus in the aufwuchs. 

This trend was very slight in the present study but detritus was absent 

and growth rates may have been sufficiently high here to allow 

sampling of the substrate before much cell death occurred. 

Samples from natural substrate in the Blue River, Oklahoma 

contained .02 to .39 g CHLA/m2 of projected river bed (Duffer and 

Dorris, 1966). In model stream artificial substrate units these 

standing crop values for CHLA would be .02 to .46 mg/substrate, in 

general agreement with the Day 9 control model streams' mean of 

.38 mg/substrate despite the difference in areal basis. The Blue 

River aufwuchs·CHLA/VS ranged from .04 to .18%. These values are 

lower than in the control model streams by about_an order of magnitude, 
! 

probably due to· accumulation of Blue River organic detritus. 

Weber (1973) states that the autotrophic index (=VS/CHLA) of 

plankton andperiphyton communities from unpolluted habitats generally 
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fall within the range of 50 to 100 (CHLA/VS = 1 to 2). The lower end 

of this range coincides with the ratio found in the control model 

streams' aufwuchs. After a two week exposure period, aufwuchs from 

the Ohio River below Cincinnati showed autotrophic indices of up to 

1670 (CHLA/VS = .060). In general oil shale-related effluents 

produced the same effect on the 'ratio. Save the .13% Omega-9 water 

stream, all dilutions of the three effluents lowered the adjusted 

CHLA/VS values although not as radically as apparently occurred below 
, , 

Cincinnati's outfalls (Tables 4-12 through 4-14). Ammonium carbonate 

in Run 6 did not have a depressing effect on aufwuchs CHLA/VS 
, ' 

(Table 4-15). Biodegradable organics in the water seem to increase VS 

by promoting heterotrophic groWth thus iowering CHLA/VS. Why the 

ammonium levels of Run 6 did not foster the production of chlorophyll 

free nitrifier~ in this manner is not clear. 

Tilley and Haushild (1975) monitored the rate of increase of' 

chlorophyll ~ on glass microscope slides immersed in 'the Duwamish

Green River, Washington. Their data show a lag phase which they 

avoided by computing CHLA rates between weeks and 3 of incubation. 

Accumulation rates ranged from the equivalent of .0005 mg/model stream 

substrate/day in the pristine, headwaters to .0030 mg/model stream 

substrate/day in the estuarine reaches near Puget Sound. These 

relatively low rates result from colder water temperatures and 

probable nutrient limitations. Chlorophyll ~ increased ir. tne control 
, 

model streams by about .0477 mg/substrate/day (Table 4-17). The 

coefficient of variation in their data was an impressive 20%. Unlike 

\ 
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the Tilley and Haushi1d samples, little lag phase was indicated in the 

control model streams' growth. The negative Day 0 intercept for CHLA 

on Table 4-7 is less than half a day's growth. 

Chlorophyll ~ increases during aufwuchs colonization on glass 

slide substrates in the Sacramento River, Calfornia were equivalent to 

.0001 to .0022 mg/model stream substrate/day above Sacramento and 

.0001 to .0078 mg/model stream substrate/day downstream (Sacramento 

Area Consultants, 1977). These values are dwarfed by the .0477 mg 

substrate/day measured in the nutrient rich control model streams over 

a comparable time period. The high Sacramento River turbidity probably 

retarded primary production but competition for substrate space may 

have also been an important factor in the low accumulation rates. 

CHLA/TS was .01 to .47% above S?cramento and .003 to .53% below. 

Similarly CHLA/VS was .04 to 1.41% upstream and .02 to 1.74% down

stream. The CHLA/TS and CHLA/VS in the control model streams averaged 

1.24% and 2.04%, respectively (Table 4-6). While the pigment fraction 

of aufwuchs biomass was somewhat lower in' the Sacramento River than in 

the control model streams, the discrepancy is riot nearly as pronounced 

as was found with the Blue River. 

The model stream and in-riVer aufwuchs samples from the Truckee 

River study by Skarheim et a1. (1973) were assayed for chlorophyll a 

content. The standing crop of CHLA on natural substrates after a few 

months immersion in the control model stream ranged up to tne 

equlvalent of .071 mg/model stream substrate used in this research. 

Skarheim's samples ~ere obtained using .8 in2 corers and probably 
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approximated true surface area measurement of the substrate. This 

CHLA value is only about one fifth of the amount accumulated on the 

present control model streams' substrates in only 9 days., The CHLA/VS 

computed in Skarheim's samples varied from <.01. to .10%. in his control 

model streams and from .01 to.06% on artificial substrates in the 

Truckee River itself. Organic detritus accumulated in the aufwuchs .. ~ . 

mat was likely responsible for the comparatively low CHLA/VS values. 

Unfortunately phytopigment measurements from Hofrman's Truckee 

River study are not directly comparable to other studies due to 

equipment shortcomings (Frederick R. McLaren Environmental Engineer-

ing, 1977; Hoffman, 1978; Hoffman and Horne, 1979). His findings are 

reported as fluorescence units for ,which no calibration· to 

chlorophyll a is available. Nevertheless, useful inferences· from the 

trends and internal variation in his data may be made. The average 

coefficient of variation within .. -Hoffman' s contt:'ol model stream 

triplicate substrate samples was 36.9%, close to the 33.9% found in 

this research. The fluorescence increased with time on his artificial 

substrates both in the model streams and in ~he river but the 'rate 

cannot be quantified in terms of chlorophyll a' concentration., Ratio 

variables having fuorescence as a factor did not change dramatically 

either in the Truckee River or in the on site model str,eams. For 

comparison with the present research, the daily change in each ratio 

variable determined by least squares regression was normahzed by the 

mean value of that variable. Hofrman' s daily changes in fluorescence 

normalized, by TS, VS and ATP were -17%/day,-9%/day and 5%/day, 
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respectively in his control model stream's samples. The rates 

computed on river artificial substrates were 8%/day, -18%/day and 

-10%/day. The rates in the present research when normalized in this 

fashion are 2%/day for CHLA/TS, 1%/day for CHLA/VS and -8%/day for 

CHLA/ATP. None of these rates were statisti'cally significant. While 

larger in magnitude than in the present data, the significance of 

Hoffman's rates was not assessed. The Truckee River study phyto-

pigment ratios generally showed some decrease with time especially 

when normalization on the basis of organic matter was used. This 

trend could be explained by entrainment of organic' detritues by the 

aufwuchs mats which became proportionally greater as the mat grew. 

The increase in fluorescence units/TS and decrease in fluorescence 
.. 

units/ATP with time in the Truckee River samples appear anomalous. 

They are, however, rather small changes and could have arisen through 

sampling error and small sample size. 

The results from experiments using McIntire's laboratory model 

streams involve measurements taken on natural rubble substrates and 

thus do not reflect the true surface area basis (McIntire et al., 

1964; McIntire, 1968; McIntire, 1975). Standing crops after a few 

months operation of the model streams ranged from the equivalent of 

.027 to 1.610 mg/present model stream substrate. McIntire's coeffi-

cient of variation in CHLA was an agreeable 37%. The biomass 

normalizations of CHLA were .154 to .270% for CHLA/TS and .309 to 

.814% for CHLA/VS. In one experiment testing the effect of light 

intensity on model stream aufwuchs, McIntire found that CHLA/VS was 
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consistently higher at lower intensities. He suggested this p~ysio-

logical adaptation permitted "higher productive efficiency at the low 
, . -

intensity." The well lit model streams in the present research did 

not yield statistically higher CHLA/VS ratios with the heavier aufwuchs 

accumulations. This trend would be expected if ,the mats were thick 

enough for the outer layers ofc~lls to effectively shade the under-

lying algae. That this effect was not measured may be due to the 

brief time frame of this research. In any event, the difference in 

community age is the only obvious explanation for the lower unit bio-

mass chlorophyll accumulations in McIntire's experiments., His well 

established mats may have contained substantial numbers of dead cells. 

ATP measurements of his auf,wuchs would have resolved this question. 

In another study Wilhm (1975) reportedautotr,ophic indices for 
. 'I 

laboratory model streams with and without snails presenL The average 

equivalent CHLA/VS in the absence of the snai-l grazing pressure was 

.14%, with snails it was .21%. If the snails kept the aufwuchs crop-

ped back so that the community had in effect a younger mean age, then 

this result is consistent with McIntire's CHLA/VS being lower than the 

ratio yielded by the present research. Both Wilhm's values however, 

seem low in light of the control model streams' results obtained here. 

Lentic aufwuchs accumulation rates are exe~plified by the data of 

Stone et ale (1973), giving chlorophyll a measurements from artificial 

substrates similar to those used in the model streams. Fe:, incuba-

tions on the order of two weeks, substrates in San Francisco Bay 

amassed chlorophyll,~ at a rate equivalent to .0048 to .0930 mg/model 
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stream substrate/day. Substrates in the San Francisco Bay analog 

tanks showed a corresponding range of from .0092 to .1327 mg CHLA/ 

model stream substrate/day. Both the Bay and analog tank ranges 

bracket the .0477 mg/substrate/day CHLA increase rate in the control 

model streams. CHLA/VS in San Francisco Bay aufwuchs varied from .36 

to 11.63%. The la tterfigure seems exceptionally high but the bay 

analog tanks also produced extreme amounts of CHLA per unit biomass, 

.32 to 11.11%. These values are dramatically higher than were found 

in the control model streams, about 2%, and far exceed reports in the 
, " 

literature of lotic aufwuchs chlorophyll ~ content. 

Perhaps the CHLA/VS ratio is depressed by current shear stress 

because relatively high values have 'also been reported for planktonic 

algae. Richardson et al. (1969) examined the pigment content of 

chemostatic, continuous cultures of the green algae Chlorella 

sorokiniana 'and Oocystis pOlymorpha in response to exhaustion of the 

nitrogen supply. With 20 mM KN03 in the medium CHLA/TS and CHLA/VS 

were 4% and 4.3% respectively for 0. polymorpha and 5.1% and 5~4% for 

C. sorokiniana. Upon dropping to 5 nlM KN0
3

, C. sorokiniana had 1.3% 

CHLA/TS and 1.4% CHLA/VS.· Similarly 0. polymorpha had 2% CHLA/TS at 

3 mM KN0
3 

and 3.1% CHLA/VS at 6 mM KN0
3

• The nitrate concentra

tions cited above pertain to the chemostat -influent medium. Below 

12 roM KN03 input concentration; nitrogen became limiting 'as evidenced 

by its absence from the supernatant fluid. Even nitrogen-starved pure 

cultures of.planktonic algae had 'chlorophyll a fractions in the biomass 

as great or grea tel' than were found with the model stream aufwuchs. 



Of course, pure algae cultures would not have had their CHLA/VS ratios 

lowered by dilution with heterotrophic cell,s or dead cells which were 

undoubtedly present to some extent in the model streams. 

McIntire's observation of increased CHLA/VS in his model stream 

aufwuchs under reduced illumination is strongly supported by research' 

conducted.by Tamiya's group (cited in Fogg, 1975). They separated two 

categories of cells from synchronous cultures of Chlorella ellipsoidea, 

termed "light" and "dark" cells. The "dark" cells had high photo-

synthetic and low respiratory activity while the reverse was true for 

the "light"cells. The CHLA/VS of the "light" cells ranged from .8 to 

1.3% and from . .2.4 to 5.2% with the dark cells. It was shown that 

inc4bation in dim light produced 90 to 95% "dark" cells in an actively 

growing culture but return to bright light resulted in· transformation 

back to a "light" cell population. Cleariy availability of light and, 

by extension, possibly shading QY overlying aufwuchs.cells in 

luxuriant mats can elevate CHLA/VS.-

The effect of oil shale-related effluents on aufwuchs 

chlorophyll ~ levels is partially obscured by the large variation in 

the CHLA data. It is evident that in general the effluents lowered 

the~CHLA accumulation. One 110table exception is that at the low 

concentrations of Omega-9 water some enhancement in the amount of CHLA . 

was found (Figure 4-17). This CHLA increase was absent from the , . 

150 Ton Retort water run but found at all dilutions of ammonium 

carbonate in Run 6. This pattern suggests that some aspect of the 

effluents, possibly the ammohium or carbonate ions, is biostimulating 
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as tracked by CHLA increase. Above a threshold concentration however, 

,an inhibitary component of the effluent surpasses the stimulation and 

reduces the pigment accrual. The toxic component is apparently not 

ammonium carbonate at a concentration of 1.25 roM or less. An alterna

tive hypothesis is that above the threshold effluent concentration the 

chlorophyllaceous primary producers are out competed, perhaps for sub

strate space, by heterotrophs. By either of these hypotheses,dilu

tions of 150 Ton Retort water below the threshold were apparently not 

tested. 

When the adjusted CHLA values dropped, the adjusted CHLA/VSof the 

aufwuchs generally decreased too (Tables 4~12 through 4-15). Thus, 

not only was the quantity of chlorophyl1aceous cells lowered, but this' 

deficiency was replaced by an additional biomass of chlorophyll-free 

cells. Possibly this new biomass fraction was algae that had lost its 

phytopigment as well as heterotrophs utilizing the reducted carbon 

compounds in the effluents. Without exception, the adjusted CHLA/TS 

was higher than the adjusted CHLA/VS. Sometimes there was even 

elevated adjusted CHLA/TSin aufwuchs showing lowered adjusted 

CHLA/VS. Thus, any pigment-free algae making up the additional 

biomass were probably not diatomaceous. Perhaps other algal types 

remained in spite of their pigment loss 'above the,threshold effluent 

concentration but more likely heterotrophic cells simply made up a 

larger fraction of , the biomass. The low effluent concentrations that 

stimulated the CHLA accrual did not elevate the adjusted biomass 

normalizations to the same degree. This suggests that the increased 
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primary producer growth did not consist of diatoms •. The microscope 

counts show that the relative contribution of diatom cells to the· 

total algae fraction of the aufwuchs decreased in both numbers and 

volume percent in the model streams receiving effluent. This finding 

supports the above hypotheses bu't casts no' light on the proposi tiori of 

increased heterotrophic biomass. ' With a few apparently spuriou~ 

exceptions the CHLA/ATP ratio dropped with exposure to the effluents. 

Thus, live, algae became decreasingly represented in the living biomass 

of the aufwuchs. The figures· probably'understate this condition since 

chlorophyll.2. is not as labile as ,adenosine triphosphate upon death of 

the cell. It must be brought out that few significant values are found 

in the variables having CHLA asa factor even though consistent trends 

are suggested. Fortunately these tendencies can be corroborated by , 

microscope" counts and visual observations. The change in colour from 

brown to green with effluent dilutions in Runs 3 through 5 is' obvious 

(Figures 4-1 through 4-3) a:nd ,typifies a shift away from diatom 

dominated aufwuchs. 

The adjusted CHLA/TS and CHLA/VS both generally increased in the 

presence of ammonium carbonate although not as strongly as did the 

adjusted CHLA (Table 4-15). It seemS that both autotrophic and' 

heterotro,phic production was stimulated at these molarities. The 

CHLA/ATP data for this run was inconclusive. 

5.4 Respiration Rate 

The units used to express the rates at which aufwuchs consume and 

produce dissolved gasses are sometimes ambiguous., Not only does the 
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problem of true surface area versus projected surface area sampling 

found with biomass,ATP and CHLAapply, but also the rate may vary in 

a diurnal cycle. Respiration rate is generally uniform over 24 hours 

so units/day and units/hour connote the same rate. In this discus-

sion, any duirnal respiration rate variation is ignored in converting 

rates in the literature, which are often given on a pel' day basis, to 

the mg/substrate/hour basis used here •. Frequently respiration rate 

measurements are taken at night in field studies and with foil covered 

bottles when artificial substrates are used. 

The control inodel streams' RESP values obtained here contain about 

a 40% coefficient of variation (Table 4-6). Slight differences in 

} 

incubation temperature and time may have contributed to this errol' but 

the largest source was most probably the lack of circulation within 

the incubation bottles.' The aufwuchs developed in a relative -water 

current of 45 cm/sec but during incubation the current was nil. To 

the extent that the rate of exchange of dissolved gases, specifically 

oxygen uptake, relied on maintenance of a steep diffusion gradient at 

the cell surface, the RESP measurements deviated .from the true 

respiration rate. In the quiescent dark incubation bottles, large 
. . 

diffusion gradients probably built up which were rich in CO2 and 

deficient in 02. This effect was likely very pronounced within the 

aufwuchs matrix. Thus, after a short time of incubation the RESP 

measurement probably better reflected diffusion rates rather than 

normal respiration rates. Most RESP incubations lasted two hours but 

occasionally a one hour period was used instead. The data from these 
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shorter incubations usually gave higher. RESP rea~ings. This sub-

stantiatesthe hypothesis that during the ijESP assay, initially oxygen 

uptake is governed by the normal respiration rate of the aufwuchs.but 

soon it is reduced by a large gradient at .the .celLsurfaces and becomes 

diffusion rate limited.. The large positive Day 0 intercept for the 

control modeL streams'RESP on Table 4-7 means that by extrapolating 

the aufwuchs community back to its inception, when cell thickness' on 

the substrate approached monolayer dimensions, . the respirat~on rate 

was much higher. Diffusion at the cell surface still may have' pre-

sented some impediment to maximal rates but the dampening effect of a 

large dissolved. oxygen deficit in the interstices of a luxuriant 

aufwuchsmat was absent. There was a small but significant increase 

in the control model streams-' RESP with time. These -measurements must 

be viewed as representing the lower limit of respiratory activity~ 

The biota of the. Blue River, Oklahoma had an .in situ respiration 

rate equivalent to 300 to 980 ~g 02/model stream'substrate/hour 

(Duffer and Dorris, - 1966). TheSe rates were corrected for exchange 

with the atmospher.e but include -planktonic as well as benthic respira-

tion and were reported ana gross areal basis. Thomas and O'Connell 

(1966) used algal'chambers equipped with. small pumps to pro~ide 
{ - ' 

circulation while aufwuchs respiratory rates were measured. Using 

algal communities dominated by Cladophorasp and Oscillatoria sp 

obtained from the Truckee River, they measured lower respiratory rates 

in a black chamber than before dawn and after dusk in a clear chamber. 

Their rather unsatisfying explanation for the discrepancy was that 
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" ••• the algae in the black chamber had not been subjected to as long a 

photo period as the algae in the Clear chamber. Also, the algae in 

the clear chamber may have had a higher metabolic rate than the algae 

At any rate, the difference between the two in the darlr -'hamber. " 
U 

methods was less than 10%. The equivalent respiration rates they 

reported for the Truckee River in the vicinity of Reno, Nevada were 

from 109 to 646 ~ 02/model stream substrate/hour. These values 

were corrected for the biochemical oxygen demand of the municipal 

effluent outfalls at Reno and otherwise would have reached 873 ~ 

02/model stream substrate/hour. 

Hoffman's Truckee River measurements were made using light and 

dark bottles with tubing artificial substrates similar to those 

employed in this research (Frederick R. McLaren Environmental 

Engineering, 1977; Hoffman, 1978; Hoffman and Horne, 1979). Unfortun-

ately however, his results are reported as rates of change-in oxygen 

concentration per unit surface area of aufwuchs. There was no mention 

of the size of the incubation bottles sO,calculation of the mass of 
, 

oxygen exchanged is not possible. Furthermore, Hoffman's metabolic 

rate measurements could not be ~ormalized qy biomass, ATP etc., because 

the rates pertained to aufwuchs growing on the inner as well as outer 

surfaces of the substrate whil_e the extensive measurements were of 

growth on the outer surface only. Nevertheless, if the assumption can 

be made that, incubation bottle size did not change over the course of 

his data collecting, then information concerning relative variation 

and trends in repiratory activity with aufwuchs development may be 
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deduced. The coefficient of variation within the Truckee River 

control model streams' triplicates is just under 50% for RESP. Least 

squares regression of the rates against time show a positive Day 0 

intercept in Hoffman's control model streams' respiratory activity. 

Yet it is not nearly as large as in the present research. In terms of 

the number of days incremental. increase in oxygen consumption rate 

this intercept value represerits using the least squares regression 

values, his initial le'velcorresponds to only about. 76 days growth 

whereas about 9~3 days growth is indicated by this research. This 

large difference.is not so startling in light of the·large experi

mental errors suggested by the RESP coefficients of variation in both 

studies. The daily increase in RESp· for the artificial substrates in 

the Truckee River was about 85% of the increase· rate for the on-site 

control model streams. A negative intercept f6r the Truckee River 

samples equivalent to about one day's increase in rate suggests the 

possiblity of a lag phase of- growth in the substrate colonization. 

Kevern and Ball (1965) measured the respiration rate of aufwuchs 

in their rather dimly lit laboratory model streams. Their data too 

was taken on a projected areal basis but, when converted into terms of 

the model stream substrates used here, was only 204 ~g 02/hour. 

This is understandably less than the rate found here since their 

biomass was in the range of only 1.6 to 9.3 DIg VS/model stream 

substrate. 
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The projected areal measurements of RESP of the well established 

aufwuchs in McIntire's model streams are somewhat higher (McIntire 

et al., 1964; McIntire, 1975). The range of RESP reported was 

equivalent to 79 to 207 l-Ig 02/modelstream substrate/hour. A 

photosynthesis-respiration chamber'with internal circulation was used 

in taking RESP measurements. Although no temperature information was 

reported with the rates, McIntire 's range seems low since lotic 

conditions were maintained • The RESP coefficient of variation was 

about 28%. The RESP/TS and RESP /VS rang'es obtained from recalculating 

McIntire's data are .27 to 1.31 ing 02/g TS/hour and 1.01 to 1.10 ing 

02/g VS/hour. The ranges for these two ratio variables, wer,e reported 

from two different experiments and are not a description of the same 

community. The coefficient of variation for the RESP/TS values was 

about 32%. The corresponding ratios resulting from the control streams 

in this research range from 1.38 to 3.38 ing 02/g TS/hour~nd from 

2.36 to 6.35 ing 02/g VS/hour (Ta:ble 4-6). Both of the ratios 

decreased significantly with time. Although the Day 9 values are most 

directly comparable with McIntire's communities, the bimass 

normalizations are s6m~what higher here. 

Tamiya's biomass normalized respiration rates for the "light" and 

"dark" Chlorella ellipsoidea cells are higher than found either here 

or in McIntire's experiments (Fogg, 1975). Since dissolved oxygen, 

changes are easily monitored in chemostat apparati, Tamiya's data is 

less vulnerable to questions of accuracy than are measurements on 

model stream aufwuchs. The "light"C.'ellipsoidea consumed between 
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13.6 and 16.7 mg 02/g TS/hour but the "dark" cells used only 6.1. to 

7.9 mg 02/gTS/hour. As Chlorella has no siliceous frustule, the 

RESP/TS would be about 10% less than RESP/VS. Tamiya's' chemostatic, 

continuous cultures probably had far fewer dead· cells than would be . 

found in aufwuchs since they would be washed out of a chemos tat but 

held in the aufwuchs matrix. Thus, Tamiya's ratio values do not 

reflect any biomass dilution by non-respiring dead cells and is a 

better \approximation of the metabloic activity of live cells. 

Measurements of lentic aufwuchs respiratory rates have been made 

on tubing artificial substrates from San Francisco Bay model analog 

tanks (Krock and Mason, 1971; Stone et al., 1973). Krock and Mason 

normalized their respiration rate data by the two thirds power of ,the 

biomass (TS). They reasoned that the metabolic activity being measured 

was more a function of surface area than mass. This concept is sup~, 

ported by the trend found in the biomass norma liza tions of RESP in the 

present study. As the aufwuchs biomass increased, RESP ITS and RESP IVS 

tended to decrease. Of course this relationship could be an artifact,. 

of the measurement technique rather than the true activ.ity of .the 

aufwuchs cells. Their results are given on a "percent of c'ontrol" 

basis but the computed coefficient C?f variation was a, very respectable 

19%. Before nqrmalization by TS to the two thirds power, the 

coefficient of variation in RESP/TS was about' 29%.' Part of their 

research involved the effect of ammonia on. aufwuchs metabolism. At 

.71 mM ammonia, RESP/TS 2/3 was about 92% of the, control analog tank 

value. Stone's group used the same analog tanks in their study and 
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found RESP values equivalent to 131 to 219 ~g 02/model stream 

substrate/hour. They used the same type of tubing artificial 

substrates as were used in this research but incubated their samples 

for four hours instead of two. Stone's RESP/VS was 4~23 mg 02/g VS 

hour. It is interesting that this value coincides so well with the 

ratio range obtained from the control model streams here since the 

lentic aufwuchs was presumably not stressed by the absence of current. 

If the lentic aufwuchs was adapted to a RESP/VS that could be sup

ported by diffusion then it would be expected to approximate the rate 

to which the lotic aufwuchs was limited by the quiescent incubation 

bottle technique. 

The large amount of unexplained variation in the variables having 

RESP as a factor hinders. identification of trends. Nevertheless, some 

conclusions can be drawn from the measurements taken. The general 

trend was for oil shale-related effluents and ammonium carbonate to 

increase the aufwuchs respiration rate. Although the pattern of 

increase was not overly uniform, many significant rate increases were 

found. The only significant decrease.in respiration rate as compared 

with the control model streams' aufwuchs activity occurred with .27% 

Omega-9 water on Day 3 (Table'B-2 and Figure 4-25). This isolated 

case was probably an error of measurement. The biomass normalizations 

suggest that the increased rate was due to more organisms in the 

community rather than elevated activity by about the same mass of 

cells. SpecificallyRESP/VS showed no. consistent response to the test 

SUbstances. It significantly rose on Day 3 with the higher concentra

tions of 150 Ton Retort water (Table B-4). Otherwise, no significant 
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deviations were resolved •. The instance with 150' Ton' Retort waters may 

reflect rapid cOlonization by heterotrophic cells with an exception-

ally low dilution factor from' dead cells within the matrix. Later in 

the same run the significant difference ~ad disappeared. This general 

trend is not unexpected. Microorganisms consume molecular oxygen in a 

slowed,' biochemically controlled combustion to provide energy for 

cellular maintenance and function. Different types of organisms 

oxidize reduced nitrogen-ammonia, exogenous reduced carbon - oil 

shale-related effluent organics, or endogenous reduced carbon products' 

of photosynthesis. Intuitively, the amount of oxygen'required by the 

energy budget of even quite different types of microganisms would be 

similar per uriit cellular orgariic matter. The-data here does not 

contradict this hypothesis. A number of significant increases in 

RESP/TS were found in the effluent model streams. This clearly 

documents the shift away from diatoms in favor of other algae and 

heterotrophs. The RESP/ATP data is confusirig. No statistically 

significant values, are fOund. 

The trend observed in the control model streams for decreased RESP 

per unit biomass with larger mat sizes may bear on the effluent 
.. ~ 

streams' responses. When the effluents depressed the overall aufwuchs 

groWth,' incomparably high RESP/TSand RESP/VS values may have been 

found as an artifact of the effect of aufwuchs mat thickness On the 

respiration rate measurement technique. Apparently this effect was 

lost in the internal variability of these ratios. Of the twelve 

adjusted RESP /VS values on Tables 4-12 through 4-15 that devia'ted from 



213 

the control model streams by more than 10%, half rose and half, felL 

The adjusted VS was higher than the control model stream by at least 

10% in each of the six model streams where the adjusted RESP/VS 

dropped. Of the six model streams where the adjusted RESP/VS rose, 

the adjusted VS rose three times and fell once by at least 10%. Twice 

it remained essentially unchanged. 

The rise ih adjusted RESP/TS found here is in contrast to the 

depression in relative respiratory activity observed by Krock and 

Mason (1971) in the San Francisco Bay analog tanks receiving dilutions 

of ammonia. Their difference as compared to the control analog tank 

was small however and its statistical significance was not reported. 

Unless the control analog tank aufwuchs was dominated by diatoms, the 

presence of ammonia would not reflect in RESP ITS a population shift, 

from green algae to nitrifying bacteria for example. 

5.5 Gross Photosynthetic Rate 

The RESP technique of incubation in closed quiescent bottles was 

also used in determining the gross photosynthetic rate. GP was com

puted as the algebraic sum of RESP and the light bottle dissolved 

oxygen gain. Yet the coefficient of variation was usually lower with 

variables having GP as a factor than, with the corresponding RESP 

variables (Table 4-6). This is in apparent contradiction to the 

additive increase in variance expected when a variable is created as 

the sum of other variables. The variance of the resulting variable 

decreases only when the covariance of the underlying variables is 

large and negative. Without having computed the covariance, the 
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suspicion is that the covariance would be minor between GP'and RESP 

and decidedly positive between the corresponding biomass normaliza

tions in cognizance of the dampening effect that large mats seem,to 

have on measurements df relative metabolic activity. The only obvious 

influence tending to lower the coefficient of variation is .that GP is 

larger in magnitude than RESP, thus lowering the ratio of standard 

deviation to mean. 

The GP ratio variables generally decrease in the control model 

streams as the aufwuchs grow to a similar. degree as do the RESP ratios. 

Consequently, GP/RESP does not exhibit this trend. The. deficiencies 

in measurement technique were common to both GP and RESP. Conse':" 

quently, their effect largely disappears in the ratio of the two. 

This variable is probably more accurate than the other variables -having 

GP or RESP as a factor although in general it is less precise. Each 

of the GP ratio variables have significant,positive Day -O.intercepts 

in the control model streams' data. This condition underscores the 

depression in apparent GP in the absence of a current to steepen the 

diffusion gradient for the dissolved gases at the cell surface.' The 

relative magnitude of the Day 0 intercept is about the same for GP and 

RESP. In terms of the daily incremental increase in the rates as 

determined by least squares regression of the control model streams' 

measurements, the Day 0 intercept represents about 10 days growth for 

GP and about 9 days growth for RESP. 

Much of the information on photosynthetic rates in .the literature 

is difficult to compare directly with the data produced here for 
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several reasons. First, as discussed in reference to RESP, projec ted 

areal measurement and lack of current in the incubation bottles were 

problems. In addition photosynthesis often is reported as mass of 

oxygen produced per day, but production occurs only over the lighted 

portion of every 24 hours. For purposes of comparison here the daily 

literature rates were divided by 12 to approximate the hourly GP and 

for use as a factor in the GP ratio variables. Thus many literature 

GP IRESP values were multiplied by 2 to conform to the definition of 

this. variable used here'. Last, many investigators choose to publish 

net photosynthetic rates but fail to give adequate RESP data so that 

GP can be calculated. It is unclear why one would choose to document 

only the net photosynthetic rate when GP and RESP implicitly convey so 

much more information. 

The gross photosynthetic rate in the Blue River, Oklahoma ranged 

from the equivalent of 148 to 4730 llg 02/model stream substrate/hour 

(Duffer and Dorris, 1966). This wide spread in activity resulted 

mainly in response to changes in the temperature and turbidity of the 

water. The GP/RESP value in the river ranged from .78 to 3.4. The 

reach having a GP/RESP ratio of less "than unity had a bed of limestone 

and sand. There were no pollution loads on the reach but few primary 

producers colonized the sand substrate and the relatively high 

respiration rate" ••• may have been caused by the continual influx of 

decomposing organic material from the upstream reaches. "The tech-" 

nique used by Du'ffer and Dorris measured the oxygen exchange rates of 

the plankton as well as the aufwuchs. Had the aufwuchs been monitored 
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alone, GP/RESP would likely have l;>een. greater than one, as is char

acteristic of unpolluted communities. The higher GP/RESP values found 

in the Blue River agree quite well with the relative activities 

measur,ed in the .control model streams, 2.96 to 3.86 (Table 4-6). 

Thomas .and O'Connell.(1966) monitored GP in the Truckee River at 

Reno, 'Nevada. The range, whiph was measured using ~n incubation 

chamber, is equivalent to 395 to 1630 )Jg 02/model stream substrate. 

hour. Their, technique measured p~edominately. aufwuchs product.ivity.' 

The estimated GP/RESP after compensating for the influence of settled 

tric~ling filter effluent discharges from Reno varied from 2.4 to 4.2; . 

again coincident with the ratio observed here in the ,control model 

streams. Before adjustment for the Reno outfalls, the ratio was only 

about .8. 

Hoffman's ,Truckee River and mode I stream gross photosynthesis 

measurements were subject . the .limitatiol1s a~ were discusse9 in 

reference to RESP (Frederick R. McLaren .Environmental Engineering, 

1977; Hoffman, 1978; Hoffman and Horne, 1979). The cQefficient of 

variation in his GP data, obtained from ~ssent~ally the same technique 

as was used here, was about 42%.. A nega ti veDay 0 intercept eq,ui v

alent to almost two day's least squares increase in.photosynthetic. 

rate was found in the data from artificial substrates incubated in the 

river although it was nearly absent from his ~odel stream samples •. 

The daily increase in GP on Hoffmans river samples was about 63% as 

great was found in his control mod~l streams. The problem with the 

dimensions used to express. GP and R2SP in this Truckee River study 
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cance 1 ou t in the ra tio of the two. The mean GP /RESP was' 3. 13 in the 

model streams and did not change appreciably with incubation time. 

The coefficient of variation was 53% as. compared' with 49% in this 

research. Hoffman's average river GP/RESPvalue was a hefty 8.3. The 

variability between river measurements was enormous and so few data 

points were obtained that this value is highly suspect. The ratio 

increased sharply with increasing age of the river samples. 

The gross oxygen production on the natural substrates in Kevern 

and Ball's (1965) model streams wasabout 6.6 to 60 l1g 02/model 

stream substrate/hour. The mean GP/RESP was on the order of 2.5. The 

low GP values are due to the subdued light intensities, 52.7 to 

111 2 kcal/cm /day. The maximum photosynthetic value is between 720 

and 1080 kcal/cm2/day. With dense aufwuchs growths however, even 

higher intensities would increase GP because of the shading effect the 

outer cells have on uriderlying primary producers. 

McIntire's model stream experiments provided data from which most 

of the GP ratio variables could be calculated (McIntire etal., 1964; 

McIntire, 1975). The ranges determined in his various studies are GP: 

237 to 46411g 02lmodel stream substrate/day; GP/TS: .782 to 3.05 mg 

02/g TS/hour; GP/VS: 3.32 to 3.79 mg 02/g VS/hourj GP/CHLA: .312 

to .341 g 02/g CHLA/hourj and GP/RESP: 1.95 to 5.38. Typical coef

ficientsofvariation in McIntire's data were 13 to 28% for GP, 24% 

for GP ITS, and 22% for GP /RESP. McIntire's GPmeasurements were taken 

in situ and did not suffer from the drawbacks of the technique used 

here. Thus, his rates were higher, as expected •. The biomass and 
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pigment normalizations of ,GP were not higher however. This is the 

same situation as was found in comparing McIntire's ~ESP data with -

this research, the absolute level of activity was higher in McIntire's 

model streams but not on a unitized basis. Probably the water temper-

ature was most directly responsible for this phenomenon. That temper-

ature can so markedly affect metabolic rates is illustrated by the 

Q 10 va lue, de fined as 

Q10' = ( rr21 ) 

where r 1 and r 2 are the metabolic rates at temperatures t1 ,and 

t2 centigrade, respectively. The Q10 for photosynthesis is about 

2 and for respiration, between 2 and 2.5 (Kevern and Ball, 1965)~ 

Since GP and RESP were both affected by temperature to about the sa,me 

degree, McIntire's GP/RESP range agrees well with values typically 

reported for unpolluted habitats and with the control model's,treams ,in 

this research. 
, , 

The invest~gations of Tamiya's group with the "light" and "dark" 

Chlorella ellipsoidea cells growing in synchronous culture gives 
. . ; 

insight as to the rela~ive GP in the absence of heterotrophic 

organ isms (Fogg, 1975). The GP ITS of the "light" ce lls was 29.5 to 

35.7 mg 02/g TS/hour and ranged from 121 to 23pmg 02/g TS/hour 

for the "dark" cells. Thse values are vastly higher ,than the maximum 

of 8.85 mg 02/g TS/hour computed from the control streams' data 
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obtained here (Table 4-6). Even considering the low GP values due to 

the bottle technique, comparison with Tamiya's GP/TS values suggest 

the TS denominator for the model streams included many heterotrophs, 

inactive algae and/or dead cells. Tamiya's cultures had GP/RESP. 

values of about 3 for the "light" cells and unity for the "dark" cells. 

Krock and Mason's (1971) artificial substrates in the lentic San 

Francisco Bay model analog tanks were assayed for net photosynthetic 

rate.· Sufficient information was not given to compute GP but the 

coefficients of variation were given and would likely be indicative of 

the variability in GP measurements. ·For net photosynthetic rate per 

TS the coefficient of variation was about 28% between replicates but 

upon normalizing by TS2/3, the standard deviation dropped to about 

16% of the mean. Krock and Mason did report the influence of ammonia 

on the GP/TS as a percentage of the aufwuchs activity in the control 

analog tanks. At·1 to 10 mg/l ammonia nitrogen, GP/TS fell.by 10 to 

20% • 

. Stone's group reported measurements on aufwuchs from the same bay 

model analog tanks (Stone et al., 1973). The ranges they found in the 

control analog tanks for the suite of variables are GP: 3150 to 3590 ~g 

02/model stream substrate/hourj GP/VS: 83 mg 02/g VS/hourjGP/CHLA: 

3.9 g 02/g CHLA/hourj and GP/RESP: 19.7. These GP values seem 

unrealistically high yet no explanation is offered. 

Research on the biodynamics of the microorganisms in two oil 

refinery effluent pond series may help characterize the microbial 
t 

population that would develop when exposed to oil shale-related 
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effluer.ts (Copeland and Dorris, ,1964; Copeland eta1., 1964). A clear 

succession was found with increased detention time in the series of 

ponds. . Initi~lly the toxicity of the ·.effluent prevented utilization 

of the nutrients in primary production. The toxicity decreased with 

time and its decomposition made more nutrients available. Midway 

through the. pond series photosynthesis was maximal. Respiratoryrates 

were highest initially 'where the BOD of the effluent was exerted .and 

near the end of the series where algal decomposition occurred. The 

GP/RESP was less than unity in many sections but went as high as 4.7 

during a spring bloom in the middle of the pond series. The ratio 

approached unity near the final ponds where effluent stabilization was 

most complete. As was found with the aufwuchs in this research" the 

GP/CHLA and GP/VS of the oil refinery effluent pond plankton decreased 

with increasing values of the respective denominators. GPwas 

measured in situ so the phenomenon was not solely an artifact of the 

technique used here. Shading by overlying plankton probably caused 

this effect in the refinery effluent ponds. The GP/CHLArange 

calculated in the planktonic population is 1.0 to 4.3 g 02/g 

CHLA/hour. 

A definitive statement as to the effect of oil shale-related 

effluents on the absolute and relative gross photosynthetic'rate .of 

aufwuchs is not forthcoming as too few replicates were taken to 

produce unambiguous and statistically significant results. Doubt is 

cast on some apparent trends by the appearance of several outliers in 

" the data. In general GP and GP/VS decreased with exposure to the 
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effluents or ammonium carbonate. Exceptions were encountered, 

however, particularly with .27% Omega-9 water, 1.06% Unfiltered 

Omega-9 water and .34% 150 Ton Retort water (Tables 4-12 through 

4-14). These measurements are believed to be erroneous as they 

typically conflicted with the responses to adjacent higher and lower 

dilutions. The trend in these variables suggests a shift toward a 

less autotrophically active population. GP/TS increased much more 

frequently than did GP/VS. This occurred because the disappearance of 

diatoms had a greater effect than'did the reduction in the anabolic 

rate. Oil shale-related effluents depressed GP/ATP as a greater 

portion of the live cells were heterotrophs or inactive autotrophs. 

Ammonium carbonate, however, had a mixed effect on this variable 

largely due to an outlier data point in the 4.52 mM model stream for 

the DaY.3 sample. The response of GP/CHLA was similar for the 

effluents and ammonium carbonate. The ratio was greater than in the 

control in model streams having the highest concentrations and less 

otherwise. This condition is more a reflection of the response of 

CHLA than of GP. The adjusted CHLA usually was lowest in the highest 

concentration model streams thus raising the ratio. Nonetheless, the 

chlorophy 11 .§. present was apparently" enough to media te nearly the, same 

amount of measured photosynthetic activity as occurred in the control 

model streams. This relatively undepressed activity may well be a 

figmeht of the measurement technique whereby the true rate in the 

control model streams was more truncated in the treatment model 

streams. The tendency for GP/RESP to decrease in the presence of the 
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effluents containing reduced carbon and nitrogen compounds is.guite, 

clear. Ironically the only statistically significant ratio obtail'l.ed 

was an increase. This value was found on Day 3 at .27% Omega-9 water 

and almost surely resulted from experimental error (Table B-2 and 

Figure 4 -45) • 

5.6 Insect Larvae Responses 

The pr~liminary insect larvae exposure period demonstrated that 

Gumaganigricula . larvae remain "active" under,control model stream 

conditions for at least 12 days. Since the duration of the subsequent 

runs ~as only nine days each, ,it is expected that the larvae' could . 

adequately accommodate any stream-induced stress for that period, of 

time. The survival of G. nigricula as larvae in the control streams 

in the following three runs was usually not as high as with this pre-

liminary period. Most G. nigricula larvae remained "active" in the 

Run 3 control stream (95%); however, in Runs A and 6 .only 72% and ,56%, 

respectively, were "acti?e" in the control streams for nine days 

(Table 4-17). 

Perhaps the elevated temperature of ,the str;-eams precipitat.ed 

pupation in the G. nigricula which were obtained from a much cooler 

environment, 10 to 12 C. Since specimen collection was never more . . .' . ' .. ' . 

than three days from the beginning of each of the runs, stress from 

residence in the stock basin was not likely r,espqnsible for the 

inactivity. Probably the condition of the larvae in Big Sulfur Creek 

at the time of collectiQn was the most important factor influ.encing 

the number of in~ctive specimens in the control streams. Although the 
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streams were allowed time to flush out any effluent residual from the 

previous run before commencing a new run, the possibility exists that 

some toxic components may have adsorbed to the stream surfaces and 

been slowly released to the stream waters of the subsequent run. No 

analyses were performed to assess the significance of this mechanism. 

It is likely that any chemical carryover was minor because all 

unscrubbed stream surfaces were covered with a dense mat of aufwuchs 

that was continually sloughing cells, which were carried to waste via 

the overflow, and regenerating itself with new cell growth. Thus any 

toxins concentrating in the aufwuchs wouid presumably be depleted 

during the inter-run periods. Given the heavy aufwuchs growth, 

probably negligible amounts of effluent constituents were adsorbed to 

the underlying model stream surfaces. It should be noted that the 

phenomenon of fewer control stream larvae remaining "active" with each 

successive run could be attributed either to progressive maturity of 

the last instar larvae collected from Big Sulfur Creek for each run, 

or to residLialtoxicity build-up in the streams. Neither hypothesis 

can be disproven by the data, but di.stinct differences in larval 

responses between the control and test streams can be observed 

nevertheless. 

Discosmoecus gilvipes were not collected for 12 days of rearing in 

the model streams as was done for Gumaga nigricula in the preliminary 

test period. In Run 6, however, 9 of the 10 D. gilvipes larvae 

initially in the stream were "active" after 9 days. Presumably there 

were no inherent stresses to the D. gilvipes larvae in the other three 

model streams. 
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Table 4-17 shows that with ooncentrations of up to 2.12% Omega-9, 

water, no acute toxic responses were observed during the.9 days of 

exposure. There was a minor trend for prepupae to form with more than 

1% of this effluent in the stream water. 

In Run 4 Unfiltered Omega-9 water was used as the test effluent. 

As in Run 3, no appreciable decrease in "active" individuals was 

observed .. in the streams receiving effluent as compared with the 

control stream. At the end of Day 4 in Run 4 however, there did 

appear to, be a tendency for the larvae in the, streams wi th the higher. 

Unfiltered .Omega-9water concentrations to become inactive. This 

distinction disappeared by the conclusion of the run on Day 9. In 

contrast to the Omega-9 water run, dead larvae were found, 

particularly at the higher concentrations of this effluent. 

The synthetic, ammonium carbonate wastewater used in Run 6 was 

designed .to correspond to the ammonium levels found in streams with up 

to about 2% Omega-9 water concentration. As in Run 3 with these 

effluent ammonium concentrations, no pronounced difference was 

observed in the numbers of active Gumaga nigricula larvae between the 

test and control streams of Run 6. This result is e~pected as ·the 

ammonium concentrations used in Run 6 duplicate those of Run 3; 

however, with Run 6 no other oil shale-related constituents were 

present. At most, the ,synthetic- ammonium carbonate wastewater would 

exhibit a toxic response no greater than that of corresponding 

dilutions of Omega-9 water, unless the other oil shale effluent 

components are antagonistic toward salt toxicity.· As the Omega-9 

• 
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water dilutions used in Run 3 were apparently too great to elicit 

demon~trable reductions' iri Gumaga nigricula activity in 9 days, the 

ammonium carbonate dilutions of Run 6 similarly proved to be too great. 

The Dicosmoecusgilvipes larvae that were exposed to the synthetic 

ammonium carbonate wastewater along with the Gumaga nigricula in Run 6 

showed a clear sensitivity to the higher" concentrations. The streams 

receiving ammonium carbonate to computed stream concentrations of 

2.26 roM and 4.52 roM had sub'stantiallY fewer numbers of "active" 

D. gilvipes larvae thari the streams with 0.56 roM and 0 roM ammonium 

carboriate dilu.tions. Iri the two higher concentration streams, a total 

of six D. gilvipe; 'larvae were missing over the course of the 9 day 

run as compared with only one larva' in the other two streams. Although 

the precise 'fate of the missing larvae is unclear, probably.they were 

either prompted to climb up the cage screening above the water line 

and into the lower reservoir of the stream in an avoidance response, 

or they were cannibalized by other larvae and their cases used as case 

maintenance material by the remaining activeD,. gilvipes larvae. Any 

larvae climbing into the' lower' 'reservoir would be sucked into the 

recirculating pump and masticated. Although probably the missing 

larvae should properly be Considered as demonstrating atoxic 

response, particularly since only one missing larvae occurred in the 

control and low concentration streams, the conclusions drawn from 

Run 6 remain the same regardless of the disposition of the missing 

larvae. 
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Note is made that in Runs 4,5 and 6 the measured ammonia 

concentrations deviated markedly from the computed concentrati9ns 

(Table 4-2). In Run 3 the correspondence was much closer. A 

definitive explanation for this deviation awaits further investiga-

tion. Several hypotheaes are e~ident, however. It is possible that 

the primary producer organisms of the aufwuchs communities in the 

streams selectively shifted to those species favoring ammonia as a 

nitrogen source over nitrate. In each case the ainmonia determinations 

were made at the end of the run when the aufwuchs biomass was the 

gre,atest and had the greatest nitrogen uptake~ With this ,eventuality 

the ammonia concentrations in the streams would be reduced to. the " 

degree that this nutrient was removed by theaufwuchs biomass. In 

Run, 3 presumably the aufwuchscomIDunities still preferred to meet 

their nitrogen requirement with nitrate. The reason for any inorganic 

nitrogen uptake shift by the primaryproduce~s is not clear since , 

1.4 mg/1 of nitrate nitrogen was always provided in the ma~eup water 

(Table 3-1). Both ammonia and nitrate are readily utilizable nitrogen 

sources for most species of algae and both were present in excess of 

algal requirements in the streams receiving effluent additions. A 
I 

more probably explanation for the discrepancy between computed and 

measured ammonia concentrations is. nitrification of the ammonia to 

nitrite and then nitrate by nitrifying bacteria whose growth was 

favored by the high ammonia levels in the, streams. Neither nitrite 

nor nitrate is measured in the hypochlorite test for ammonia. This 

hypothesis would adequately account for the increased divergence of 
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the calculated armnonia concentrations from the measured values in each 

successive run if the nitrifier activity in the stream systems 

increased with time. It is also possible that the armnonia was evolved 

as a gas. However, arguments for this mechanism are weakened by the 

fact that'the lower pH of some of the streams' in the last three runs 

should have prevented ammonia evolution and yet, the large deviations 

between the computed and measured concentration occurred only in the 

later runs. The accuracy of the phenolhypochlorite method is sup

ported by the close agreement of the standard curves generated from a 

stock ammonia solution for each run. 

Limitations 'in the design of the larval insect test phase of this 

study include the following: (1) too few organisms were involved in 

the bioassays; and (2) a finer discrimination of larval activity 

responses is necessary, since other more subtle sublethal effects of 

exposure to oil shale-related effluents were ignored by the activity 

classification scheme. In terms of this latter point, it should be 

noted that the Gumaga nigricula larvae of the highest effluent con

centration streams in Runs 3 and 6 were visibly more sluggish than 

individuals from the other streams. These larvae exposed to the 

highest effluent concentrations moved around their cages less and 

appeared to have difficulty keeping balance and maintaining a grip on 

the cage screening. Another response resisting description under the 

current scheme ;is the phenomenon of case abandonment by the larval 

caddisflies. Both caddisfly species sometimes left their cases but 

this occurrence in the Dicosmoecus gilvipes larvae was much more 
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common. A system whereby these responses can be quantitatively 

measured would be preferable to the. preliminary methods used. 

An appropriate meas,ure. of caution" must be used in extrapolating 

laboratoryresul ts of. effluent studies to those results that wou}.d be 

obtained in natural habitat conditions •. The laboratory conditions 
\ 

inc·lude elevated temperature;. artificial illumination, inorganic 

nutrient supplementation of the stream water, and po,~sible exposure ~o 

exotic sloughed aufwuchsorganisms, all .of which maYSignific~ntly 

affect the response· of the organisms under study. Confirmation of the' 

resul ts obtained here by field bioassays must be obtai.ned prior to 

. drawing firm conclusions as to the effect of these oil shale-related 

effluents on aquatic biota. 



• 

229 

. CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The assay technique was developed here. Conclusions dealing 

specifically with biological effects of the effluents are preliminary 

and it is recommended that they be confirmed through field 

investigation. 

1. The model streams can be operated for extended periods with 

only minor variations.in water temperature, pH, chemical composition 

and hydraulic characteristics. 

2. Measuremetits of biomass, adenosine triphophate, chlorophyll ~, 

respiration rate and photosynthetic rate on aufwuchs colonizing 

initially bare ,artificial substrates in control model streams vary in 

their ability to provide reproducible data. Variables deemed accept

able are: TS, VS, %VS, CHLA, CHLAITS, CHLA/VS, R'ESPITS, RESP/VS, GP, 

GP/TS and GP/VS. (Variable definitions are given on Table 4-5.) The 

variable found to have the least coefficient of variation was 

%VS - 13%. 

3. Clear changes in the character ofaufwuchs on artificial 

substrates,in the model streams were produced by Omega-9 water and 

UnfilteredOmega-9 water concentrations of between 0.5% and 1%, and by 

150 Ton Retort water concentrations between 0.1% and 0.3%. These 

changes can be monitored by visual macroscopic inspection, macroscopic 

examination, and analytical measurement of community properties listed 

in the preceding conclusion. 
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4. The aufwuchs response to oil shale-related effluents is marked 

by increased community heterotrophy. The fraction of diatoms in the 

algal component of the aufwuchs decreases with increases in effiuent 

concentration. Biomass stimulation occurs with very dilute exposure 

to the effluents but is depressed at higher concentrations. There is 

a tendency for intermediate effluent concentrations to stimulate 

productivity at first followed by suppression by Day 9. Sloughing of 

the aufwuchs mat becomes more pronounced at the higher effluent levels. 

A luxuriant aufwuchs mat in a make-up water fe,ed line sloughed within 

15 minutes upon accidental exposure to 6.4% Omega-9 water. 

5. Gumaga nigricula larvae (caddisflies) ca'n be maintained in the 

laboratory model streams with no effluent loading at nearly 100% 

survival for at least 12 days. 

6. Concentrations of Omega-9 water up to 2% and Unfiltered 

Omega-9 water up to 1% produce no demonstrable reductions in 

G. nigricula "activity" after 9 days exposure in the model stream. In 

streams receiving up to 4.5 mM ammonium carbonate concentrations, 

G. nigricula activity is not notably reduced in 9 days. 

7 •. The sensitivity of other caddisfly larvae to 

ammonia-containing effluents may be greater than of G. nigricula. 

Dicosmoecus gilvipes larvae "activity" was substantially reduged in 

model streams fed concentrations of ammonium carbonate greater than 

2 mM. 
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CHAPTER 8 

APPENDI CES -

8.1 AppendixA 

CATALOG OF A.QUATIC ORGANISMS IN.THE GREEN RIVER ,BASIN. 

This' appendix centains the results ef, the literature review ef the 

aqua tic fauna and flera ef the Green River Basin in Celerade, Utah, 

andWyeming. An exhaustive search of the literature was net, cenducted. 

Rather the intent· ef th-is',survey was to., d~velep c:i cempr~hensive' list 

ef the aquatic biet9:ferafirst-cut evaluatien ef t)'leeffectof eil 

sha Ie deve lopmen t en· organisms'inha biting:the .sur.face wa ter,s of the 

regien. Fer a mere' eX,tensive iI'lVestigatien, tne ·reader may use this 

appendix with its refer.ences as an iqtreductien to. other published 

seurces. , ~. 

Only aquatic erganisms are tabulated here. The flera include 

planktenic, submerged, and emergent type,s. The ·fauna include these 

species living .largely in.:,.oren ,the water .during at lea.st ene life 

stage, i.e., larvaeef insects. Birds and mammals are excluded as 

being principc:illy j,ndirectly affe:cted by surface water quality. With 

the exceptien ef the Insecta, an effert .was made to. classify the 

erganisms to. the specieslevel~ Alphabetic erde~ is used within each 

tax anemic 'level. Each entry lists the eccurrence, date and reference 

number fer that erganism. 

Numereus preblems were enceuntered in cempiling this cataleg. 

Seme erganisms--fer example, fishes--have been studied and reperted 

mere frequently than ethers. The inseots, algae and ethers are 
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sometimes difficult to identify to the species level and for some, 

usable keys are unavailable. Frequently, the taxanomic classification 

of an organism has been altered over 'the nearly 90 years from which 

references were drawn. These difficulties notwithstanding, this 

compilation is a useful descriptbrof the surface water habitats in 

the Green River Basin in that it lists many of the organisms whose 

environmental requirements are satisfied there. 
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LIST,OF ABBREVIATIONS 

CO Colorado 

Co county 
L...: 

Cr creek 

DNM Dinosaur'National Monument 

dr drainage 

FGR Flamipg Gorge Reservoir 

Mts mountains 

R river 

res reservoir 

Spr spring 

! 
UT Utah 

WY Wyoming 



, 

CLITELLATA 

OLIGOCHAETA (aquatic earthworms): 

HIRUDINA 

Naididae: 
Naidlumi 

osborni: 
'l'ubificidae(sludge worms): 

Limnodr ilus 
claparedianus (tubificidworm): 
eudekemianus: 

TUbifex: 

RHYNCHOBDELLIDA (leeches): 

ARACHNIDA 

ACARI (mites) I 

CRUSTACEA 

AMPRIPODA (scuds, amphipods) I 

TaUtr idae 
Hyalella: 

FAUNA 

ANNELIDA 

ARTHROPODA 

Yellow Cr, White R, CO, 1975(5)(6), 1976(7), 
White R, UT, 1975(12). 

White R, UT, 1915(11) (12), 1976(9) •. 
White R, UT, 1975(8). 
White R, UT, 1975(8) (12). 
P.iceailce Cr, White R,Yellow Cr, CO, 1970(28). 

White R, UT, 1975(8) (11), 1976(9). 
WhiteR, UT, 1975(12). 
White R, UT, 1975(8). 

Piceance Cr, White R, Yellow Cr, CO, 1970(28). 

Yellow Cr, CO, 1975(5), White R, CO, 1975(8) J 
Piceance Cr, CO, 1970(28). 

Yellow Cr, CO, 1975(5) (6) J 
Piceance Cr, CO, 1973(13). 

Piceance Cr, White R, Yellow Cr, CO, 1970(28). 

N 
~ 
...... 
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COPEPODA 

Canthocamptidae 
Bryocamp'tus: 

Cyclopidae 
Eucyclops: 

ISOPODA(sow bugs, water lice) I 

ONYCHURA (water flea) 

INSECTA 

Chydoridae 
, Alona: 

Pleuroxus: 
Daphnidae 

Ceriodaphnial 

COLEOPTERA (water beetles) 

Dytiscidae (predaceous water beetles) 
~gabus: 

Dytiscus: 
~rusl 
!!ydrovatus: 
Hygrotus: 

Elmidae (r ifflebeetle,s): ,"' 
Lara: 
Limnius: . 
Microc'ylloepus: 
Optioservus: 
Stenelmis: 
Zaitzevia: 

Haliplidae (crawl1ngwater beetles) 
Brychius: 
Haliplu's: 

" 

Hydrophilidae (water scavenger beetles) 
Helophorus: 

Noteridae (burrowing water beetles) 
Suphisellus: 

, '. 

Yellbw:Cr,co, 1976(7); 
. ~ :' 

Yellow Cr, CO, 1975 (5) (6), 1976 (7) • 

White R, UT, 1975(8). 

Yellow CR; CO, 1975(6). 
Yellow CR, JDQ, 1975(6). 

Yellow Cr, CO, 1975(6). 

White R, UT, 
White,R, UT; 
White'R,·UT; 
Piceance,Cr, 
White R, UT, 
PiceanceCr, 
Piceance Cr, 
Piceance Cr; 
White R, Ur~ 
White R, UT, 
White R, UT," 
White :R; UT, 

1975(8) (12), Piceance Cr, CO, 1970(28). 
1975 (8) • 
1975(8). 
White R,Yellow Cr, 'CO, 1970(28) • 
1976 (9). 
WhiteR, CO, 1973(13), White R, UT, 1976(9). 
WhiteR, :YelloW Cr, CO, 1970(28). 
White R, Yellow Cr, CO, 1970(28). 
1975(8).""·.. . 
1915(8). 
1975 (8) • 
.1975(8) • 

Piceance Cr, White R, Yellow Cr, CO, 1970(28). 
Piceance Cr, White R, Yellow Cr, CO, 1970(28). 

Piceance Cr, CO, 1970(28). 

Yellow Cr, CO, 1974(13). 
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COLLEMBOLA (springtails) 

Poduridae 
Podura: 

DIPTERA (flies, gnats, midges, mosquitos) 

B1ephariceridae (net-winged midges): 
Blepharicera: 

Culicidae (mosquitos) 
Culex: 

Dixidae: 
Empididae (dance flies): 
Ephydridae (shore flies, brine flies): 

Heleidae (biting midges): 

Palpomyial 
Muscidae (houseflies, stable flies, horn .flies, 

root maggots): 

Rhagionidae (snipe f1i~s) 
Atnerix: 

Sciomyzidae (marsh flies): 
Simu1iidae (black flies): 

Cnephial 
Simulium: 

Stratiomyidae (soldier flies) I . . 

Syrphidae (flower flies): 
Tubifera: 

wtiiteR, UT, 1915(8). 

White R, UT, 1915(12), 1916(9). 
White R, UT, 1975(8). 

White R, UT, 1915 (8) • 
'White R, UT, 1975(8). 
White R, UT, 1915(8) (11) (12), 1976(9) (10). 
Piceance Cr, White R,Ye11ow Cr, CO, 1910(28), 
White R, UT, 1915(11). 
White R, UT, 1915(8) (11) (12), 1916(9), 
Yellow Cr, CO, 1914(13), 1970(28), 1915(5) (6), 
White R, CO, 1913(13), 1970(28), 
Piceance Cr, CO, 1910(28). 
White R, UT, 1915(8) (12), 1916(9). 

White R, UT, 1976(9), 
White R,Yellow. Cr, CO, 1910(28). 

White R, UT,_ 1915(8), 1916(9), White R, CO, 1913(13), 
Piceance Cr,White R, Yellow Cr, CO, 1910(28). 
Piceance Cr, White R, Yellow Cr, CO, 1910(28). 
White R, UT, 1915(11) (12), 1916(9), White R, CO, 
1970(29), 1975(5), Yellow Cr, CO, 1973(13), 
1975(5) (6), 1916(1), Piceance Cr, CO, 1910(28), 
1973 (13) • 
White R, UT, 1915(8). 
White R, UT, 1915(8) (12), 1916(9), 
Piceance Cr, CO, 1910(28). 
White R, UT, 1915(8), Piceance Cr, CO, 
1970 (28), Yellow Cr, CO, 1915(6). 
White R, t!T, 1976(9). . • . 
Piceance Cr, CO,·1970(28) •. 
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Tabanidae (horse flies, deer flies) 
Silvius: 

Tendipedidae (nonbiting midges): 

~ Cardioc1adiliiu ' 
Cricotopus: 
Cryptochironomus: 

'Diamesa: 
Harnischia: 
Metriocnemus: 
Microtendipes: 
Paratendipes: 
Tanytarsus: 
Tendipes: 

Tipu1idae (true crane flies) I 

Er iopteta:' 
Hexatoma: 

Tipu1a: 

EPHE21EROPTERA : (mayflies) 

Baetidae: 

Ame1etusl 

Ametropus: 
Baetis,: 

Brachycercu9: 
Caenis: 
Ca'iTibaetisl 
Ce~~_tropt ilum: 
Choroterpes: 
!:phemerella: 

IsonychJal 

White R, UT, 1975(8), Piceance Cr, CO, 1970(28), 
Yellow. Cr., CO,~ 1973 (l~) • 
White, R, UT, 1975(8) (11) (12), 1976(9), 

" White R, Yellow,Cr, CO, 1970(28), 1975(5) (6), 1976(7), 
Piceanc:e C'r,: White R, Yellow Cr, CO, 1973(13). 
~Whit,e R; UT,:i975(8) (12), Piceance Cr, CO, 1970(28). 
Whi te R, UT, 1975 (11) • 

White, R, UT, 1975(8)(12), 1976(9). 
'White R, UT, i97~(J). 
'White R, UT,1976(9). 

~ White R, UT, 1975(8') (12). 
White R, UT, \9'75(8) • 

'White R" UT, i976(9).' 
White R', UT, 1975(8). 1976(9). 
White R, UT, 1975(8) (11) (12i, 1976(9). 
White R; UT, 1976(9) i Yellow Cr, CO, 1in5(5). 
Piceance C~, CO, 1970(28). ' , 
White R, UT, 1975(8) (11), 1976(9), Piceance Cr, 
White R, CO, 1970(28), 1973(13): 
Yellow Ct, CO, 1970(28). 
Piceance cr, White R, Yellow Cr, CO, 1970(28), 
p~ceance~cr, CO, 1973(.13):,FGR, 1960(18). 

,White R, UT,1975(i2), White R, CO, 1975(5): 
Yellow Cr, CO, 1975(5) (6) I 1976 (7); FGR, 1960(18). 

',Piceance Cr, White R, CO, 1970(28): White R, UT, 
~ 1975 (12) • 

White R, UT, 1975(8), 1976(9) I FGR, 1960(18). 
White R, UT, 1975(8) (11) (12f, 1976(9): Yellow Cr, CO, 
1976 (7):, Piceance Cr, White R, CO, 1970 (28) , 

'1973 (13): FGR, '1960 (18) • 
FGR, 1960 (18) • ' 
Piceance Cr, CO, 1970(28). 
White R, UT, 1975(8); FGR, 1960(18). 
White R, CO, 1973(13). 
White R, UT, 1975(8) (11) I 'FGR, 1960(18). 
White R, UT" 197.5(8) (11) (12), 1976(9) J 

Piceance Cr, White R, CO, 1970(28), 1973(13), 
FGR, 1960 (18), White R, CO, 1976 (7) • 
White R, UT, 1975(8), FGR, 1960(18). 
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Lach1ania: 
Le£toph lebia: 
Paracloeodes: 
Paraleptoph1ebia: 

Pseudiron: 
Pseudocloeont 

Siph10nurusr . 
Travere11a: 
Tricorythodes: 

Ephemeridae 
~merat 

~~oton: 
Hexagenla: 

Heptageniidae 
Anepeorlis: 
Cinygmu1a: 
lIeptagenia: 

Rithrogenar 

Stenonema: 

HEMIPTERA 

Cor ixiflae (water boatm.en) r 
Cor isella: 
H eO !?J2er ocor ixa t 
~al'll2hocor ixa: 
~i.<3_ara : 

-i 

Ge[[idae (water striders, pond skaters, wherrymen) 
Gerrisl 
Me~.ro?atest 

Mesoveliidae (water treaders) 
Mesovelia: ' 

Notonectidae (back swimmers) 
Notonecta: 

Saldidae (shore bugs) 
Sa1dula: 

Ve11idae (small water str iders, riffle bugs.) 
Rhagove 11a: 

White R, UT, 1975(8) (11) (12): FeR, 1960(18) • 
FeR, 1960(18;. 
White R, UT, 1975(8). 
White R, UT, 1975(8), Piceance Cr, CO, 1973(13), 
FeR, 1960(18) •. 
FeR, 1960(18). 
White R, UT, 1975(8) (11) (12), Piceance Cr, White R,_ 
CO, 1973(13). 
FeR, 1960 (18). 
White R, UT, 1975(8) (11)(12), FeR, 1960(18). 
White R, UT, 1975(8) (11) (12), 1976(9), FeR, 1960(18). 

FeR, 1960 (18) • 
White R, UT, 19'5(8)7 FeR, 1960(18). 
FeR, 1960(18). 

ONM, 1960(18). 
FeR, 1960 (18) • 
White R, UT, 1975(8) (11) (12), 1976(9), Piceance Cr, 
White R, CO, 1973(13) 7 FeR, 1960(18), Piceance Cr, CO, 1970(28). 
White R, UT, 1975(8) (11)(12), 1976(9) (10), Piceance Cr, 
White R, CO, 1973 (13), FeR, 1960 (18) • 
White R, CO, 1973(13). 

White R, UT,' 1975(12). 
White R, UT, 1975(8). 
White R, UT, 1975(8). 
White R, UT, 1975(8). 
White R, UT, 1975(8). 

White R, UT, 1975(8) (12). 
White R, UT, 1975(8). 

White R, UT, 1975(8). 

White R, UT, 1975(8). 

White R, UT, 1975(8). 

White R, UT, 1975(8). 
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LEPIDOPTERA (butter flies, moths) 

'. Pyralidae: 

, HEGALOPTERA 

C6rydalidae (dobsonflies, fishflies) 
Coryda1us: 

ODONATA 

Aes.hnidae (dragonflies): 
Aeshna: 

Agrionidae (damselflies) 
·Hetaerina: 

coenagrionidae (damselflies): 
Argia: 
Ischnura: 

Gomphidae (dragonflies) 
. . Gom£!!..u~: 

Ophiogomphus: 

Libellulidae (damselflies) 
Libellula: 
Sympetrum: 

PLECOPTERA (stone flies) 

" Ch1oroperlidae. 
~~rla: 

Nemouridae: 
Brachyptera: 

" . ~nia: 
Taeniopteryxi 

·Perlidae 
Acroneuria: 
Atoperla: 
Claassenial 
Hastaperla: 
Perlesta: 

White R,UT, 1975(8), 1976(9). 

White R, UT, 1975(8), 1976(9). 

Piceance¥r"White~, Yellow Cr, CO, 1970(28). 
FGR, 1960(18). 

White R,uT, 
'White R, UT, 
White R, UT, 

1975(8)(11),1976(9). 
1976 (9) • 
1975(8). 

Piceance Cr, White R, Yellow Cr, CO, 1970(28). 

White R, tn, 
'White R; UT, 

1975(8) (12), 1976(9), FGR, 1960(18). 
1975(8) (11) (12), 1976(9), 

piceance Cr, White R, Yellow Cr, CO, 1970(28), 
Piceance Cr, CO, 1973(13), Yellow Cr, CO, 1976(7), 
FGR, '1960( 18) • 

FGR, 1960 (18). 
FeR, 1960 (18) • 

FGR, 1960(18). 
White R, CO, 1973 (13)~' 
White R, UT, 1975(8) (12), 1976(9) (10). 
White Rt UT, 1975(8), 1976(9). 
White R, CO, 1973(13). , . 
White R, tn, 1975(8) (12), .1976(9), FGR, 1960(18). 
Piceance Cr, CO, 1973(13). 

'FGR, 1960 (18) • '. Jt 

WhlteR~UT, 1975(12). 
FGR, 1960(18). 
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Per1odidae: 
Arcynopteryx: 
IS0genus: 

Isoper1a: 

pteronarcidae 
Pteronarce11a: 
Pteronarcys: 

TRICHOPTERA (caddisflies) 

Brachycentridae 
Brachycentrus: 

Hydropsychldae: 
Cheumatopsyche: 
lIydropsyche: 

Macronemum: 
Hydroptilidae: 

HydropU1a: 
Lcptocer idae , 

Leptocella: 
Oecetis: 

Limnephllidae: ." 
lIeaperophyiax: 

LimnephiluB: 
Rhyacophil1dae: 

Glossosoma: "" 

NEMATODA (threadworms): 

ASCHEUUNTHES 

". 
White R, UT, 1975(12). 
FGRi 1960(18). 
White R, UT, 1975(8) (11) (12), 1976(9) (10), 
White R, CO, 1973(13), FGR, 1960(18). 
White R, UT, 1975(8) (12), Piceance Cr, CO, 
1973(13), FeR, 1960(18). 

FGR, '1960 (18) • 
White R,' CO, 1973(13), FGR, 1960(18). 
, 

WhiteR, UT, 1975(8) (11) (12), 1976(9), 
Piceance Cr, White R, CO, 1973(13). 
White R, CO, 1975(6). 
White R, UT, 1976(9). 
White R, UT, 1975 (8) (l1) (l2), 1976 (9) (10) , 
Piceance Cr, White R, CO, 1970(28), 1973(13). 
Piceance Cr, White R, CO, 1973(13). 
White R, UT, 1975(8). 
Piceance Cr, White R, CO, 1970(28). 

White R, UT~ 1975(8) (11), 1976(9). 
White R, UT, 1975(12). 
White R, UT, 1975{l2)", 1976(9). 
Piceance Cr, White R, CO, 1970(28), 
Piceance Cr, CO, 1973(13). 
White R, UT, 1975(8). 
White R,UT, 1975(8). 
Piceance Cr, CO," 1973 (13). 

Yellow Cr, CO, 1975(5) (6), White R, UT, 
1975(11) (12) I Piceance Cr, CO, 1973(13). 
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ROTATOR!A 

MONOGONONTA 

AMPHIBIA 

Brachionidae 
Euchlanis 

dilatatal 

Monostyla 
closterocerca: 

Notholca: 
acuminatal 
squamula: 

Lapade lla . ;'. 
patellal' 

CAUDATA 

Ambystomidae 
lunbystoma 

tigrinum (tiger salamander). 

SALIENTIA 

Bufonidae 
Bufo 
~reas (western toad): 

woodhousei (Woodhouse's toad). 

CHORDATA 

Yellow Cr, White R, CO, 1975(5), 
YellowCr, CO, 1975(6). 

YellowCr, CO,,1975(6). 
Yellow Cr, CO, 1976 (7) • 
Yellow Cr" CO, 1975(5). 
Yellqw Cr, White R, CO~,.1975(5) 

Yellow Cr, CO, 1975(6). 

abundant throughout CO, 1913(2), Piceance Cr, 
CO, 1975(3), Yellow Cr,'CO, 1976(7), throughout 
Green'R Bas1n;1966(15), FGR, 1960(18), Green 
R dr, CO, 1915(24). 

Green R dr, ~966(15). 
Rangeley, CO, 1911(2), White. R, UT, 
1-,75(8) (12), Green R dr, 1966(15). 
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platyrhynchus (mountain sucker): 

Xytauchen 
texanus (humpback sucker, razorback sucker)t 

Cyprinidae 
Cyprinus 

carpio (carp): 

Gila 
--atraria (Utah chub) t 

~ (leatherside chub)t, 
~ (humpback chub): 
robusta(roundtail chub, bonY,tail): 

'Notropls 
llitrensis, (red shiner): 

Pimephale,s 
prome1as (fathead minnow): 

, 

Piceance Cr, CO, 1975(3), 1976(4), 
White R, 06, 1975(6), Green R dr, 
Bi tte'rcr, 'WY, Piceance Cr , CO, 
Lower Green R Lake, WY, Fremont L~ MY, 
oiichesne R drainage',' Blacks Fork, 
Big Savory Cr, L'Ittle Snake R, 
Yampa R, 1966(16), Duchesne R dr, 
P~ice ~ ~r, Green Rdr, 1973(17), 
Piceance Cr, White R, CO, 1970(28): 

Green R dr, '1963(17), FGR, 1960(18), 
City"of Green R, MY, 1946(19), Green 
UT, 1916(22), Green R, 1889(25). 

R City, 
. _. . 

WhIte R, CO, 1975(5)(6), White R, UT, 
GreenR, DNM, 1969(14), Green R dr, 
1963 (17), 1946 (19) ,FGR, i960 (18) , 
Green R'dr, WY, 1939(21), 
Green R dr, CO, 1914(23). 

Strawberry res, Scofield Res, 
Desert Lake, UT, 1963(17). 

1975(8) , 

Strawberry res and Price R, UT, 1963(17). 
FGR,1960(18). 
White R, CO, 1975(5) (6), 1976(7), 
White R, UT, 1976(8)(11), Green Rt Yampa 
mOuth to Ouray, UT, 1969(14): throughout 
Green R dr, 1963 (17), GreeriR, 
Little Snake R, Blacks Fork, WY, 1946(19), 
Green R dr, WY, 1939(21)', Green R City, UT, 
1936(22), Green R dr, CO, 1914(23), Green R, 
1889(25): Piceance Cr, White R,CO, 1970(28). 

White R, CO, 1975(6), 1976(7), 
White R, UT, 1975(8) (11) (12), 
Piceance Cr, White R, CO, 1970(28). 

White R, CO, 1975(5) (6), 1976(7), 
White R, UT, 1975(8) (11), Green R, DNM, 
1969 (14') , Green R dr, 1963 (17) , 
FGR, 1960(18). 
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Hylidae 
Chorophilus 

triseriatus (three-lined tree frog): 
Pseudacris 

triseriata (chorus frog): 

Pe10batidae 

Rangeley' Slater, CO, 1911(2). 

Yellow Cr, CO, 1976(2), White R, UT, 
1975(12): Green R dr, 1966(15). 

Scaphiopus (spadefoot toad). Yellow Cr, CO, 1976(7). 
intermontanus:(great basin spade foot toad) I White- R, UT, 1975(8) (12), Green R dr, 

1966 (15), FGR, 1960 (18) • 
Ranidae 

Rami 
pipens (leopard frog) I 

OSTEICHTHYES 

CYPR IN I FORMES 

Catos·tomidae 
Catostomus 

ardens (Utah sucker, redhorse sucker, 
rosyside sucker): 

discobo1us (blue-head mountain sucker) I 

latipinnus (flanne1mouth sucker, 
bigmouth sucker): 

/ 

Meeker, Buford, CO, 1911(2), Piceance Cr, 
CO, 1975(3): White R, UT, 1975(8)(12), 
Green R dr, 1966 (15): FGR, 1960 (18) , 
Green R dr, CO, 1915(24). 

Strawberry res; UT, 1963(17). 
Piceance Cr, CO, 1975(3), White R, CO, 
1975(5) (6), 1976(7): white R, UT, 1975(8): 
Green R, OHM, 1969(14), Green R dr, 
New Fork R, Big Sandy Cr, Black's Fork, 
Savory Cr, Price R dr, 
San Rafael R dr, 1966(16), 
FGR, 1960(18), Green R dr, WY(l9) (~l), 
throughout Green R dr, CO, 1914(23). 

Piceance Cr, White R, CO, 1975(3), 1970(28); 
White R, 00, 1975(5) (6), 1976(7), 
White R, UT, 1975(8) (12): Green R, 
ONM, 1969(14): Green R dr, 
1963(17), FGR, 1960(18), 
Green R dr, WY, 1946(19), 
Green R, 1889(25). 
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Ptychoche ilus 
lucius (Colorado squawfish, Colorado salmon, 
whitefish) : 

Rhinichthys 
oscu1us (speckled dace, western dace, 

spring dace): 

Richardsonius 
ba1teatus (redside shiner, 
si1verside minnow): 

SemotUus atromacu1atus, (Northern creek chub, 
horned dace): 

PERC I FORMEs 

Centrarchidae 
Micropterus 

do1omieui, (smallmouth bass) : 
Cottidae 

Cottus 
~rdi(mott1ed sculpin) I 

Green R, Yampa R mouth, to OHM, 1969(14), 
Green R in Daggett and UintahCo, UT, 1963(17), 

,FGR, 1960(18), City of Green R, MY, 1946(19), 
Green R dr, WY, 1939(21), Green R dr, 
UT, 1936(22), White and Yampa R dr, CO, 
1914(23), Green R, 1889(25), White R, CO, 1970(28). 

Piceance Cr, White R,CO, 1975(3)', 1970(28), 
Piceance Cr, CO, 1976(4), White R, CO, 
1976(6) tl), White R, UT, 1975(8) (11), 
Green R, OHM, 1969(14), Green ,R dr, 
1963(17),1946(19), FGR, 1960(18), 
Green R dr, wY, 1939(21). 

Green R, DNM, 1969(14), Green R dr, 
1963 (17), 1946 (19), FGR, 1960 (18) , 
Green Rdr, WY, 1939 (21) • ' 

Little Snake R, WY, 1946(19). 

, 

White R, UT, 1975(8). 

White R, CO, 1975(3) (5) (6), 
1976 (7), White R, UT, 1974 (8) , , 
Piceance Cr, CO, 1976(4), FGR, 1960'(18), 
GreenR dr, MY, 1946(19), 1939(21), 
Green R dr, CO, 1914(23), 
Green R dr, 1884(25), Piceance Cr, 
White R, CO, 1970(28). 

" 
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SIU.MON I FORMES 

Salmonidae 
Oncorhynchus 

kisutch (silver salmon): 
nerka (little redfish, kokanee salmon, 

sockeye salmon): 

Prosopium 
williamson! (mountain whitefish): 

Sa1me> 
aquabonita (golden trout):_ 
clarkii (cutthroat trout 

Colorado River river trout): 

qairdnE!r! (rainbow trout): 

trutta (brown trout): 

Sa1velinus 
fontinalis (brook trout): 

. nam!!.ycush (lake trout, Makinaw trout): 
Thylhallus 

arcticus (arctic grayling): 
montanus (Montana grayling): 

New, For.k' Lakes;WY, 1939(21)., 

Strawberry and Scofield res:, 
UT, 1963(17), Uinta Mts, WY, 1946(19). 

White R, CO, 1975(3) (6), i976(7), 
White R, UT, 1975 (8): Green R dr, 
1963(17), FGR, 1960(18), 
Green R dr, WY, 1946(19), 1939(21), 
Wh'ite_ and Yampa R dr, CO, 1914(23), 
Piceance Cr, White R, CO, 1970(28). 

Lakes of Duchesne R dr, 1963(17). 

White R, cO; i915(5), FGR, 1960(18), 
Green R dr, WY,1946(19), 1939'(21), 

,Duchesne R dr Lakes ,1936 (22) , 
Trappers ~ake,co, 1914(23), 1889(25), 
Green R-dr, 1963(17). 
Piceance Cr, CO, 1975(3), 1976(4), 
Pice.ance Cr, White R, CO, 1970(28), 
throughout.Green R dr, 1963(17), 
FGR; 1960(18), GreenR dr, WY, 1946(19), 
1939(21). - /, 
PiceanceCr, CO, 1974(3), White R, CO, 
1975(6), in0(28), White R, UT, 1974(8), 
throughout Green R .. dr, 1963 (17) , 
FGR, 1960(18), Green R dr, WY, 1946(19), 
1939(21) • 

Piceance Cr, CO, 1975(3)., 1976(4),-
1970(28), Uinta Mta, UT, 1963(17); 
Green R dr, WY, 1946(i9), 1939(21), 
Green R dr, CO, 1914(23). _ 
Green R dr, WY, 1939 (21). 

Uinta Mta, UT, 1963(17). 
WillOw Lake, CO, 1939(21). 
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SILURIFORMES 

REPTILIA 

Icta1uridae 
Icta1urus 

me1as (black bullhead, bullhead, ·mudcat): 

punctatus (channel catfish): 

SQUAMATA 

Biodae 
Char ina 

oottoa (rubber boa) I 

Co1ubridae 
Thamnophis 

e1egans (western terrestrial garter snake) I 

vagrans (wandering garter snake): 

sirta1is parieta1is (red barred garter 
snake) : 

White R, CO, 1975(6), White R, UT, 1975(8), 
Uinta Mts, UT, 1963(17), FGR, 1960(18), 
Green R, WY, 1946(19), Piceance Cr, 
White R,.CO, 1970(28). 

. White R, CO, 1975(6), 1970(28), White R, 
UT, 1975(8), Green R, DNM, 1969(14), 
Green R dr, 1963(17), FGR, 1960(18), 
Green If d~, WY, 1939 (21) • 

Green R dr, ur, 1966(15). 

HaY,den, Meeker, Buford, Little Snake R, 
Axial, CO, 1911(2), Piceance Cr, CO, 
1975(3), White R, UT, 1975(8) (11) (12). 
White R, UT, 1975(8) (11) (12), Piceance Cr, 
CO, 1976(4), Green R drainage, 1966(15), 
FGR,1960(18). 

Meeker, Buford, CO, 1910(2). 
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GASTROPODA 

CTENOBRANCHI ATp. 

Valvatidae 
'Va1vata 

slncera: 

PUU.ONATA 

Limnaeidae 
Calha 

obrU99al 

MOLLUSCA 

~.1.ustris (bog snail, marsh snail) I 
Limnaea: 
PalUstriSI 
Planorbis 

parvusl 
trivolvisl 

Physldae . 
Alp1exa 

hypnorum (mo9s bladder snail) 1 

Gyraulus: 

Physal 
9Xrina (bladder snai1)1 

P1anorbidae 
Paraptiolyxl 

PELECYPODI'., 

TELEODESMACEA . 

Sphaeriidae (fingernail clams, pea mussels): 
Sphaerium 

striatinuml 

South Fork White R, CO, 1912(1). 

Steamboat Spr , South Fork White R, 
'cd, 1912(1). 

White R above Meeker , CO, 1912 (1) • 

Piceance Cr, White R, Yellow Cr, CO, 1970(28). 
Meeker, CO, 1901(21). 

Buford' North Fork White R, CO, 1912(1). 
South Fork White R , Steamboat Spr, CO, 1912(1). 

Buford, CO, 1912(1). 
Piceance Cr, CO, 1915(3), Piceance Cr, White R, 
Yellow.Cr, CO, 191()(28). 
Piceance Cr, CO, 1910(28). 
Ste~mboat Spr, CO, 1912(1). 

Pi~eance Cr, White a, Yellow Cr, 
CO, 1910(28). 

Piceance Cr, co, 1970(28). 

Steamboat Spr .. Meeker, CO, 1912(1) I 
Meeker, CO, 1906(26). 

N 

'" o 



TURBELLARIA 

SERIATA. 

CILIATA 

P1anariidae 
P1anar·ial 

HOLOTRICHA 

Parameciidae 
Paramecium: 

PERITRICHA 

RHIZOPODA 

Epistylidae 
Epistylisl 

Vortice1lidae 
Vorticella: 

TESTACEA 

Diffuglidae 
Centropyxisl 
Difflug ia 

acuminatal 

PLATYHELMINTHES 

PROTOZOA 

Piceance Cr, CO, 1973(13). 

White R, UT, 1975(12). 

White R,CO, 1975(6), 
Yellow Cr, White R, CO, 1976(7). 

Yellow Cr, CO, 1975(5) (6), Yellow Cr, 
White R, CO~ 1976(7), White'R, UT, 1975(12). 

Yellow Cr, White R, CO, 1975(5) (6), 1976(7). 

Yellow Cr, CO, 1975(5). 

N 
0\ ...... 



DlCOTYLEOONES 

CAPPARALES 

crucif~iae 
Roitppa 

FLORA 

ANGIOSPHERMAE 

nasturtium-aquaticum (watercress): 

CENTROSPERMAE 

Chenopodiaceae 
Salicornia 

rubra (glasswort, samphire): 

HALORAGALES 

Ha10ragidaceae 
Hippuris 

vulgaris (joint weed, mare's tail): 

PO LYGONALES 

Polygonaceae 
PolY..<i~num 

" amphibium (water smartweed): 
'lapathifolium (smartweed): 

Rumex 
persicarioides (golden dock) : 

RANUNcULALES 

Ra,:\unculaceae 
Batrachium 

trichophylllim (water buttercup)-·: 

',;#. 

" 

Piceance Ct, CO, 1975(3), Yellow Cr, 
00, 1975(5) (6) J FGR, 1960(18). 

Green R dr, CO, 1944(20). 

FGR, 1960 (18) • 

-, 

FGR, 1960(18). 
FGR, 1960 (18) • 

FGR,1960(18): 

FGR, 1960(18). 

N 
0-
N 



Ranuncu1us 
cymbalaria' (shore buttercup, 

shore crowfoot): 

natans (water crowfoot): 
p;:i[ShTi (buttercup, crowfoot): 

SCROPHUIARIALES 

Scrophu1ariaceae 
Veronica 

americana (American speedwell): 

UMBELLALES 

Umbe1liferae 
Beru1a 

pusi11a: 
Sium 

suave (water parsnip): 

MONOCOTILEOONFs . 

ALISHATALES 

c Alismataceae 
Ali sma 

geyeri (water plantain): 
Sagittaria 

cuneata (arum1eaf, arrowhead): 

CYPERALES 

Cyperaceae 
Carex (sedge): 

aquatilis: 
inflata: ----
leptalea: 
1imosa.: 
vesicaria: 

Yellow Cr, CO, 1915(5) (6), 
FGR, 1960 (18) • 
Yellow Cr, CO, 1915(6). 
Green R dr, CO, 1944(20). 

Yellow Cr, CO, 1915(6). 

Green R dr, CO, 1944(20). 

Green R dr, WY,1944(20). 

FGR, 1960 (18) • 

FGR,1960(18). 

Piceance Cr, CO, 1915(3). 
Green Rdr, CO, 1944(20). 
Green R dr, CO; 1944(20). 
Green R dr, CO, 1944(20). 
Green R dr, CO, 1944(20). 
Green R dr, CO, 1944(20). 

N 
0-
W 



NAJlI.DALES 

Sci reus 
acutus: ---
americanus (three-square, 

American bu11rush): 

pa1udosus (bayonet gra99, 
marsh bullrush): 

va1idus (mat bu11rush)I 

Potamogetonaceae 

TYPHALES 

Potam0geton 
americanus (American pondweed): 

"pectinatus (pondweed): 
prae10ngus (pondweed): 

Ruppia 
maritima (ditchgrassiwidgeongras9): 

Zannichelia 
pa1ustris (horned"pondweed): 

vulgaris: 

Spargahi"aceae 
Sparganium 

" minimum (bur "reed): 
mu1tipeduncu1at~m (bur reed): 

Typhaceae 

~ 
latifo1ia (cattail): 

Piceance Cr, CO, 1975(3) 

Piceance Cr, CO, 1975(3), Yellow Cr, 
CO, 1975(6), FGR, 1960(18). 

Yellow Cr, CO, 1975(6), PeR, 1960(18). 
FGR, 1960(18). 

PeR, 1960 (18) • " 
FGR,1960(18). 
Green R dr, CO, 1944(20). 

FGR, 1960 (18) • 

Yellow Cr, CO, 1975 (5) (6) , 
Green R dr, CO, 1944(20). 
Yellower, CO, 1975(5). 

Green R dr, CO, 1944(20). 
Green R dr, CO, 1944(20). 

Piceance Cr, CO, 1975(3). 

N 
Q'\ 
~ 



Muscr 

EUBRYALES \ ~ 

Bryaceae (moss) 
Brachythecium 

rivulare: 
Cratoneuron 

filicinum: 
Orepanocladus 

aduncus: 
uncinatus: 

CHAROPHYCEAE 
/ 

CHARALES 

Characeae 
Chara: 
~eneri: 

wieneri (stonewort): 

CHLOROPHYCEAE 

CHAETOPHORALES 

.Chaetophoraceae 
Chaetophora 

elegan's: 

BRYOPHYTA 

CHLOROHYTA 

FGR; 1960(18). 

FGR, 1960 (l8) • 

FGR .. 1960(18). 
FGR, 1960 (l8) • 

Piceance Cr, CO, 1975(3), FGR, 1960(18). 
Yellow Cr, CO, 1975(5). 
Yellow Cr, CO, 1975(6). 

FGR, 1960(18). 

N 

'" VI 



'" 

CHLORorocCALES 

Ooc},staceae ' 
Chlorella I 

,,' CHLADOPHORALES 

-Cladophoraceae 
Cladophora: 

?lomerata: 

kuetzingiana: 

DEStilIOALES 

Closter iaceae 
Closterium 

aeerosum: 
Cosmarium: 

ULOTRI CHALES 

Ulotrichaceae 

ULVALES 

Ulothrix: 
subtilissima: 
tenuissima: 
v."riabilis: 
zonata: 

Ulv8ceae 
Monostroma 

quaternarium: 

ZYGNEMATALES 

Mougeoti aeeae 
Mougeotia: 

Zygnemataeeae 
Spirogyra: 

White R, UT, 1975(8). 

White R, UT, 1975(12). 
White R, tn, ~975(8) (11), 1976(9), 
FGR, 1960 (18) • 
FGR, 1960(18). 

FGR, 1960(18). 
White R, UT, 1975(8). 

White R, tn, 1975(8) (11). 
Yellow Cr, CO, 1975(5). 
FGR,1960(18). 
FGR, 1960(18). 
FGR, 1960 (18) • 

FGR, 1960 (18) • 
-I 

White R, UT, 1975(8). 

White R, UT, 1975(8), 1976(11), 
FGR, 1960 (18) • 

N 
0'1 
0'1 



porticulis: 
Zygnema 

insigne: 

BACILLARIOPHYCEAE" _ 

CENTRALES 

Coscinodiscaceae 
Cyclotella 

meneghinianat 
Stephanodiscus 

tenuis: 

PENNALES 

Achnanthaceae 
Achnanthes: 

mil)utissimat 
Cocconeis: 

pediculus: 
placentula: 

Cymbellaceae 
Amphora 

ovalis: 

Cymbella: 
affinist 

Epithemia 
!lorex: 

Rhopalodia 
gibba: 

CHRYSOPHYTA 

~ 

FGR, 1960 (18) • 

FGR, 1960(18). 

Yellow Cr, CO, 1975(5) (6). 

White R, CO, 1975(5). 

FGR, 1960 (18) • 
Yellow Cr, CO, 1915 (5) (6), 1976 (7). 
White R, UT, 1975(12). 
Yellow Cr, CO, 1975(6). 
White R, UT, 1975(8) (11), 1976(9), 
FGR, 1960 (1~) • 

White R, CO, 1915(5) (6) ,Yellow Cr, 
1975(6), FGR, 1960(18). 
White R-, UT, 1975(12), FeR, 1960(18). 
Yellow Cr, CO, 1915 (5) • 

White R, CO, 1975(6), 1976(7), 
White R, UT, 1976(9). 

FeR, 1960(18). 

N 
0\ 
...... 



Diatoriiaceae 
Diatoma 

hiema1e: 
Eilnotiaceae 

Ceratoneis 
acus: 
gracilis: 

Pug ilar iaceae 
Asterionella: 
Fragillaria: 

Synedra: 
arnphicephala:, . 
minuscula':, 
ulna': 

Gomphoemataceae 
Gomphonema: 

intricatum: 
olivaceum: 

Meridionaceae 
Meridion 

cin:u1are;: 
Naviculaceae ' 
~~: 
Arnphiprora: 
Gyrosigma: 
Navicula:. 

arvensis: 
capi tellata: 
cryptocephala: 

lanceolata: 
.palae: 
pellicu1osa: 
viridu1a: 

FGR, 1960 (18) •. 

FGR, 1960(18). 
White R, CO, 1975(5), 
White: R, UT, 1,975 (11) • 

White R" UT, 1975 (8) •. ' 
White R, tir,1975(8) (12), 
FGR, 1960(18). 
White RI UT, 1975.(12). 
Yell~ Cr,- CO'" i976(7),. 
Yellow Cr, CO,, 1975(6)., 
White.' R, CO, 1975(6), 
FGR, 1960(18). 

White R, UT, 1975(12), 
FG~, 1960 (18) • 

, 
'. ~ .~]> 

;. .. ~ 

YellowCr, CO, 1975(5)~ 1976(7). 
White R,CO, 1975(7), 
White R, UT, 1976(8)'<9), 1975(11). 

YellowCr, CO, 1976(7.). 

FGR, 1960 (18) • 
White R, UT' 1975(12). 
FGR, 1960 (18) • 

,r 

White R, UT, 1975(8) (11) (12), 1976(9), 
FGR,1960(18). 
Yellow Cr,CO, 1975(5) (6). 
Yellow Cr, CO, 1975(6). 
White R, CO, 1975(5), 1976(7), White R, 
UT, 1975(8), Piceance Cr,'CO, 1975(3), 
Yellow Cr., CO, 1975(6). 
Piceance er,CO, 1975(3). 
Yellow Cr, CO, 1975(6). 
Yellow Cr, CO, 1975(5) (6); 1976(7). 
White R, CO, 1975(5), 1976(7), 
Yellow Cr, CO, 1975(6). 

N 
0\ 
co 



.. 

Pleurosigma: 
Stauroneis: 

Nitzschiaceae 
Nitzschia: 

capi tella: 
denticula: 
dissipata: 
fonticola: 
frustrum: 
holsatica: 
latens: 

Sud re llaceae 
Cymatopleura: 
Surirella 

elegans: 
ovata: 

Tabellariaceae 
Tabellaria 

flocculosa: 

CHRYSOPRYCEAE 

RHIZOCHRYSIDALES 

Rhizochrysidaoeae 
Chryddiastrum 

ocellatum: 

HETERORONTAE 

HETER>S IPHONALES 

Vaucheriaceae 
Vaucheria: 

sessilis: 

I 

White R, UT, 1975(12), 1976(9). 
FGR, 1960 (18) • 

White R, UT, 1975(11). 
Yellow Cr, CO, 1976(7). 
Yellow Cr, White R, CO, 1975(5) (6). 
White R, CO, 1976(7). 
Yellow Cr, CO, 1975(6). 
Yellow_ Cr, White R, CO, 1975(5) (6). 
White R, do, 1975(6). 
YelloW Cr, CO, 1975(6). 

White R, UT, 1976(9) • . -.. 
FGR,1960(18). 
YellowCr, CO, 1975(5) J Yellow Cr, 
White R, CO, 1976(7). 

FGR, 1960 (18) • 

~ 

Yellow Cr, CO, 1975(5), 1976(7). 

White R, UT, 1915(8) (11) J 
FGR, 1960 (18). 
FGR, 1960 (18) • 

N 
0-
\0 



. ~ 

HETEROTRI CHALES 

Tribonematacea 
Tribonema 

bombycina: 

MYXOPHYCEAE 

CHRooroccALES 

Chroococcaceae 
Chroococcus 

dispersus: 
Coelosphaerium 

. . naegelianum: 
NOSTOCALES 

Nostocaceae 
Anabena: 

Nodularia 
ambric~: 

harveyana: 
Nostoc 

verrucosum: 

OSC I LLATORI ALES 

Oscillator iaceae 
Lyngbya: 
Oscillatoria: 

amoena: ---
Phormidium: 
Spirulina 

subsalsa: 

CYANOPHYTA 

~ 

FGR, 1960(18). 

Yellow Cr, 00, 1975(5). 

FGR, 1960 (18) • 

White R, UT, 1975(11), 
FGR,1960(18) • 

FGR, 1960 (18) • 
'FGR, 1960 (18) • 

··.FGR,1960(i8). 

. Yellow Cr, White R, 00, 1975'(6). 
White R, UT, 1975(8) • 

. ...cR, 1960(18). 
White R, UT, 1975(8) (11), 1976(9). 

White R; UT, 1975(8). 

N 
-...J 
o 



RlVULARIALES 

Rivulariaceae 
Calothrix 

parietina: 
Rivularia: 

EOOLENALES 

LYCOPSIDA 

Euglenaceae 
Euglena: 

I so ETA LES 

Isoetaceae 
Isoetes 

occidentales (quillwort): 

EUGLENOPHYTA 

PTERlOOPHYTA 

White R, CO, 1975(5). 
FGR, 1960 (18) • 
FGR,1960(18). 

White R, UT, 1975(8). 

Green R dr, CO 'NY, 1944(20). 

N 
-...J ...... -
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8.2 Append Dc B 

SUMMARY OF RAW DATA 

Table B-1. Definition of Aufwuchs Variables. 

TS 

VS 

%VS 

ATP 

ATP/TS 

ATP/VS 

CHLA 

CHLA/TS 

CHLA/VS 

CHLA/ATP 

RESP 

RESP/TS 

RESP/VS 

RESP/ATP 

GP 

total solids in milligrams per substrate 

volatile solids in milligrams per substrate 

volatile solids as percent of total solids 

adenosine triphosphate in nanograms per substrate 

adenosine triphosphate normalized by total solids in 
micrograms adenosine triphosphate per gram total solids 

adenosine triphosphate normalized by volatile solids in 
micrograms adenosine triphosphate per gram volatile solids 

chlorophyll a in milligrams per substrate 

chlorophyll a normalized by total solids as percent total 
solids 

chlorophyll ~ normalized by volatile solids as percent 
volatile solids 

chlorophyll a normalized by adenosine triphosphate as grams 
chlorophyll a per milligram adenosine triphosphate 

respiration rate in micrograms oxygen consumed per hour per 
substrate 

respiration rate normalized by total solids in milligrams 
oxygen consumed per hour per gram total solids 

respiration rate normalized by volatile solids in 
milligrams oxygen consumed per hour per gram volatile solids 

respiration rate normalized by adenosine triphosphate in 
grams oxygen consumed per hour per gram aden0sine 
triphosphate 

gross photosynthetic rate in micrograms oxygen produced per 
hour per substrate 
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Table B-1. Continued 

GP/TS gross photosynthetic rate normalized by total solids in 
milligrams oxygen produced per hour per gram total solids 

GP/VS gross photosynthetic rate: normalized by volatile solids in 
milligrams oxygen produced per hour per gram volatile solids 

GP/ATP gross photosynthetic ·rate normalized by adenosine 
triphosphate in grams oxygen produced per hour per gram 
adenosine triphosphate 

GP/CHLA gross photosynthetic rate normalized by chlorophyll a in 
grams oxygen produced per hour per gram chlorophyll a 

GP IRESP gross photosynthetic ra te normalized by respira tion -
dimensionless 
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Table B-2. Summary ot Results: Omega-9 Water. 

Dal: 3 Dill: 6 Dill: 2 

Variable Concentra Uon i lI.d. t i lI.d. t i lI.d. t 

TS Contr'ol 8.7 3.9 23.2 5.11 30.4 8.6 
.013J 12.2 4.3 .10 33.11 .2 .00 113.9 4.5 .01 
.13% 9.8 1.6 .61 33.0 6.9 .00 117.3 6.9 .00 
.27% (15.5) 1.5 .00 31.6 5.1 .01 44.7 3.7 .00 
.53' 8.9 1.5 .93 28.3 1.8 .10 47.3 6.6 .00 

1.06J 13.1 .1 .011 18.5 .9 •. 13 17.7 1.8 .01 
2.12% 12.1 1.3 .11 17.11 3.8 .07 18.2 2.4 .01 

.t (.013-.27) .do ( .013-.53) .00 

VS Control 4.9 1.7 13.9 3.0 18.4 5.0 
.013% 8.2 2.4 .00 21.6 1.2 .00 28;6 2.2 .00 
.13% 6.7 1.5 .08 20.11 5.2 .00 30.9 4.4 . .00 
.27% 10.1 .7. .00 22.5 2.8 .00 32.3 3.2 .00 
.53' 6.4 1.3 1. 13 21.0 1.8 .00 34.2 4.7 .00 

i .06% 9.8 .3 '.00 15.3 .8 .117 14.6 1.7 .17 
2.12% 8.8 1.0 .00 15.2 3. I .50 15.0 1.9 .23 

(All) .00 (.013-.53) .00 (.013-.53) .00 
'c 

JVS Control 59.2 8.3 61.2 8.9 61.0 6.3 
.013% 67.8 5.3 .06 64.6 3.3 .46 65.3 1.9 .19 
.13% 68.5 5.1 .04 61.5 3.1 .95 65.2 .7 .20 
.27% 65.0 2.2 .19 71.6 3;0 .03 72.1 1.7 .00 
.53% 72.4 2.0 .00 74.3 2.5 .01 72.4 .4 .00 

1.06% 74.8 1.5 .00 82.6 .4 .00 82.0 1.4 .00 
2.12% 73.2 .9 .00 87.4 1.3 .00 82.2 .8 .00 

(.53-2.12) .00 (1.06-2.12) .00 (1.06-2.12) .00 

CHU Control .09 .04 .30 .07 .38 .14 
.013% .12 .02 .24 .40 .02 .02 (.74) .12 .00 
.13% .21 .04 .00 .34 .03 .40 .48 .011 .20 
.27% .22 .02 .00 .113 .11 .00 .51 .11 .1 I 
.53% .14 .01 .06 .31 .05 .711 .58 .09 .01 

1.06% .16 .05 .01 .17 • 05 .00 .27 a .110 . 
2.12% .12 .02 .24 .15 .02 .00 .27 .02 .14 

" 
( .013-1.06) .00 (1.61-2.12) .00 
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Table B-2. Continued. 

Day 3 

Variable Concentration i a.d. t i 

CHL.AITS Control 1.11 .22 1.33 
.013J 1.01 a .68 1.20 
.13J (2.15) a .00 1.02 
.27J 1.43 a .19 1.36 
.53J 1.59 a .07 1.11 

1.06J 1.21 a .68 .911 
2.12J 1.02 a .71 .86 

(1.06-2.12) 

CHLA/VS Control 1.90 .41 2.14 
.013J 1.51 a .39 1.87 
.13J <3.12) IS .02 1.64 
.2.H 2,21 a .50 1.91 
.53J, 2.19 a .54 1.49 

1.06J 1.61 a· .52 1.14 
2. 12~ 1.39 a .28 .99 

(.53-2.12) 

RESP Control 36.7 13.0 33.3 
.013J 23.9 4.6 .07 37. I 
.13J 31.6 5.0 .45 116.11 

, .27J (10.8) 7.6 .00 29.9 
.53J 53.8 2.5 .02 50.2 

1.06J 31.6 9.9 .115 57.4 
2.12J 48.8 10. I .15 53. I 

(.53-2.12) 

RESPITS Control 3.37 1.09 1.38 
.013J 1.96 a -.30 .1.11 
.13J 3.211 a .91 1.111 
.27J .69 a .09 .95 
.53J (6.08) 8 .09 1.77 
1.06~ 2.40 '8 .116 3. II 
2.1ZS 4.04 8 •. 61 3.06 

(1.06-2.12) 

RESP/VS Control 6.35 2.19 2.36 
.013J 2.92 a .23 1.72 
.13~ 11.70 8 .53 2.27 
.27~ (1.07) 8 .09 1.33 
,53S B.'37 a .45 2.39 

1.06S 3.22 8 .26 3.76 
2.12J 5.52 a .75, 3.51 

C1.06-2.12) 

Day 6 

s.d. t i 

.40 1.29 
IS .78 (1.68) 
a .118 1.01 
a .94 1.13 
a .62 1.22 
a .39 1. 511 
IS .30 1.46 

.21 

.41 2.07 
a .511 2.58 
a .28 1.55 
a .61 1.57 
a .17 1.68 . 
a .05 1.87 
a .03 1.78 

~01 (.13-2.12) 

16.1 50.5 
7.4 .65 49.3 

.B .12 55.0 
6.6 .68 (94.2) 
4. I .10 49.8 
2.5 .01 61.2 
5.2 .02 50.9 

.00 

.66 1.63 
a .71 1.12 
a .97 1. 16 
a .55 2. II 
a .59 1.05 
8 .04 3.45 
8 .011 2.79 

.01 (1.06-2.12) 

8 2.69 
a .66 1.72 
8 .95 1.78 
8 .49 2.92 
8 .98 1. 45 
II .35 (4.21) 
a .44 3.40 
.26 .26 

Day !1 

s.d. 

.112 
IS 

8 
a 
a 
a 
a 

.53 
IS 

IS 

a 
a 
a 
a 

17 .4 
9.8 
4. I 

13.3 
3.6 
9.3 

" .5 

.43 
a 
a 
8 

a 
8 

a 

.69 
a 
a 
8 

II 

8 

8 

t 

.~o 

.55 

.73 

.88 

.59 

.70 

.39 

.38 

.39 

.50 

.73 
.61 
.23 

.90 

.63 

.00 

.9~ 

.25 

.96 

.30 
.33 
.33 
.24 
.00 
.04 
.00 

.22 

.25 

.76 

.13 

.07 

.36 

"t-

" 
1-

• ,C 

:: -.; 
~~ .. 

.. :~j~ 
't'.~ ... ~; 

'-

" 

., 
" 
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Table B-3. Continued. 

. DaI 3' Dal 6 . Dax 2 

Variable Concentration \ .. i a.d. t i a.d. t i a.d. t 

au.A/TS Control 1.11 .22 1.33 .110 1.29 .112 
.27J 1.00 a .65 1.51 a .67 1.~1 a .78. 
.53J 1.52 a :" (1.111 ) a .66 1. ~ 1 a .78 

1.06~ 1.37 a .29 1.27 a .91 1.115 a .72 
(.53-1.06) .08 (All) .63 

CHU/VS Control 1.90 .111 2.111 .111 2.07 .53 
.27J (1. 30) a .20 1.98 a ;72 1.89 a .75 
.53J 1.83 a .87 1.113 a .111 1.73 a .• 56 

.' 1.06J 1;~9 'a .37 1.112 a .13' 1.68 a .50 
(.53-1.06) .06 ( .53-1.06) .40 

CHU/ATP Control .54 .111 .78 .33 .29 .011 
.27S .41 a .81 .08 a .21 .35 a .31 
.53J .. .16 a .51 .111 a .23 b b b 

1 •. 06J ;29 a .65 .15 a .24 (.66) a .01 
(.53-1.06) . .119 (All) .13 

IlESP Control 36.7 13.0 33.3 16.1 50.5 17." 
.27J (48.8) 2.9 .12 58.4 2.2 .01 52.9 2.2 .80 
.53J 27.7 13.3 .24 ~~.5 5.1 .31 52.1 11.1 .86 

1.06J 116.9 .8 .19 51.2 7.9 .06 119.8 .8 .94 
(All) .01 (.27-.53) .78 

RESP/TS Control 3.37 1.09 1.38 .66 : 1.63 .113 
.27J 5.60 a .111 2.65 a .11 1.511 .a .85 
.53J. ".30 a .48 2.19 a .28 2.26 • a .21 

1.06S (10.~4) a .00 2.81 a .07 2.00 a' .44 
(All) .03 ( .53-1.06) .18 

RESP/VS Control 6.35 2.19 2.36 1.311 2.69 .69 
.27J 7.27 a .72 3.46 a .46 (2.06) a .111 
.53J 5.19 a .65 2.76 a. .78 2 .• 77·· -a .92 

1.06J (11.35) a .11 3.12. a .60 2.32 a' .62 
(All) • liZ 

"ESP/UP Control 166. 104 160 ' 88 56 23 
.27S (230 a .611 13 a .28 38 a .57 
.53S 117· a .43 26 a .32 b b b 

1.06S 220 a .70 33 a .3~ (92) a .32 
(All) .20 



Table B-3. Continued. 

DaI l DaI6 DaI 2 

Variable ' Concentration i s.d. t !! Ii.d. t i s:d. t 

GP control 97 33 97 18 132 35 
.27J 85 a • 76 80 a .110 " . 74 II .15 
.53J 112 a .69 38 a .01 45 a .05 

1.06% (63) a, .110 (212) a .00 102 a .44 
( .27-.53) .03 

GPITS Control, 8.8 1.0 4.3 1.0 4.8 2.4 
.27%. 9 .• 7 a .47 3.6 a .55 2.2 a .33 
.53% 17.11 a .06 1.7 a .05 1.9 a .29 

1.06J 14.0 a .01 (11.6) a .00 4.1 a .80 
(.53- 1 .06) .00 ( .27-.53) .18 

GP/vS Control 16.7 3.4 7.1 1.8 7.6 3.2 
.27J 12.6 a .34 4.8 a .23 2.9 a .19 
.53% (21.0) a .3.1 2.3 a .03 2.4 a .15 

1.06J 15.2 a .71 (12.9) a .01 4.8 II .41 
(All) , .p8 

GP/ATP Control 1149 318 361 178 101 28 
.27% 401 a .91 19 a .24 53 a .27 
.53~ '89 a • 55 22 . a .24, b 'b b 

'.06J 294 a .71 '35 a .39 (,S8) a .1' 
( .53-1.06) • .55 ( .27-.53) .1.7 

GP/CIILA COntrol .80 .10 .34 .'1 .37 , . ' .• '1 
.27% .97 a .19 • 24 a • 38 . .15 a .10 
.53% 1.15 a .03 .16 a .14 .14 a .08 

1.06% 1.02 a .11 ( ~91) a .00 .28 a .47 
(.53-1.06) .03 (.27-.53) .03" . 

GPIRESP Control 3.0 1.4 3.9 2.2 3.0 1.2' 
-.27% 1.7 a .~6 1.4 a .32 1.4 ' a .25 
.53% 4:1 a .50 .8 a .24 .9 a .111 

1.06J (1.~) a .34 Q.1 a .91 2.0 a .49 
( .27-.53) .15 ( .27-.53) .09 

a. No standard deviation because only one value', was used. 
,b. Lost sample. 
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Table·B-JI. Summary of Results: 150 Ton Retort Water. 

I>a:r: 3 Da:r: 6 . Dal:: 2 

Var1able Concentrat1on x a.d. t x s.d. t x s.d. t 

18 Control 8.7 3.9 23.2 5.4 . 30.4 8.6 
.OB4J 9.2 1.5 .81 20;3 1.2 .36 29.5 2.5 .85 
.34J 5.1 1.2 .11 15.4 2.6 .02 23.6 .5 .16 
.67J 3.1 1.2 .02 16.4 .6 .OB lB.O 1.6 .01 

(.34-.67) .01 (.34-.67 ) .01 (.34-.67) .01 

VS Control 4.9 1.7 13.9 3.0 lB.4 5.0 
.OB4~· 5.9 1.1 .31 13.9 1.0 .99 19.7 2.3 .64 
.34J 4.3 1.1 .57 (13.2) 2.6 .66 20.1 .6 .53 
.67J (2.9) .8 .06 13.8 .1 .93 (15.0) 1.2 .24 

JVS Control 59.2 8.3 61.2 8.9 61.0 6.3 
.084J 611.2 2.4 .30 68.3 1.1 .17 66.5 2.7 .13 
.34J 83.9 2.8 .00 85.3 3.5 .00 85.2 .7 .00 
.67J 91.0 4.8 .00 84.2 2.8 .00 83.7 1.7 .• 00 

( .34-.67) .00 (.34-.67) .00 ( .34-.67) .00 

.lTP Control 316 250 374 187 1078 690 
.084J. 203 . 139 .40 720 108 .11 368 54 .14 
.34J 298 81 .89 1316 614 .00 2217 1066 .02 
.61J (74) 61 .09 1531 364 .00 1804 395 .13 

(.34-.67) .00 (.34-.61) .02 

ATP/TS Control 27 13 15 8 32 10 
.084J 22 a .18 35 a .16 12 II .23 
.34J (58) a .17 85 a .02 94 a .03 
.67J 24 a .86 94 a .01 100 a .03 

(.34-.67) .01 . (.34-~67) .02 

ATP/VS Control 56 30 29 17 59 15 , 
.084J 34 .60 52 s· .36 . 19 s .15 a 
• 34J 69 . a .74 100 a .01 110 a .10 
.67J (25) a .47 111 a .05 120 a .07 

(.34-.67) .04 (,34-.67) .05 

Control .09 . .04 .30 .07 .38 .14 
.084J .07 .01 .29 .19 .03 .01 .28 .02 .20 

.34J .04 .00 .04 .22 .02 .05 .37 .02 .89 

.61J .01 .00 .00 .19 .02 .01 .21 .03 .15 
( .34-.67) .00 (All) .00 (All) .13 
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Table B-4. Continued. 

Dal! l Da:t 6 Da~ ~ 

Variable Concentration - i lI.d. t i lI.d. t '. x s.d. t 

, CHLA/TS Control 1.11 .22 1.33 .40 1.29 .42 
.084J' . .75 8 .15 (.94) 8 .38 .96 8 .47 
.34J .85 .8 .28 1.112 8 .82 1.57 a .54 

.• 67J .47 8 .02 1.15 8 .68 1.50 8 .64 
(All) .02 (.34-.67 ) .47 

CHLA/YS Control 1.90 .111 2~14 .111 2.07 .53 
.084J 1.16 a .13 1.37 a .11 ( 1.44) a .29 
.34J 1.00 8 .07 1.66 a .30 1.84 II .69 
.67J .50 :8' .01 1.37 8 .11 1.79 8 .63 

(All) .01 (All) .04 

CHLA/ATP Control .54 .11 1 .76 .33 .29 ~04 
.0811J .34 II .71 .27 a .31 (.77) a .01 
.34J .15 8 .49 .17 a .25 .17 8 .10 
.68J .20 8 .55 .12 8 " '.23 .• 15 a .08 

(.34-.67 ) .43 (All) .16 ' 

RESP Control 36.7 13.0 33.3 16.1 50.5 17.4 
.084J 55.0 10.9 .02 42.3 1.4 . .32 52.6 4.4 .~3· 

.34J 55.3 2.9 .02 (58.1) .10 •. 0 .01 (61.7) 7.6 .26 

.67J 38.8 2.9 .79 36.6 3.8 .71 40.9 11.7 .33 
(.0811;'.34) .00 

RESPrrS , Control 3.37 1.09 1.38 .66 1.63 .43 
.084j 5.99 8 .09 2.08 a .34 1. 78 8 .75 
.34S' . 10.77 8 .00 (3.77). 8 .01 2.61 II .07 
.67S 12.50 8 .00 2.24 8 .25 2.28, a .20 

(.34-.67) .oq: ( .34':.~7) .04 

RESP/YS Control' 6.35 2.19 2·36 1.34 2.69 .69 
.064J· 9.31 8 .29 3.05 II .64 2.68 8 '.98 
.311J 12.76 8 .06 (11.41) II .18 (3.07) 8 .62 
.67J 13.23 '8 .05 . 2.66 8 .83 2.72. a .97 

(.34-::-: 67) .02 

RESP/ATP Control 166 104 160 86 56 23 
.084J 271 8 ."7 59 II .42 (143) 8 ;08 
.34J 165 a .89 114 8 .37 28 8 .40 
.67J (524) 8 .10 211 II .31 23, 8 .34 

(All) .24 
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Table 8-5. Sl1IIIIII8rY of Results: Ammon 1uII Carbona te. 

DS:z: J Ds:z:.6 Dal: 2 

Variable 'Concentration I[ s.d •. t ii s.d. t i s.d. t 

T5 Control 8.7 3.9 23:2 5.11 30.4 8.6 
.56 111M 10.1 .8 .53 .19.8 5.0 .28 34.8 1.6 .37 

2.26 111M 9.1 .5 .86 20.7 .6 .114 (110.9) 3.0 .04 
11.52 mM 10.3 1.8 .115 21.1 1.9 .50 30.8 2.6 .911 

(All) .111 (All) .19 

VS Control 4.9 1.7 13.9 3.0 18.11 5.0 
.56 mM 6.6 1.0 .09 13.2 3.6 .69 23.2 1.5 .09 

2.26 mM 6.5' .3 .12 15.6 .9 .34 28.0 2.5 .00 
4.52 111M 6.9 1.3 .05 14.9 1.2 .59 21.11 1.9 .28 

(All) .01 (2.26-11.52) .32 (.52-2~~6) .00 

~V5 Control 59.2 8.3 61.2 8.9 .61.0 6.3 
.56 m.ll 65.7 . 5.3 .18 66.7 11.5 .27 66.6 1.3 .12 

2 •. 26 111M 71.7" 1.5. .01 75.2 2.9 .01 68.11 .1.9 .O~ 

4.52 111M : 66.8 2.5 .11 70.7 2.5 .07 69.6 1.2 .02 
(All) .01 (2.26-4.52) .00 (All) .00 

ATP Control 316 250 3711 187 1078 690 
t .56 111M 155 116 .27 7911 889 .26 (2848) 2591 .03 , 

2.26 D.M 231 179 .60 1116 '693 .06 5111 227 .118 
11.52 111M (91) 115 .13 1008 772 .10 1588 133 .50 

(2.26-4.52) .03 

ATP/TS Control 27 13. 15 8 32 10 
.56 111M 15 ·a .53 40 a .11 (82) a .05 

2.26 111M 26 a .94 54 a .05 13 8 .24 
11.52 111M (9) a .35 48 a .07 52 8 .23 

(All) .• 04 

ATP/vS Control 55 30 29 17 59 15 
'.56 111M 23 ·8 .45 60 a .25 ( 123) '8 .07 

2.26 .IIIM 36 a .62 72 a .16 19 a .16 
11.52 m.'1 13 a· .34 68 a .• 18 711 a .47 

(All) .32 (All) .11 

CHLA Control .09 .04 .30 .07 .38 .111 .. 
.56 mM .12 .01 .26 .26 .01 .33 .50 .01 .14 

2.26 111M (.15) .02 .02 .46 .01 .00 (.65) .05 .00 
4.52 111M .08 .01 .49 .36 .02 .16 .43 .11 .55 

(2.26-4.52) .00 
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Table .. B:"" •. Continued. 

DB:t ~ DB:t 6 Da! 2 
Variable Concentration i s.d. t i s.d. t li s.d. t 

GP Control 97 33 97 18 132 35 
.084, 68 a .118 117 a .03 59 a .08 
.34, (137 ) a .33 176 a· .00· .61 a .09 
.67' 57 a • 33 150 . a .02 27 a .02 

(.34-.67) .00 (All) .01 

GPiTS Control 8.8 1.0 ~.3 1.0 11.8 2.4 
.084, 7.5 a .27 2.3 a .10 2.0 a .30 
.34' 26.6 a .00 11.11 a .00 2.6 a .40 
.67J 18.3 s .00 9.2 a .00 1.5 a .22 

(.311-.67) .00 (.34-.67) .00 (All) .11 

GPiVS Control 16.7 3.11 7.1 1.8 7.6 3.2 
.084, 11.6 a .25 3.11 a .08 3.0 a .20 
.311' (31.5) a .02 13.4 a .01 3.0 a .20 
.67J 19.3 a .52 10.9 a .08 1.8 a .12 

(.34-.67) '.01 (All) .04 

If) GPIATP Control ' 1149 318 361 178 101 .28 
.084, 337 a .79 66 a .29 161 a .20 
.34' 1158 .a .98 i34 a .39 27 'a .15 
.67J (767) a .48 98 a .33 15 a .11 

(All) .21 (.3"-.67) .09 

GP/CHLA Control .80 .10 .34 .11 .37 .11 
.084, 1.00 a .14 .25 a .41 .21 a .20 
.34, 3.14 a .00 .80 a .00 .16 a .11 
.67J 3.86 a .00 .80 a .00 .10 a .05 

(.34-.67) .00 ( .311-.67) .00 (All) .02 

GPIJIESP Control 3.0 1.4 3.9 2.2 3.0 1.2 
.084, 1.2 a .31 (1.1) a .28 1.1 a'· .19 
;34, 2.5 a .76 3.0 a .74 1.0 a .16 . 
.67S 1.5 a .37 4. I a .92 .6 a .11 

(All) .28 (All) .04 

a. Ho standard devitation because only .one value was used. 
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Table B-5. Continued. 

Da:,: ~ Da:,: 6 Da:r: 2 

VarIable ConcentratIon i B.d. t i lI.d. t i B,d. t 

CllLAITS Control 1.11 .22 1.33 .40 1.29 .42 
.56 m."! 1.21 a .66 1.32 a .98 1.43 a .76 

2.26 111.'1 (1.70) a .03 (2.20) a .07 (1.58) a .52 
4.52 111M .75 a .15 1.70 a .. 40 1.39 a .83 

CIILA/VS Control 1.90 .111 2.14 .41 2.07 .53 
.56 111M 1.84 a .89 1.97 a .70 2.14 a .91 

2.26 111M 2.37 a .31 (2.92) a .11 (2.31) a .68 
4.52 111M (1.12) a .11 2.41 a .55 1.99 a .89 

CHLA/ATP Control .54 .111 .78 .33 .29 .011 
.56 111.'1 .79 a .66 .33 a .36 .17 a .11 

2.26 a:.'! .67 a .82 .41 a .43 ('1.20) e .00 
4.52 111M .85 a .58 .36 a .38 .27 a .66 

,~ 
(All) .57 (All) .26 

"-
RESP Control 36.7 13.0 33.3 16.1 50.5 17.11 

.56 111M 42.8 4.6 •. 39 54.5 3.8 .• 02 47.6. 8.8 .77 
2.26 111M 48.3 .8 .11 67.0 4.4 .00 (72.4) 13.7 .04 
11.52 111M 1111.0 .8 .31 45.11 3.6 .18 53.6 7.11 .76 

(All) .09 (.52-2.26) .00 

RESPITS Control 3.37 ;.09 1.38 .66 1.63 .113 
.56 111M 11.26 a .50 2.76 a .08 (1.37) a .58 

.2.26 111M (5.33) a .18 3.23 a .03 1.17 a .77 
11.52 111M 11.26 a .50 2.16 a .30 1.7.4 a .82 

( .52-2.26) .01 . 

RESP/VS Control 6.35 2.19 2.36 1.311 2.69 .69 
.56 m."! 6.116 a • 97 11.12 a .25 . 2.05 a .110 

2.26 111M 7.43 a .68 11.29 a .21 2.59 a .89 
4.52 111M 6.31 a .99 3.06 a .63 2.50 a .80 

( .5?-2.26) .12 (.52-2.26) .51 

RESP/ATP Con·trol 166 1011 160 88 56 23 
.56 111M 276 a .115 69 a .46 17 a .28 

~;,.. 2.26 111M 209 a .75 60 a .43 (134) a .10 

i 4.52 111M (1182) a .• 12 45 a .37 311 a .49 
(All) .29 

.!: 
:.t 
.' ... , 

': ' 
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Table B-5. Continued. 

Day 3 

-Variable Concentration x s.d. t x 

GP Control 97. 33 97 
.56 111M 64 B ~112 82 

2.26 111M 70 B .50 78 
4.52 111M (181) B .08 (54) 

GPiTS Control 8.8 1.0 4.3 
.56 111M 6.4 B .08 4.1 

2.26 111M 7.7 a .35 3.8 
4.5.2 111M . (17.5) a .00 (2.6) 

GPiVS Control 16.7 3.4 7.1 
.56 mM 9.7 a .1" 6.2 

2.26 m.v. 10.7 B .19 5.0 
4.52 mM (26.1) a .• 07 ·3.7 

(2.26-4.52) 

GP/ATP Control 449 318 361 
.• 5611i.'1 413 a .93 .103 
2.26 111M 302 B .73 70 
4.52 111M (1978) B .05 54 

(All) 

GP/CHLA Control .80 .10 .34 
0.56 111M .52 B .07 .31 
2.26 111M .45 8 .04 .17 
4.52 111M (2.33) B .00. .15 

(2.26-4.52) 

GP/RESP Control 3.0 1.4 3.9 
.56 aiM 1.5 a .38 1.5 

2.26 mM 1.4 B .37 1.2 
4.52 111M 4.1 B .4.9. 1.2 

" (.52-2.26) .26 (All) 

a. Ho atandarddev1at1on because only one value vas used •. 

Day 6 

a.d. t i 

18 132 
a ;44 71 
B .35 85 
B .05 56 . 

(All) 

1.0 4.8 
B .87 2.0 
B .63 2.1 
a .14 1.8 

(All) 

1.8 7.6 
B .62 3.0 
B .29 3.0 
B .10 2.6 

.08 (All) 

178 101 
B .34 (25) 
B .29 158 
B .27 35 

.19 

.11 '.37 
B .79 .14 
a .16 .13 
a .12 .13 

.06 (All) 

2.2 3.0 
a .35 ·1.5 . 
B .29 1.2 
a .29 1.0 

.12 (All) 

Day 9 

lI.d. 

35 
B 

B 

B 

2.4 
B 

B 

B 

3.2 
B 

a 
a 

28 
B 

8 

B 

.11 
·a 

B 

a 

1;2 
B 

B 

a 

t 

.13 

.24 

.07 

.03 

.30 

.31. 

.27 

.12 

.20 

.21 

.17 

.05 

.14 

.22 

.18 

.08· 

.07 

.07 

.01 

.28 

.20 
.17 
.06 

, . 

-" 

/ 
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