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ABSTRACT 

Some Effects of Petroleum Hydrocarbons on the Growth 

of Freshwater Phytoplankton by John Calvin Coffey. 

Two algal culture systems were used to investigate 

the effects on the growth of five phytoplankton species of 

water soluble fractions of petroleum hydrocarbons. The 

three test petroleums were a Kuwait crude oil, a South 

Louisiana crude oil, and a #2 fuel oil which have been 

designated by the American Petroleum Institute as standard 

biological test oils. In addition to the oils, naphthalene 

was tested as a possible simple model compound of petroleum 

toxicity. The test species were three green algae: 

Selenastrum capricornaturn, Chlorella pyrenoidosa. and 

Ankistrodesmus falcatus: and two blue-green algae: 

Anabaena flos-aquae and Microcystis aeruginosa. 

No inhibitory effects of the two crude oil water 

soluble fractions were found on the growth rate of S. 

caprico rna turn or on the cell yield of any of the five 

species. The #2 fuel oil water soluble fraction was found 

to inhibit the growth rate of capricornaturn and the cell 

yield of all of the test species except C^ pyrenoidosa. 

Most of the inhibitory component of the #2 fuel oil 

water soluble fraction was found to be volatilized within 

72 hr with a minor residual inhibitory component present. 

Naphthalene was found to be toxic to S_j_ capricornatum 

when continuously saturated by solid phase 



naphthalene. Naphthalene was found to he rapidly removed 

from the culture systems hy volatilization when the satu¬ 

rated naphthalene solutions were open to the atmosphere; 

these saturated naphthalene solutions did not inhibit the 

growth rate or cell yield of canricornaturn. 
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INTRODUCTION 

The effects of petroleum introduced into the environ¬ 

ment are not well understood. The lack of understanding 

and predictive ability is in part attributable to the 

complex and variable chemical composition of petroleums. 

A crude oil may consist of on the order of 103 distinct 

organic compounds, a majority of which are hydrocarbons, 

and two crude oils will differ in qualitative as well as 

quantitative composition. The behavior of petroleum com¬ 

ponents after introduction into the aquatic environment 

is variable depending on the physical and chemical nature 

of the water system as well as the physical properties of 

the petroleum. 

Petroleum has been entering the aquatic environment 

in unknown quantities from natural oil seeps throughout 

the history of the earth. The anthropic introduction of 

petroleum into the environment is recent and parallels 

the utilization of liquid fossil fuels. 

The problems of petroleum contamination and pollution 

of the aquatic environment were brought to the fore by two 

major pollutions of the coastal zone» the grounding and 

break up of the tanker 'Torrey Canyon' off the English 

Coast and the blow out of the offshore platform 'A' oil 

well in the Santa Barbara Channel. The wreck of the 

'Torrey Canyon' in 1967 spilled 130,000 metric tons of 



Kuwait crude oil into the English Channel and onto the 

British and French coasts (Smith, 1967)• The blow out of 

platform 'A' in 1969 spilled 12,000 metric tons of crude 

oil into the Santa Barbara Channel and onto the California 

coast (Steinhart and Steinhart, 1972). 

The biological effects of these two acute incidents 

as well as other local pollutions have been well inves¬ 

tigated (North et al., 1964; McCauley, 19665 North, 1967, 

1973» Arthur, 19685 Ranwell,19685 Blumer, 1969» Wilber, 

19695 Blumer et al., 1971b, 1973; Straughan, 1971a, 1971b; 

Zeldin, 1971; Nelson-Smith, 1973)- The major effect has 

been the death of large numbers of sea birds due to 

physical fouling of the pennae. Other biological effects 

have been more subtle, ranging from acute toxicity through 

inactivation of sensory systems to reduction of gas 

exchange. 

A quantitative systematic summary of the current 

data on the effects of oil on marine organisms has been 

published by Moore and Dwyer (1974). Their work empha¬ 

sizes the effects on individual organisms of a spectrum of 

plant and animal species, and attempts to construct a 

framework for further investigations of the problem. 

Blumer (1971) has reviewed the biological effects of 

chronic and acute oil pollution. He emphasizes the pos¬ 

sibilities of food chain magnification of refractory pet¬ 

roleum compounds and their possible public health effects. 

He cites the suspected carcinogenicity of some aromatic 
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hydrocarbons. 

A comprehensive engineering report covering the 

statutes, sources, characteristics, effects, and analy¬ 

tical methods related to oil in the aquatic environment 

was prepared by McKee (1956) for the State of California. 

Studies of more limited scope, usually of one spe¬ 

cific pollution or problem area have been published. 

Early field observations by Orton (1925) on marine inver¬ 

tebrates and fishes showed no apparent toxicity of 

floating lubricating oil. 

Galtsoff (1936) conducted laboratory studies of the 

toxicity of "oil and oil extract" to oysters and the 

marine diatom, Nitzchia closterium, after reduction of the 

oyster fishery in coastal Louisiana. Oil pollution due to 

coastal drilling and transportation was implicated in the 

fisheries problem. 

An investigation of chronic pollution due to petro¬ 

leum production and transportation was conducted by 

St.Amant (1970, 1973) along the Gulf Coast. After estab¬ 

lishing the biological hazards to the vast fishery nur¬ 

series along the gulf, he analyzed the costs and benefits 

of petroleum production relative to the impact on 

fisheries production. 

The persistence of petroleum hydrocarbon compounds in 

the aquatic environment has been documented by the inves¬ 

tigations of Blumer and Sass (1972). Their monitoring 
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program followed an accidental spill of #2 fuel oil and 

revealed persistence of hydrocarbons in the sediments for 

two years. 

Stegeman and Teal (1973) studied the accumulation 

and release of petroleum hydrocarbons in the oyster. 

Their work revealed the retention and biological magnifi¬ 

cation of a complex petroleum hydrocarbon fraction in the 

mollusk. After rapid accumulation of sub-lethal levels 

of hydrocarbon, release under unpolluted conditions was 

very slow. Comparisons were made to distinguish biogenic 

hydrocarbons from those derived from petroleum. 

A comparative review of the biological effects of 

light and heavy refined oils as well as toxicity studies 

of the fractions to three fish species were communicated 

by Adams (197*0* He concluded that the light oil fractions 

are relatively more hazardous as acute toxicants, inhibi¬ 

tors of photosynthesis, and persistent environmental 

pollutants. The author noted that the discharge of the 

light oils (#2 fuel oil, jet fuel, gasoline, etc.) is not 

controlled by international agreements. 

Anderson et al. (197*0 have characterized four stan¬ 

dard test oils (#2 fuel, bunker C residual, South Louisiana 

crude, and Kuwait crude) and their water soluble extracts 

as to quantitative hydrocarbon composition and behavior in 

sea water. They tested these oils for toxicity to selected 

crustaceans and fish native to the Texas coast. These test 
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oils are available to the scientific community for further 

toxicity testing. 

A study group at the Woods Hole Oceanographic 

Institution (Coastal Zone Workshop, 1972) considered the 

impact of petroleum on the coastal environment as part of 

a series of recommendations on the uses of the interface 

between ocean and continent. They called for further 

studies of biological effects of environmental injections 

of petroleum. They emphasized the need for intelligent 

trade-offs between the need for petroleum resources de¬ 

velopment and the need for conservation of the fisheries 

and recreational resources of the coastal zone. 

The major concern as evidenced by the literature so 

far reported has been the acute and chronic pollution of 

the marine environment. Petroleum contamination is also 

a problem in the freshwater environment. Oil enters the 

freshwater environment through accidental spills from 

transportation networks and storage facilities, through 

waste discharge, from cleaning operations, through urban 

and rural stormwater runoff, and through the normal opera¬ 

tion of powered watercraft. Moss (1971) noted that thirty- 

five percent of the tonnage moving over inland waterways 

consists of petroleum. Freestone (1972) described and 

quantified the problem of oil pollution due to runoff from 

rural roads oiled with waste crankcase oil. Storrs (1973) 

estimated the quantities of petroleum materials entering 
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the environment from landward sources. He cited five 

major sources of contamination* oil refinery wastewaters, 

petrochemical industry wastewaters, steel processing 

facilities, urban storm drainage, and disposal of used 

lubricants. 

McCauley (1966) described a biological survey of a 

river polluted by a leak in a fuel storage tank. She 

reported that decomposition of the bunker fuel oil was 

slow and that some sensitive macrofauna and plankters were 

eliminated from the polluted areas. The toxic effects of 

the oil sludge persisted over the two year study. 

The acute biological effects of petroleum hydro¬ 

carbons on plants and macroscopic marine algae have been 

well investigated with few conclusions. Currier (1951) 

reported the concentrations of aromatic hydrocarbons 

(benzene, toluene, xylene, trimethylbenzene) toxic to 

tomato, barley, and carrot plants. The compounds were 

applied by vapor and spray. The investigator reported some 

stimulation at low concentrations as well as toxicity at 

high concentrations. Similar studies by Currier and 

Peoples (195*0 investigated the concentrations of hexane, 

cyclohexane, cyclohexene, and benzene toxic to carrot and 

barley plants. 

Van Overbeek and Blondeau (195*0 investigated the 

mechanism of action of phytotoxic oils through the use of 

isolated plant tissues. They investigated refined weed 
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oils similar to #2 fuel oil. From the results of their 

experimental systems they hypothesized a physical-chemical 

solubilization acting on the plasma membrane and on other 

lipophases of the plant cells. These weed oils have been 

used as herbicides and to control aquatic weeds in 

drainage ditches and irrigation canals. 

Numerous field studies have attempted to document 

effects of hydrocarbon pollution on marine macroscopic 

algae. The results have been inconclusive. Bellamy et al. 

(1967) investigated green and brown algal growth and 

diversity after the 'Torrey Canyon' spill. They reported 

larger numbers of juvenile plants, which they attributed 

to a reduction of grazing organisms. No toxic effects of 

the Kuwait crude oil to the algae were noted. 

Smith (1968) from surveys after the wreck of the 

'Torrey Canyon' reported that although the pollution was 

not toxic to marine algae, the concentrations of hydro¬ 

carbons were less than one order of magnitude less than 

toxic at most sampling stations. The detergents and dis¬ 

persants used in the clean up of the spill proved to be 

much more phytotoxic than the untreated oil. 

Field studies of salt marsh vegetation exposed to a 

spill of Kuwait crude oil reported by Cowell and Baker 

(1969) noted toxicity to a filamentous green alga. They 

reported rapid recovery of the algal population. 
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Straughan (1970) reported that the Santa Barbara oil 

spill was apparently toxic to one species of brown algae. 

Recovery of the species was rapid. The study was unable 

to show large-scale damage to the phycophyta of the 

affected area. 

Studies by Foster et al. (1970) of the initial 

effects of the Santa Barbara oil spill reported slight 

damage to three species of green algae and one species of 

red algae immediately after exposure to the crude oil 

slick. A later survey of the intertidal zone subject to 

the Santa Barbara spill by Nicholson and Cimberg (1971) 

did not show conclusive damage to macroalgae. The inves¬ 

tigators compared density and diversity of algal species 

with a similar floral survey in 1956-59* 

Investigations of the effects of a fuel oil spill on 

the coast of Washington (Clark, 1973» Clark et al., 1973) 

revealed heavy mortality of three species of red algae and 

one species of brown algae. The pigments of the red algae 

were completely bleached out by the contaminating oil; 

the frond structure of the brown alga, Laminaria sp., was 

physically damaged by fuel oil. The bleaching of the red 

algae was confirmed in laboratory studies (Clark et al., 

1973)* Follow-up studies (Clark et al., 1975) reported 

that the flora of the cove had returned to a pre-spill 

distribution and abundance after eighteen months with the 

exception of the Laminaria sp. 
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A review of the effects of acute and chronic hydro¬ 

carbon pollution on seaweeds has been presented by 

Neushul (1970). He reported both stimulation and inhibi¬ 

tion of macroscopic algal growth due to acute pollutions 

and inhibition of growth and long-term toxicity due to 

chronic pollution. 

A field study of the phycophyta exposed to a refinery 

effluent, a chronic hydrocarbon pollution, by Baker (1973) 

reported fucoid and blue-green species resistant. Implied 

by this work is toxicity or sensitivity to the contami¬ 

nants by the absent species. Baker (1971a) has reviewed 

the effects of oils on algae and higher plants of the 

littoral community. She reported reduction of photosyn¬ 

thesis in some species exposed to hydrocarbons. 

Burns and Teal (1973) analyzed pelagic Sargassum. a 

brown alga, for hydrocarbons. They were able to distin¬ 

guish natural biosynthesized hydrocarbons from petroleum 

hydrocarbons. The samples were taken from open ocean 

areas not obviously polluted with oil yet showed contami¬ 

nation by petroleum hydrocarbons. 

Comprehensive laboratory toxicity tests of the resis¬ 

tance of Macrocvstis pyrifera to various liquid contami¬ 

nants were initiated to investigate the cause of the 

disappearance of kelp beds in the vicinity of offshore 

waste discharges (Clendenning, 1959» I960; Clendenning and 

North, I960; North, 1964). Among other studies, they 
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conducted tests of the toxicity of pure organic compounds 

(toluene, benzene, n-hexane, phenol, o-, p-, m-cresol), 

detergents, diesel oil, boiler fuel, and oil refinery 

wastes to the brown alga. Toxicity was demonstrated for 

each of the substances; however, the authors concluded 

that the amounts in the environment were insufficient to 

account for the destruction of the kelp beds. 

The detergents and dispersants which have been used 

to clean up after oil spills and which were heavily 

applied after the 'Torrey Canyon' disaster have been 

shown to be much more toxic to marine algae than un¬ 

treated oil. Boney (1968, 1970) has conducted laboratory 

experiments demonstrating the relative toxicity of various 

dispersants. Hazel et al. (1971) have established a 

rigorous procedure to screen dispersants prior to their 

use in the field. 

The biological effects of petroleum hydrocarbons on 

phytoplankton have also been investigated. Phytoplankton 

is responsible for a majority of the primary productivity 

in aquatic environments5 therefore, the importance of 

toxicity studies of the microalgae in terms of the depres¬ 

sion of productivity as well as the sub-lethal uptake and 

concentration of recalcitrant hydrocarbons is apparent. 

Galtsoff (1940) conducted laboratory studies into 

the effects of crude oil on a marine diatom. He reported 

that the oil stimulated bacterial growth in the cultures, 
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and secondarily inhibited diatom growth. A recurring 

problem in algal studies is the interference by contami¬ 

nating bacteria. 

Laboratory studies by Mironov and Lanskaya (1968) 

showed toxic effects of heavy fuel oil and kerosene to a 

number of marine algae. The range of concentrations 

tested was 10.0 mg/l to 0.0001 mg/l. Lacaze (1969) inves¬ 

tigated the toxicity of crude oil to the growth rate of a 

marine diatom. He reported a ten percent reduction of 

growth rate using a one percent petroleum extract in 

culture. 

Oguri and Kanter (1971) studied the primary produc¬ 

tivity of natural populations of marine phytoplankton 

sampled from the Santa Barbara Channel after the Santa 

Barbara oil spill. They could report no evidence of 

reduced productivity due to the presence of oil. 

Baker (1971b) found species of blue-green algae as 

the only flora in some creeks accepting an oil refinery 

effluent. No water analyses were included, so that the 

conclusion that the absense of other flora was due to oil 

toxicity was not conclusively proven. 

Gordon and Prouse (1973) used the radiocarbon method 

to investigate the effect of crude oil, #2 fuel oil, and 

#6 fuel oil on the photosynthesis of a mixed natural 

population of marine phytoplankton. They reported both 

stimulation at low concentrations and inhibition at 
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higher concentrations. 

A number of field and laboratory experiments were 

performed by Kauss et al. (1973) to study the effect of 

crude oil and pure fractions on the photosynthesis and 

growth of freshwater phytoplankton species. They con¬ 

sidered the effect on growth of aqueous extracts of crude 

oil, benzene, toluene, o-xylene, and naphthalene. Growth 

inhibition was reported for each of the pure compounds. 

The effects of naphthalene and crude oil water extracts 
llj, 

on photosynthesis as measured by C bicarbonate ion 

uptake were also studied. They reported high toxicity of 

naphthalene to the photosynthetic system of Chlamydomonas 

angulosa; naphthalene concentrations as low as 3 ppm com¬ 

pletely blocked photosynthesis in closed flasks. In 
14 

separate experiments the uptake of C labeled naphthalene 

by angulosa was measured. 

Nuzzi (1973) studied the toxicity of #2 and #6 fuel 

oils and outboard oil to a spectrum of marine unicellular 

algae by measuring growth rates through cell counts. He 

found only #2 fuel oil to be significantly toxic. 

Strand et al. (1973) adapted routine marine producti¬ 

vity tests and diatom toxicity tests to develop a bioassay 

procedure designed to evaluate toxicity of oil to natural 

phytoplankton populations and representative marine phyto- 

plankters grown in pure culture. Their methods presumably 

could be used to test the sensitivities of freshwater 

species. 
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Pulich et al. (197*0 investigated the toxic effects 

of water soluble extracts from two crude oils and a #2 

fuel oil to six species of marine phytoplankton. They 

found differences in sensitivity to fuel oil extracts 

among the six species. Extracts from the two crude oils 

were not toxic. The investigators also considered the 

effects of a number of pure compounds in concentrated 

form on two of the test algae. 

Lytle (1975) found decreases in natural phytoplankton 

populations in an estuarine pond one month after experi¬ 

mental exposure to crude oil. Six months following the 

spill the phytoplankton had recovered and was more 

abundant than in the control pond. 

Hellebust et al. (1975) studied the effects on phyto¬ 

plankton of experimental crude oil spills on arctic lakes. 

They found no significant effect on phytoplankton diver¬ 

sity or abundance. They noted marked inhibition of the 

periphytic community with the exception of Oscillatoria 

angustissima. Laboratory studies of crude oil water 

extracts showed strong inhibition of growth and photosyn¬ 

thesis in Nitzschia sn.. Ankistrodesmus braunii. and 

Oscillatoria limnetica. 

In work on a similar system, Snow and Scott (1975) 

studied the effect of crude oil experimentally spilt on 

two arctic lakes. They noted stimulation of growth of 

benthic blue-green algae and an increase in total dissolved 
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nitrogen in the lakes. They suggested that nitrogen fixa¬ 

tion was stimulated in the blue-green algae by the hydro¬ 

carbon additions. 

The uptake of petroleum hydrocarbons at sub-lethal 

concentrations has also been studied. These investiga¬ 

tions should be considered important beginnings in the 

consideration of food-web concentration of oil compounds. 

The myxotrophic growth of a green alga of the genus 

Scenedesmus was investigated by Masters and Zajic (1970). 

They cultured the organism axenically using the hydro¬ 

carbon n-heptadecane as an alternate carbon source. The 

species was selected as resistant to the hydrocarbon and 

showed improved growth at 0.2$ concentration of n-hepta¬ 

decane. No heterotrophic growth was evident. 

Dogadina (1970) studied the feasibility of using 

Chlore11a vulgaris and Scenedesmus obliquus for the ter¬ 

tiary treatment of oil containing wastes. Uptake of 

40 g/l of oil products did not inhibit growth of the 

species, and uptake of the hydrocarbon mixture was 

reported to be at least 95$ efficient. 

Lee and Benson (1973) report that phytoplankton 

absorb petroleum hydrocarbons, but they found no evidence 

that the hydrocarbons were transfered into the cell. 

They report the contradictory results that phytoplankton 

were able to oxidize paraffinic and aromatic hydrocarbons 

over a period of thirty days. 
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In the investigation of the effects and uptake of 

petroleum derived hydrocarbons it is important to consider 

biogenic hydrocarbons. Algal cells produce specific com¬ 

pounds some of which are identical to petroleum derived 

hydrocarbons. The biogenic hydrocarbons appear to be 

limited to a few compounds per species and can be factored 

out of oil pollution investigations. 

An analysis of the biogenic hydrocarbons of high 

molecular wieght (C^ - C^) in two microscopic algae was 

performed by Gelpi et al. (1968). The aliphatic hydro¬ 

carbons were predominately of odd carbon numbers and with 

the exception of n-heptadecane were monoenes, dienes, and 

trienes. They hypothesized a role of algae in the for¬ 

mation of petroleum deposits in sediments. 

Blumer et al. (1971a) analyzed 23 species of marine 

phytoplankton for hydrocarbons in the to range. 

They reported three specific unsaturated hydrocarbons and 

emphasized that detailed hydrocarbon analysis enable the 

distinction between hydrocarbons of recent biogenic 

origin and hydrocarbon pollutants from fossil fuels. A 

similar analysis of 24 species of marine benthic algae by 

Youngblood et al. (1971) reported two specific saturated 

straight chain hydrocarbons of biogenic origin. 
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General Methods 

The bioassay of environmental contaminants and 

potential contaminants is becoming a routine laboratory 

procedure. In the aquatic environment invertebrate 

organisms and fish have been favored as test species. 

Cairns (19^5) presents general bioassay techniques and 

explains the biological concept of species diversity as a 

measure of ecosystem health. He also considers the con¬ 

cept of pollution tolerant and pollution sensitive species 

and their use in environmental monitoring. 

Phytoplankton, both marine and freshwater species, 

have recently been considered as important test organisms 

in toxicity studies. Patrick et al. (1968) used the 

diatom Nitzschia linearis as a test organism to compare 

the effects of twenty environmental contaminants with 

their effects on a freshwater snail and a fish. 

Blankley (1973) has presented methodologies for 

testing the toxicities of materials to algae in culture. 

The methods presented are general and can be applied to a 

wide variety of algal species and potentially toxic 

materials both solid and liquid. 

La Roche et al. (1970) have developed a 96 hr, 50f° 

tolerance limit (TL^Q) toxicity test for oils and oil 

dispersants. Their test species included mummichogs, 

sandworms, and a grass shrimp? however, they stated their 

belief that the method could be used to test any product 
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for toxicity to appropriate organisms. 

Bloom (1970) used a mixed population of algae and 

"bacteria to assay the toxicity of an oil dispersant "by 

14 
measuring respiration, C "bicarbonate ion uptake, and 

chlorophyl content. Under more controlled conditions, 

Hazel et al. (1971) used unialgal cultures of a marine 

and a freshwater species to assay the toxicity of a number 

of oil dispersants. These studies were a part of an oil 

dispersant evaluation program for the State of California. 

The algal assay procedure, a bioassay using selected 

algal species (Selenastrum caoricornatum, Anabaena 

flos-aquae, and Microcystis aeruginosa) in unialgal cul¬ 

ture, has been developed and improved by Murray et al. 

(1971) and has been presented as a tentative standard 

method (National Eutrophication Research Program, 1971; 

Weber, 1973) • The bioassay was developed specifically for 

mineral nutrition studies and investigations of eutrophi¬ 

cation potential for various aquatic systems. The authors 

point out that the algal assay may be appropriate for 

toxicity studies for various compounds in water samples. 

The prospect of testing the toxicity of petroleum in 

aqueous systems immediately imposes certain constraints. 

Dean (1968) has reviewed the chemistry and physical 

behavior of crude oil spilled at sea. Crude oils and 

refined oils are complex and variable mixtures of organic 

compounds. McKee (1956) and Mair (1962) present typical 
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analyses of the hydrocarbon compounds found in crude oil 

and petroleum. Koons (1973) reports that #2 fuel oils 

and diesel fuels consist of virgin, catalytically cracked, 

and thermally cracked components and consist of from 25% 

to k0%> aromatic hydrocarbons. 

The constituents of petroleums are typically hydro- 

phobic and at best sparingly soluble in water. The solu¬ 

bilities of some hydrocarbons in water have been deter¬ 

mined by McAuliffe (1966). Boylan and Tripp (1971) 

analyzed sea water extracts of crude oil and refined oils 

and a number of aromatic compounds were isolated. 

Hydrocarbon compounds in petroleum are volatile to 

varying degrees, and in water solution the hydrocarbon 

compounds will evaporate into the atmosphere over time. 

McAuliffe (1973) reports that petroleum compounds up to 

C^2 will readily evaporate from solution; compounds above 

C^2 will tend to persist. He reports that water extracts 

of petroleum will typically have 10 - 30 ppm total hydro¬ 

carbon and 5 - 15 ppm aromatic hydrocarbon when in 

equilibrium with the petroleum. 

The American Petroleum Institute has made available 

for biological toxicity testing four oils; a Kuwait 

crude, a South Louisiana crude, a #2 fuel oil, and a 

Bunker C residual fuel oil. Complete chemical analyses of 

the test oils have been performed (Pancirov, 1974). 

Anderson ejb al. (1974) have presented considerable 
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analytical data on the chemical composition of water 

extracts of the test oils. These workers have also 

studied the residence time of hydrocarbons in the water 

extracts. 

Statement of the Problem 

The research presented is concerned with the effects 

of petroleum hydrocarbons on the growth of freshwater 

phytoplankton. Any inhibition of primary production in 

freshwater systems could have deleterious effects on the 

health of the lentic and lotie habitats. In addition, 

effects on algae are often extrapolated to aquatic 

macrophytes. 

Five freshwater algal species, three chlorophytes 

and two cyanophytes, were chosen for toxicity testing. 

Three petroleums, two crude oils and a refined oil, were 

tested in the experimental systems. In addition, 

naphthalene was tested as a simple model of the complex 

petroleums, since it is present in the three oils and is 

reported to be phytotoxic. 

Two model systems were constructed to simulate entry 

of the petroleum hydrocarbons into the aquatic environment. 

In both systems growth yield was measured? in one system 

specific growth rates were measured to determine the 

kinetic basis for reduced cell yields. 
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Efforts were made to deduce the physiological 

mechanism in the inhibitory effects noted and to observe 

the physical behavior of the hydrocarbons in the experi¬ 

mental systems. 
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MATERIALS AND METHODS 

Organisms and Experimental Culture Systems 

The test algae» 

Selenastrum c ap ric ornaturn 

Chlore11a pyrenoidosa 

Ankistrodesmus falcatus 

Anabaena flos-aquae 

Microcystis aeruginosa 

were obtained in unialgal culture from Carolina Biological 

Supply Company. The algal cultures of S^ capri corna turn, 

C. pyrenoidosa. and A^. falcatus were purified of contami¬ 

nating bacteria using the spray plating method (Hoshaw and 

Rosowski, 1973)* The axenic cultures were tested periodi¬ 

cally for bacterial contamination by both microscopic 

inspection and by visual inspection of organic carbon 

enriched nutrient medium inoculated and incubated in the 

dark for 48 hr. 

Basic microbiological techniques were employed 

throughout the experiments to maintain axenic systems. 

Stock cultures of log phase cells were maintained under 

the experimental culture conditions to be described and 

were transferred to fresh sterile medium every 72 hr. 

All glassware used in these experiments was routinely 

washed in laboratory detergent, rinsed thoroughly with 
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tap water, and rinsed thoroughly with deionized water. 

Glassware was then autoclaved for 15 min at 15 psi and 

121 C, and dried for 15 min at 70 C. Transfer pipettes 

were either sterilized plastic disposable or glass, 

washed, autoclaved and dried as above. 

The liquid phycological medium used throughout the 

experiments was the basal nutrient medium developed for 

the algal assay procedure (National Eutrophication Research 

Program, 1971) with a tenfold increase in nitrate concen¬ 

tration. The medium was prepared from deionized water 

and reagent grade salts. Table I shows the concentrations 

of the salts. The medium was routinely autoclaved for 

15 min at 15 psi and 121 C; after cooling and atmospheric 

equilibrium the final pH was in the range of 6.9 - 7*0. 

Two different growth systems were used to determine 

petroleum hydrocarbon stresses on algal growth. 

In the first system 20 ml volumes of cells were grown 

in cotton stoppered 125 ml erlenmeyer flasks. Twenty-four 

flasks were incubated simultaneously in a Psycrotherm 

Controlled Environment Incubator Shaker (New Brunswick 

Scientific Co.). Temperature in the culture flasks was 

maintained at 25 ± 0.5 C. The flasks were shaken at 

100 rpm for mixing and gas transfer. Lighting from below 

the flasks was provided by six two-foot cool-white high- 

output fluorescent tubes. Translucent plexiglass was used 

to diffuse and filter the light to a uniform 600 ft-c. 
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Table I. Basal Nutrient Medium with a Tenfold Increase 

in Nitrate Nitrogen3- 

Compound Concentration 

mg/l 

NaNO^ 255-0 

K2HPO^ 1.044 

MgCl2 5-7 

MgS04-7H20 14.7 

CaCl2*2H20 4.41 

NaHC03 15-0 

ng/1 

H3BO3 I85.52 

MnCl2 264.27 

ZnCl2 32.7 

CoCl2 0.78 

CuClg 0.009 

Na2Mo04•2H20 7-26 

FeCl3 96.0 

Na2EDTA*2H20 300.0 

aNational Eutrophication Research Program, 1971 



Positioning of the flasks in the incubator was random and 

the flasks were moved every 6 - 12 hr to correct for 

possible position effects. 

In the second system 20 ml volumes of cells were 

grown in cotton stoppered 22 X 175 mm Kimax test tubes. 

The test tubes were suspended in a water bath with tem¬ 

perature controlled by a recirculating refrigerated and 

heated water supply provided by a Haake thermostatically 

controlled water circulator. Temperature in the culture 

tubes was maintained at 25 + 0.5 C. The cultures were 

aerated for mixing purposes as well as to insure adequate 

COg supply. Aeration was by 0.5% CO^ in air and was sup¬ 

plied through a sterilizing filter, a gas distribution 

manifold, individual control valves, flexible tubing, and 

finally into the culture flasks through cotton plugged 

glass pipettes. Lighting was provided by four bilateral 

four-foot cool-white '1500' fluorescent tubes. Aluminum 

mesh screens were used to diffuse and filter the light to 

a uniform 400 ft-c per side. Light intensity could be 

varied by changing the screens and/or placing the lamps at 

various distances from the water bath; intensity was 

variable from 250 to 1500 ft-c per side. 

Growth Measurements 

Biomass measurements in either system were measured 

directly through dry weight analysis, direct cell counts, 
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or indirectly through measurement of absorbance at 660 nm. 

Dry weight measurements were made using the membrane 

filter method (National Eutrophication Research Program, 

1971)* Filters of pore size 0.45 u were washed with 30 ml 

of water, placed in numbered aluminum pans, dried at 90 C 

for 12 hr, cooled in a dessicator and weighed. Twenty 

milliliters of algal suspension was vacuum filtered through 

the membrane, the filters dried for 24 hr at 90 C, cooled 

and weighed. 

Cell count measurements were made using a Spencer 

Bright-Line hemocytometer and a binocular compound micro¬ 

scope. Counts were made on undiluted samples of algal 

suspensions. 

Indirect biomass measurements were made by measuring 

absorbance (optical density) at 660 nm using an Evelyn 

photoelectric colorimeter. Growth in the test tube system 

could be monitored non-destructively by using the culture 

tubes as spectrophotometrie cuvettes. The culture tubes 

were removed from the water bath, dried, the contents mixed 

with a vortex mixer, and the tubes placed in the light 

path chamber. 

The validity of absorbance as a measure of biomass is 

not obvious (Sorokin, 1973) and the equivalence or cor¬ 

relation between absorbance and dry weight and/or cell 

counts must be demonstrated for the alga, the specific 

growth conditions, and the particular instrument used for 

absorbance measurements. 
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A plot of absorbance at 660 nm versus dry weight for 

S. canricomatum grown in the flask system or the test 

tube system is linear over the range of A = 0.050 to 0.600 

(dry weight range of 0.02 to 0.38 mg/ml) and is shown in 

Figure 1. A similar plot of absorbance at 660 nm versus 

cell number is linear over the range of A = 0.010 to 0.600 

(cell number range of 4.1 X 10^ to 2.5 X 10^ cells/ml) and 

is shown in Figure 2. 

Growth rates were calculated as divisions per day (k) 

(Guillard, 1973) from data obtained from monitoring the 

test tube system. The following calculations and graphical 

estimations were useds the base ten logarithm of the cell 
p 

concentration (log (A X 10 )) is plotted against time; 

a straight line was fit to the portion of the graph showing 

exponential growth; from the line, the time (T^Q) for a 

tenfold increase in cell mass is estimated. The growth rate 

(k) is then; 

k lOl 
T10 

day -1 

Test Compounds 

The following crude oils, refined oil, and pure hydro¬ 

carbon compound were tested for toxicity to the algae 1 

Kuwait crude oil, South Louisiana crude oil, a #2 fuel oil, 

and naphthalene. The three oils were obtained from the 

American Petroleum Institute through Dr. J. W. Anderson at 
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Figure 1. Calibration of absorbance at 660 nm versus 

dry weight for Selenastrum capric orna turn. 
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Figure 2. Calibration of absorbance at 660 nm versus 

cell number for Selenastrum cauricomatum. 
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Texas A & M University. The naphthalene was reagent grade 

(Baker Chemical Co., #2718). 

In order to introduce the materials uniformly into 

the cultures, water (medium) extracts were prepared. The 

following procedure was used for the test oils* 100 ml of 

011 was layered onto the surface of one liter of sterile 

EPA+N medium. The resulting biphasic liquid was stirred 

by a teflon stirring bar/magnetic stirring motor for 2k hr 

at a rate slow enough to avoid formation of an emulsion. 

The water phase was then drawn off from the bottom of the 

bottle. The resulting hydrocarbon saturated medium was 

autoclaved for 15 min at 15 psi and 121 C in a sealed two 

liter erlenmeyer flask which prevented the loss of hydro¬ 

carbons, and cooled. The solution was used for experiments 

within 12 hr. The following procedure was used for the 

naphthalene* 500 mg of crystal naphthalene was placed in 

one liter of sterile EPA+N medium, the mixture was auto¬ 

claved for 15 min at 15 psi and 121 C in a sealed two liter 

erlenmeyer flask, cooled, and used for experiments within 

12 hr. 
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EXPERIMENTAL METHODS AND RESULTS 

I. Effects of Petroleum Hydrocarbons on the 72 Hour Yield 

of Selenastrum caoricornaturn. 

Methods» These experiments were designed to show the 

effects on cell yield of the four hydrocarbon extracts at 

a spectrum of concentrations. The yield measurements for 

each extract were made over different three day periods 

with four replicate samples at each concentration and in 

each experimental system. 

Four dilutions of each saturated extract were made in 

the culture flasks and culture tubes» 25$ extract/75$ 

medium, $0fo extract/50$ medium, 75$ extract/25$ medium, 

and 100$ extract. Tests were conducted simultaneously 

with 100$ saturated extract with oil or naphthalene added 

and with controls without hydrocarbon. In the replicates 

with hydrocarbon added to the saturated extract, either 

0.1 ml of liquid oil or 10 mg of solid crystal naphthalene 

was added to the corresponding saturated extract. Flasks 

and test tubes were inoculated with a standard inoculum of 

1 ml of medium containing 7*2 X 10^ log phase cells accli¬ 

mated to the culture conditions. 

At the end of 72 hr incubation, cell yield was 

measured photometrically at 660 nm and gravitimetrically 

by the membrane filter method. 
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Results» The 72 hr cell yields were plotted against 

initial hydrocarbon extract concentration for each test 

solution. Figure 3 presents the data for Kuwait crude 

oil? Figure ^ for South Louisiana crude oil; Figure 5 for 

the #2 fuel oil; and Figure 6 for naphthalene. The data 

for the replicates with hydrocarbon added are presented in 

Figure ?• 

No significant effects are indicated for the crude oil 

extracts or naphthalene extract. The #2 fuel oil extract 

inhibited cell yield at the 50%> 75%> and 100%> levels, with 

an apparent median tolerance concentration at the 75% 

level. No significant effects are indicated for the #2 

fuel oil at the 25% saturation level. 

Saturated naphthalene plus solid naphthalene was 

lethal to the cultures. The saturated #2 fuel oil extract 

plus #2 fuel oil was also toxic to the algal cells. The 

saturated crude oil extracts with added liquid crude oil 

slightly inhibited cell yield. 

II. Effects of Petroleum Hydrocarbons on the Growth 

Kinetics of Selenastrum cauricornaturn. 

Methods» These experiments were designed to show the 

effect of the four hydrocarbon extracts at a spectrum of 

concentrations on the specific growth rate (divisions per 

day) of the alga. The measurements for each extract were 

made over different three day periods. Four replicate 
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Figure 3. 72 hr cell yield for S^. carricornaturn grown 

in Kuwait crude oil extract. 
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Figure 4. 72 hr cell yield for capricornaturn grown 

in South Louisiana crude oil extract. 
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Figure 5. 72 hr cell yield for S^. c auric orna turn grown 

in #2 fuel oil extract. 
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Figure 6. 72 hr cell yield for S^. capricomatum grown 

in naphthalene extract. 
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Figure 7. 72 hr cell yield for capricornatum grown 

in hydrocarbon extract/hydrocarbon mixtures. 
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samples were tested at each concentration in the test tube 

culture system. 

Four dilutions of each saturated extract were made in 

the culture tubes» 25$ extract/75$ medium, 50$ extract/50% 

medium, 75$ extract/25$ medium, and 100$ extract. Tests 

were conducted simultaneously with controls without hydro¬ 

carbon extract. Culture tubes were inoculated with a 

standard inoculum of 1 ml of medium containing 7*2 X 10^ 

log phase cells acclimated to the culture conditions. 

At the time of inoculum and at 6 - 12 hr intervals, 

cell density was measured spectrophotometrically at 660 nm. 

Results » For each replicate log (absorbance X 10 ) was 

plotted against incubation time to define the logarithmic 

growth period and to estimate the kinetics of growth. 

Those replicates showing no inhibition of growth in the 

yield experiments were not significantly different in 

growth kinetics from the control culture tubes. Figure 8 

presents a typical growth curve for the control and a 

semi-logarithmic transformation of the growth curve. 

The specific growth rates obtained from the growth 

curves were plotted against initial hydrocarbon concen¬ 

tration for each test extract. Figure 9 presents the data 

for Kuwait crude oil and South Louisiana crude oil; 

Figure 10 the data for the #2 fuel oil and naphthalene. 

No significant effects are indicated for the crude oil 

extracts, naphthalene extracts, or the #2 fuel oil extracts 

29 



Figure 8. Growth curve and semi-log growth curve for 

canricornatum. 
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Figure 9. Specific growth rates for EL cauricornaturn 

grown in crude oil extracts. 
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Figure 10. Specific growth rates for S^. capri coma turn 

grown in #2 fuel oil extract or naphthalene extract. 
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at the 25$» 50$> and 75^ levels. The #2 fuel oil extract 

at the 100$ level showed a reduced growth rate. 

Figure 11 shows the semi-logarithmic growth curves 

for the cells grown in the #2 fuel oil extracts. These 

curves show variations in the interval between inoculation 

and the initiation of the maximum log phase growth between 

the extract concentration levels. No significant effect 

is indicated at the 25$ level. Significantly longer lag 

times are indicated at the 50$» 75f°* and 100$ levels of 

the #2 fuel oil extract. 

Ill. Naphthalene Residence Time in the Experimental 

Systems. 

Methods » These experiments were designed to investigate 

the volatilization of hydrocarbon from the saturated EPA+N 

hydrocarbon extracts. Twenty milliliters of 100$ saturated 

naphthalene extract was placed in each of 20 flasks and 

each of 22 culture tubes. The flasks and tubes were 

incubated in the experimental systems. At various inter¬ 

vals the concentration of naphthalene remaining in the 

medium was measured photometrically at 256 nm using a 

Beckman DBG grating spectrophotometer. 

Results; The concentration of naphthalene as percent of 

saturation is plotted against incubation time for each 

experimental system. Figure 12 presents the data for the 

flask system; Figure 13 the data for the culture tube 
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Figure 11. Semi-log growth curves for S^. capricornaturn 

grown in #2 fuel oil extracts. 
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Figure 12. Naphthalene residence time in the shake 

flask culture system. 
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Figure 13• Naphthalene residence time in the test 

tube culture system. 
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system. Naphthalene was volatilized and removed from 

solution in both systems at a rapid rate. The half-life 

of naphthalene in solution in both systems was two hours. 

Ninety percent removal occurred within 24 hr. 

IV. Effects of Aged #2 Fuel Oil Extract on the 72 Hour 

Cell Yield of Selenastrum canric ornaturn. 

Methods » This experiment was designed to show the effect 

of aging on the toxicity of the #2 fuel oil extract. 

Three replicate samples were tested at each concentration 

in the shake flask system. 

Tests were conducted with 100ft saturated #2 fuel oil 

extract and controls without hydrocarbons. Flasks were 

incubated for 72 hr prior to inoculation with algae. 

After the three day aging period, flasks were inoculated 

with a standard inoculum of 1 ml of medium containing 

7.2 X 10^ log phase cells acclimated to the culture 

conditions. 

At the end of the second 72 hr incubation period, 

cell yield was measured photometrically at 660 nm and 

gravitimetrically by the membrane filter method. 

Results» The 72 hr cell yields for S^_ canricornatum grown 

in fresh #2 fuel oil extract, aged #2 fuel oil extract, 

and control medium are presented in Figure 14. Cells 

grown in fresh #2 fuel oil extract were inhibited in 
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Figure 14. 72 hr cell yield for capricornatum grown 

in saturated #2 fuel oil extract and saturated #2 fuel oil 

extract aged three days. 
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growth; cell yield was 17$ of the control. Cells grown in 

aged #2 fuel oil extract were inhibited to a lesser extent 

cell yield was 67$ of cells grown in the control medium. 

V. Comparative Effects of Petroleum Hydrocarbons on the 

72 Hour Cell Yield of Five Species of Freshwater Algae. 

Methods» These experiments were designed to show the 

comparative effects of saturated crude oil extracts pre¬ 

viously found non-inhibitory to §i canricornaturn and a 

#2 fuel oil extract previously found to be inhibitory to 

S. canric orna turn on four other species of algae. Two 

green algae and two blue-green algae were tested» 

A. falcatus. C. nvrenoidosa. A. flos-aquae, and M, 

aeruginosa. The measurements for each extract were made 

over different three day periods with three replicate 

samples at saturation and three replicate controls for 

each species in the flask system. 

Tests were conducted with 100$ saturated extracts of 

Kuwait crude oil, South Louisiana crude oil, and the #2 

fuel oil, and with controls without hydrocarbons. Flasks 

were inoculated with one of the following algae» 1 ml of 

medium containing either 

7.2 X 10 Si canricornaturn. 

2.8 X 10^ Ai falcatus, 

1.8 X 10^ Çi nvrenoidosa, 
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6.8 X 10^ Aj_ flos-aguae. or 

2.5 X i07 aeruginosa 

log phase cells acclimated to the culture conditions. 

At the end of 72 hr incubation, cell yield was measured 

gravitimetrically by the membrane filter method. 

Results 8 The 72 hr cell yields were plotted for each of 

the five species exposed to the hydrocarbon extracts. 

Figure 15 presents the data for Kuwait crude oil extract; 

Figure 16 for South Louisiana crude oil extract; and Figure 

17 for the #2 fuel oil extract. 

No significant effects are shown for cells grown in 

Kuwait or South Louisiana crude oil extracts. Four species 

showed a very slight stimulation of growth when exposed to 

the Kuwait crude oil extract. 

Four species showed a significant reduction in cell 

yield when grown in the #2 fuel oil extract. The reduction 

in cell yield varied from 66$ to 84$. C_;_ pyrenoidosa was 

not significantly inhibited by the #2 fuel oil extract. 

VI. Effects of Continuously Saturated Crude Oil Extracts 

on the Growth Kinetics of Selenastrum capricornaturn. 

Methods t These experiments were designed to determine the 

effects on the growth rate, of S^ capricornaturn of the 

saturated Kuwait and South Louisiana crude oil extracts 

with volatilization of light fractions minimized. 
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Figure 15. Comparative 72 hr cell yields for five algal 

species grown in Kuwait crude oil extract. 
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Figure 16. Comparative 72 hr cell yields for five algal 

species grown in South Louisiana crude oil extract. 
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Figure 17. Comparative 72 hr cell yields for five algal 

species grown in a #2 fuel oil extract. 
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In order to limit evaporation of the volatile con¬ 

stituents of the crude oil extracts, the experimental 

system was modified. The aeration gas was split into two 

streams. One stream was directed as usual to the control 

culture tubes. The second stream was bubbled through 

200 ml of the crude oil being tested, then directed to a 

separate distribution manifold and supplied to the culture 

tubes through the usual tubing and cotton-plugged pipettes. 

The crude oil in the reservoir was replaced every 12 hr. 

The growth measurements for each extract were made 

over different three day periods. Four replicate samples 

were tested at saturation and four control samples were 

simultaneously monitored in the modified test tube system. 

Culture tubes were inoculated with a standard inoculum 

of 1 ml of medium containing 7*2 X 10^ log phase cells 

acclimated to the culture conditions. 

At the time of inoculation and at 6 - 12 hr intervals, 

cell density was measured spectrophotometrically at 660 nm. 

p 
Resultst For each replicate, log(absorbance X 10 ) was 

plotted against incubation time to define the logarithmic 

growth period and to estimate the kinetics of growth. 

Table II presents the growth rate data for capricornaturn 

grown in continuously saturated Kuwait or South Louisiana 

crude oil extracts and the control growth rate. No sig¬ 

nificant effects are shown; the crude oil extracts did not 
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Table II. Growth Kinetics of Selenastrum caoricornaturn 

Grown in Crude Oil Extracts with Continuous Saturation 

Type of Oil k lag time cell yield 

div/ day hr mg/ml 

Control 2.3 0-6 0.25 

+ 0.2 ± 0.03 

Kuwait crude 2.3 0-6 0.25 

+ 0.2 ± 0.03 

South Louisiana crude 2.2 0-6 0.23 

+ 0.2 ± 0.03 



inhibit or stimulate the growth rate. The semi-logarithmic 

growth curves did not differ from the control growth curves. 
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DISCUSSION AND CONCLUSIONS 

The res\ilts of the yield experiments indicate that 

under the experimental conditions, the water soluble frac¬ 

tions of the Kuwait crude oil and the South Louisiana crude 

oil were non-toxic and non-inhibitory to S^ canricomatum. 

The culture systems were open to the atmosphere and sub¬ 

ject to a vigorous mixing regime which allowed the vola¬ 

tilization of the low molecular weight hydrocarbon compounds 

from the oil extracts, so that any inhibitory effects of 

the lighter hydrocarbons could have been missed. 

The slight stimulations of growth indicated in Figure 

3 and Figure 4 were not significant; however, stimulation 

of growth by hydrocarbons has been reported (Masters and 

Zajic, 1970; Gordon and Prouse, 1973; Kauss et al., 1973)* 

Considering the complexity of the crude oil water soluble 

fractions and the complex metabolism of the algal cells, 

the heterotrophic utilization of some oil components is 

possible. Heterotrophy has not been investigated in the 

Selenastrum genus, but it is well documented for the re¬ 

lated genus Chlorella. 

The replicates tested with liquid crude oil present 

in addition to the 100$ saturated extracts showed some 

inhibition of the cell yield. It is not obvious that the 

inhibition was due to water soluble compounds from the 

crude oils; the effects could have been caused by reduced 
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gas exchange through the oil layer or "by physical adsorp¬ 

tion of the cells "by the oil. The growth of the alga (67% 

of the control yield) under these extreme conditions in¬ 

dicate that any inhibition of growth hy the crude oil water 

soluble fractions would "be very subtle. 

The tolerance of the alga to the crude oil extracts 

supports much of the field and laboratory literature on the 

effects of crude oil on marine algae (Bellamy et al., 1967; 

Smith, 1968; Cimburg, 1971; Oguri and Kanter, 1971» Gordon 

and Prouse, 1973» Pulich et al., 197*0* Contrary to their 

studies and the present research, Kauss et al. (1973) found 

inhibitory effects of varying degrees in water soluble 

fractions of seven Canadian crude oils to Chlorella 

vulgaris. Other field investigations (Cowell and Baker, 

1969; Straughan, 1970; Foster et al., 1970) have reported 

limited toxicity of crude oils to some sensitive marine 

algal species. Lytle (1975) reported inhibition of natural 

freshwater phytoplankton populations by crude oil, while 

Hellebust et al. (1975) reported no effects on a similar 

natural system. 

The water soluble fractions of the #2 fuel oil inhibit 

growth of EL, canri coma turn. Figure 5 shows that signifi¬ 

cant reduction of cell yield occurred with cells exposed 

to 50$» 75f°> and 100% saturated #2 fuel oil extracts while 

no effects were noticed at 25%> saturation. This indicates 

that the inhibitory compounds in the saturated system are 
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at most four times more concentrated than the non-inhibi- 

tory system. At saturation (100$ initial concentration) 

yield inhibition was 8?$ of the control; at 75$ initial 

saturation concentration yield inhibition was 59$ of the 

control; and at 50$ initial saturation concentration yield 

inhibition was 27$ of the control. The replicates tested 

with liquid #2 fuel oil added showed complete toxicity to 

S. capric ornaturn. 

The results support the reports of phytotoxicity of a 

fuel oil spill on the coast of Washington (Clark, 1973» 

Clark et al., 1975)• Toxicity of #2 fuel oil to marine 

phytoplankton has been reported by Nuzzi (1973) and Pulich 

et al. (1974). 

The #2 fuel oil is a refined oil with a high aromatic 

fraction. The presence of inhibitory effects in the pro¬ 

duct may reflect compounds which are formed in the refining 

process, or alternately the compounds may be in much higher 

concentrations in the refined oil than in the crude oils. 

Since the fuel oil is catalytically and/or thermally 

cracked, toxic compounds may be synthesized from non-toxic 

precursors in the refining process. The inhibition of 

algal growth caused by the water soluble fraction of the 

#2 fuel oil is obvious despite the open nature of the ex¬ 

perimental system and the rigorous mixing which would 

volatilize low molecular weight compounds. 
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Naphthalene saturated solutions were non-toxic and 

non-inhibitory to capricornatum under the experimental 

conditions. These results contradict the results of 

Kauss et al. (1973) who report significant inhibition of 

growth of Chlorella vulgaris by water extracts of naph¬ 

thalene; they also report significantly depressed photo¬ 

synthetic rates in Chlamydomonas angulosa exposed to 

naphthalene extracts. 

The replicates tested with solid naphthalene added to 

the saturated naphthalene solution showed lethal effects. 

The naphthalene then is toxic when continuously saturated 

by the presence of the solid phase, but is innocuous as a 

saturated water solution open to the atmosphere. 

Table III indicates that both crude oils tested and 

the #2 fuel oil contain significant amounts of naphthalene 

(Pancirov, 197*0 » naphthalene is also present in the water 

soluble fractions of the three test oils (Anderson et al., 

197*0 • The results presented indicate that naphthalene is 

not the toxic component of the #2 fuel oil. 

The kinetic studies of S_;. canricornatum corroborate 

and supplement the cell yield data. The growth curves for 

cultures grown in Kuwait crude oil extract, South Louisiana 

crude oil extract, and the basal medium were not signifi¬ 

cantly different. This follows directly from the yield 

datas after 72 hr the cultures are still in exponential 

growth; since the 72 hr yields are equivalent, the growth 
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Table III. Naphthalene Content of the A.P.I. Test Oils 

and Their Water Soluble Fractions 

Type of Oil 
Naphthalenes ina 

Test Oil 

■u 

Naphthalene inD 

Water Soluble 
Fraction 

f» ppm 

Kuwait crude oil 0.7 0.02 

South Louisiana 

crude oil 

1-3 0.12 

#2 fuel oil 5-9 0.84 

aPancirov (1974); ^Anderson et al. (197*0 



curves are identical and the growth rates are equivalènt. 

The semi-logarithmic transformations of the growth curves 

for the cells grown in the crude oil and naphthalene 

extracts are indistinguishable from those of the controls. 

The experimental system is open to the atmosphere and 

the aeration and mixing regime is vigorous. Low molecular 

weight hydrocarbons would be expected to to be lost from 

solution over the incubation time. The lack of inhibition 

shown for the crude oil and the naphthalene extracts could 

be the result of rapid volatilization of any toxic compounds 

or alternately the toxic compounds could be in low concen¬ 

trations and absorbed by the algal cells. 

The kinetic studies of cauricornaturn grown in the 

#2 fuel oil extract reveal additional information on the 

inhibitory effects. The 25$ saturated extract has no 

inhibitory effect on the growth rate or the lag time. 

The 50% and 75$ saturated extracts show inhibited growth 

rates for 32 and 48 hr periods respectively, whereupon the 

cultures assume the control growth rate. The 100$ satu¬ 

rated extract shows an inhibition period of 54 hr and a 

subsequent increase in growth rate but does not attain the 

control growth rate during the 72 hr test period. 

These results indicate that there are water soluble 

fractions in the #2 fuel oil that inhibit growth of the 

alga. It appears that the compounds are volatile and are 

removed from the test systems or are absorbed by the cells 
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to a large extent within the 72 hr test period. A residual 

inhibition is indicated in the 100$ saturated extract 

replicates indicating that some toxic compounds remain in 

solution after three days of vigorous aeration and mixing. 

Naphthalene is removed from the experimental systems 

very rapidly. This evaporation phenomenon is the cause of 

the lack of inhibitory effects reported for the water 

extracts of naphthalene. If the system does resemble the 

natural environment, naphthalene and compounds showing 

similar physical behavior (solublility and volatility) 

would be inconsequential in terms of aquatic toxicity. 

The rapid volatilization of naphthalene has also been 

noted by Kauss et al. (1973) who nonetheless reported 

toxic effects to Chlorella vulgaris and Chlamydomonas 

angulosa. Rapid loss of hydrocarbons from water soluble 

fractions has also been reported by Anderson et al. (197*0. 

In general, naphthalene does not appear to be an 

adequate model for either the crude oils or the #2 fuel 

oil, even though it is present in all three oils and in 

the water soluble fractions of all three oils. The 

naphthalene is phytotoxic (Figure 7) but does not inhibit 

algal growth when present as a water extract (Figure 6). 

These results support the conclusion that there are 

water soluble toxic compounds in the #2 fuel oil which are 

less volatile than naphthalene, since the inhibitory effects 

of the #2 fuel oil extracts can be followed up to 72 hr in 
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the kinetic experiments and since the initial inhibitory 

concentration is not more than four times greater than the 

concentration not showing inhibition. 

The kinetic experiments (Figure 11) indicated that the 

inhibitory compounds present in the water soluble fraction 

of the #2 fuel oil were volatilized to a large extent 

during the 72 hr incubation period. In order to inves¬ 

tigate the volatilization further, extracts were aged 72 hr 

prior to incubation to determine if the compounds were 

being physically removed from the system. 

The #2 fuel oil extract aged 72 hr yielded four times 

more EL. canricornaturn cells (dry weight basis) than the 

freshly prepared #2 fuel oil extract. This supports the 

conclusion that the inhibitory water soluble fraction of 

the refined oil is evaporated out of the solution. The 

cell yield in the aged extract was one-third less than the 

control, indicating that some inhibitory compounds are not 

volatile or are not removed after three days. 

Other investigators have noted the loss of toxicity in 

water soluble oil fractions due to aging (Kauss et al., 

1973). 

The results presented in experimental sections I 

through IV have considered EL canricornaturn as the test 

alga exclusively. Pulich et al. (197*0 in their work with 

marine species reported interspecific variation in sensi¬ 

tivity to hydrocarbons. Field studies of oil spills have 
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often reported damage to one or a few algal species in 

communities consisting of many algal forms (Cowell and 

Baker, 1969; Straughan, 1970; Foster et al., 1970; Clark, 

1973)• In addition, the blue-green algae have been noted 

as pollution tolerant and tolerant to petroleum hydrocarbons 

(Baker, 1971b). 

In order to determine the validity of capricornaturn 

as a test alga and bioassay organism, four additional 

species of phytoplankton were subjected to some of the 

experimental tests. The five species of algae were all 

unaffected by the Kuwait and South Louisiana crude oil 

water soluble fractions. A stimulation of the cell yield 

of four species, Sj_ capricornaturn. C. pyrenoidosa. A. 

falcatus, and M.aeruginosa by the Kuwait crude oil extract 

is indicated but not significant. 

The comparative responses to the #2 fuel oil water 

soluble fraction are more variable. Scaprico rna turn and 

A. flos-aquae are the most sensitive, with yield reductions 

of more than 80$. A^ falcatus and IVL. aeruginosa are also 

inhibited by the #2 fuel oil extract, but to a lesser 

extent (65$ to 75f°)‘ C. pyrenoidosa is resistant to the 

inhibitory effects of the #2 fuel oil water soluble frac¬ 

tion. This result is the only qualitative difference ob¬ 

served among the five algal species. 

The effects observed on capricomatum are generally 

indicative of the responses of the five species. 
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S. capricornaturn is one of the more sensitive species of 

the five tested and makes a good choice for an indicator or 

bioassay organism for petroleum hydrocarbons. The resis¬ 

tance of Ç5_î. pyre no i do sa to the #2 fuel oil extract indi¬ 

cates that it is not a valid indicator organism to extra¬ 

polate to the other phytoplankton species. This resistance 

also means that pyrenoidosa and other resistant species 

will be selected for in a petroleum stressed environment. 

The quantitative differences in sensitivity to the 

effects of the hydrocarbons may have important implications. 

Petroleum hydrocarbons in the environment would have subtle 

effects on the relative abundance of the algal species, 

inhibiting some sensitive species and stimulating the 

growth of the more resistant species. Even small quanti¬ 

tative effects could have large environmental repercussions. 

In the final attempt to find some inhibitory effects 

in the water soluble fractions of the crude oils, a sys¬ 

tem was designed to limit the evaporation of the volatile 

components. The results indicate that the Kuwait and 

South Louisiana crude oil extracts remain non-inhibitory 

to capricomatum even when the volatile compounds are 

continuously supplied to the cultures in the aeration gas. 

This result indicates that the lack of inhibition by the 

crude oil water soluble fractions is genuine and not a 

function of loss of the volatile compounds. 
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General Conclusions 

1. Water soluble fractions of Kuwait crude oil and South 

Louisiana crude oil are non-inhibitory to the growth of 

S. capricornaturn, C. pyrenoidosa, A. falcatus, A. flos- 

aquae, and WL. aeruginosa. 

2. Water soluble fractions of a #2 fuel oil inhibit the 

growth of S_j. capric orna turn, A. f alcatus, A. flos-aquae. 

and jVL_ aeruginosa; the extracts are non-inhibitory to the 

growth of C_;. pyrenoidosa. 

3* The inhibitory compounds in the #2 fuel oil extract 

consist of both volatile (removed from solution within 

72 hr) and non-volatile hydrocarbons. 

4. Algal species of the Division Chlorophyta and the 

Division Cyanophyta generally displayed equivalent responses 

to the petroleum hydrocarbons; C_j. pyrenoidosa. a green alga, 

proved to be the most resistant to petroleum hydrocarbons. 

5. Continuously saturated water solutions of naphthalene 

were toxic to capricornaturn; however, saturated water 

solutions of naphthalene open to the atmosphere were non- 

inhibitory to the growth of S_j_ capricornatum. 

6. Naphthalene is inappropriate as a model of the toxicity 

of the #2 fuel oil, nor as a model of the non-inhibitory 

crude oils. 
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