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ABSTRACT: Three long term experiments were conducted in estuarine microcosms with a water 
accommodated fraction of No. 2 fuel oil. The water column and benthic compartments (structure and 
processes) were assessed for impact of chronic oil concentrations (190 and 90 ppb in the water column), 
and recovery from exposure to 90 ppb oil concentration. Oil impacts were a function of concentration, 
oil residence time and temperature. The 190 ppb concentration reduced zooplankton; both 190 ppb and 
90 ppb reduced benthic fauna. In 1 yr after additions ceased the benthic fauna did not recover from 90 
ppb. Effects on and oil residence time in the water column were transitory; effects on and oil residence 
time in the benthos were long lasting. Effects on benthic fauna were most severe during the warm 
summer months. Hydrocarbon constitution, age, form and therefore toxicity in the estuary may or may 
not be equivalent to the No. 2 fuel oil used in these experiments. However, chronic water column 
concentrations of 100 ppb and sediment concentrations of 500 ppm which are commonly found at the 
heads of estuaries indicate a potential for benthic degradation due to hydrocarbons. 

INTRODUCTION 

The amounts of hydrocarbons entering urban 
estuarine areas through sewage effluents, rivers, and 
drainage are larger than the amounts entering the 
marine environment through major spills (Van Vleet 
and Quinn, 1978; Hoffman et al., 1982). Most of these 
hydrocarbons are absorbed on particulates and, in Nar- 
ragansett Bay, are derived from Number 6 fuel oil, 
Number 2 fuel oil and used crankcase oil (Van Vleet 
and Quinn, 1978). The sources appear to include oil 
poured down drains and runoff from roads, parking 
lots, and fuel-soaked soils around storage facilities 
(Hoffman et al., submitted). Increasing development 
and expansion of activity in the coastal zone and off- 
shore waters suggest these discharges will not cease 
for some time. 

Little is known about the quantitative responses of 
complex ecosystems to chronic hydrocarbon inputs. 
While a number of environmental inventories and 
assessments have been made (e. g. off-shore drilling on 

Georges Bank), these are all descriptive studies that do 
not attempt to predict or analyze the responses of the 
systems to hydrocarbon discharges. The predictive 
models that have been developed (Mackay and Pater- 
son, 1978) simulate acute accidental oil spills and are 
not applicable to the prediction of chronic effects. 
Laboratory bioassays, although widely used, are dif- 
ficult to extrapolate to natural communities because 
they lack complex interactions such as competition 
and predation (Cowell, 1974; Taub, 1976). Those 
charged with the responsibility for regulating and 
managing coastal ecosystems will need more than 
species lists and counts coupled with specific bioas- 
says on which to base their decisions. 'Final judge- 
ments must always be made on the ecosystem response 
measured in terms of changes in populations, com- 
munity interactions, diversity, stability, production and 
other parameters' (Cowell, 1974). In this paper 3 exper- 
iments on the effects of small chronic inputs of oil to 
ecosystems in marine microcosms are compared with a 
view towards predicting chronic hydrocarbon induced 
changes in urban estuarine environments. 
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METHODS 

Microcosm Description 

Fourteen large, marine microcosms have been estab- 
lished outdoors at the Marine Ecosystems Research 
Laboratory (MERL) (Fig. 1; Pilson et al., 1979, 1980). 
Throughout the establishment of the microcosms, the 
engineering was kept simple by using as many readily 

Tank Height 5.L9  m 

Water Surface Area 2.61 m' 

Depth of Water 5.00 m 

V o l v m  o f  Water 15.1 m' 

Area Sediment 2 . 5 2  n2 

Oeprh of Srdimnr 0.10 

Fig. 1. Diagram of a microcosm. Temperature over annual 
cycle ranges from -1 to 25 'C and was within f 2 C" of 
ambient bay water temperature. Inside walls of insulated 
tanks are constructed of PVC and coated with a white epoxy 
resin for maximum light penetration. Water height in tank is 

regulated by exit standpipe 

available components as possible. Water from lower 
Narragansett Bay (Rhode Island) flows through each 
microcosm with a turnover time of about 30 d matching 
the water residence time in the bay (Pilson et al., 1977). 
During 1977 water came in slowly and continuously at 
a distance of 25 cm above the sediment. The plumbing 

of this delivery system allowed zooplankton to go with 
the faster flow to overflow drains. Since then, water has 
been pulsed in fast (bypassing the drains) 4 times a day 
at a distance of 10 cm below the water surface to 
ensure that zooplankton reach the microcosm. A verti- 
cal plunger rotating in an elliptical orbit during the 
mixing cycle provides turbulence to the system and 
resuspends bottom sediments to concentrations similar 
to those measured in the bay (Nixon et al., 1980a; 
Oviatt, 1981). The benthos, sampled by Van Veen grab 
from the well-studied muddy sediments in central Nar- 
ragansett Bay, is heterotrophic and interacts strongly 
with the water column (Phelps, 1958; Hale, 1974; 
Nixon et al., 1976; Nixon et al.. 1980b; Pilson et al. 
1980; Nixon, 1981). The large size of the microcosms 
permits weekly sampling of the water column for phy- 
toplankton, zooplankton, metals, hydrocarbons, etc., 
and monthly sampling of the benthos for at least 20 mo. 
While there are important differences between the 
microcosms and natural systems - including problems 
of large animal exclusion, lack of spatial 
heterogeneity, and wall effects - we believe that con- 
trolled ecosystems may be used as a tool to study 
ecosystem functions and the effects of various environ- 
mental pollutants such as petroleum hydrocarbons. 

Experiments 

Three long-term experiments were conducted in the 
microcosms with the water accommodated fraction of 
No. 2 fuel oil (Table 1). During all 3 experiments, 3 
microcosms were used as treatments and 3 as controls. 
No. 2 fuel oil was chosen because there was a lot of 
field data on its fate and effects with which to compare 
experimental results. It is transported in large volumes 
and frequently spilled along the northeast coast of the 
United States and is also a component of the chronic 
particulate hydrocarbon input at the urban heads of 
developed estuaries (Van Vleet and Quinn, 1978). Oil 
was added to the treated microcosms as an oil-water 
dispersion made by vigorous shaking (5 min of 280 
motions min-') of one part oil (8 to 10 ml) to 1000 parts 

Table 1. Outline of oil experiments 

Experimental detail I I1 I11 
1977 1978 1978-1979 

011 addition period (d) Feb. 14-Aug. 1 (168) March 6-July 6 (122) 
Recovery period (d) Aug. l-Oct. 4 (64) - July &July 27 (386) 
Oil added (g) 108 (43 g m-*) 40 (16 g m-') 
Mean concentration of oil in water (ppb) 190 90 7 
Percent of added oil in sediment - 50 10-20 
at end of experiment 
Temperature ("C) 1-23 0-2 1 0-23 
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seawater (8 1). The oil-water mixture was poured into 
an aspirator bottle and allowed to separate for -30 
min. The lower, aqueous phase was then added during 
the mixing cycle at a rate of 1 l minp' via Teflon tubing 
to a depth of -1 m below the water surface in the 
microcosms (Gearing et al.. 1979). No visible slick 
resulted from this addition procedure. In the first 
experiment oil was added twice a week from February 
14, 1977 to August 1, 1977 to maintain an average 
concentration of 190 ppb in the water column (Table 1; 
Oviatt et al., 1980). During the second experiment oil 
was added in the same manner from March 6, 1978 to 
July 6, 1978 to maintain an  average concentration of 90 
ppb. In the third experiment (July 6, 1978 to July 27, 
1979) the extent of recovery from the long term expo- 
sure to 90 ppb was investigated. 

Monitoring Methods 

Chlorophyll 

The fluorometric method of Holm-Hansen et al. 
(1965) was used to measure chlorophyll concentration 
weekly. Filters were normally stored wrapped in 
aluminum foil over desiccant in a light-tight container 
at -20 "C. Storage for longer than 2 wk was avoided. 
Measurements were made with a Turner Model 111 
fluorometer. 

Production (l4  C) 

Relative phytoplankton production was estimated by 
the method of Strickland and Parsons (1972). Each 
microcosm was sampled by collecting and pooling 
equal volumes of water from 0.1, 2.5 and 4.5 m depth 
weekly. The bay was sampled by collecting water from 
2 m below the surface at the MERL pump intake. 
Subsamples (50 ml) were placed into clear bottles 
equipped with ground glass stoppers and 1 pCi of 14C- 
labelled sodium bicarbonate was added to each. Sam- 
ples from the microcosms were incubated at 0.1, 0.15, 
1.0, 2.5 and 4.5 m for 24 h in their respective tanks. The 
bay sample was incubated in Tank 3 at the same 
depths and time as the tank samples. After incubation, 
the samples were filtered onto 25 mm glass fiber filters 
with low vacuum and the filter edges rinsed. The filters 
were counted on a scintillation (Beckman model LS- 
3510T) counter. 

Nutrient Chemistry 

Weekly samples from each tank (pooled over depth) 
and the bay (2 m) were used for determination of 
dissolved inorganic phosphate, ammonia, nitrite plus 

nitrate, and silicate. The samples were filtered (Milli- 
pore filters) into plastic bottles (precleaned by soaking 
in deionized water) using a 50 m1 plastic syringe 
equipped with a stainless steel or plastic filter holder. 
If possible, samples were analyzed the same day; if not 
they were stored in a freezer at  -20 "C after filtration. 

A Technicon Autoanalyzer was used for the anal- 
yses. Four channels of chemical reactions were fabri- 
cated based on the procedures recommended by 
Friederich and Whitledge (1972). Each sample was run 
in triplicate, interspersed with a synthetic seawater 
wash. Standards were run before the samples each 
day; internal standards were added at least once every 
40 samples. 

Zooplankton 

Weekly zooplankton samples were obtained from 2 
pooled vertical tows per tank, from the bottom up, 
taken within 20 min after mixing. One tow was taken 
on the light side of the tank and one on the shaded 
side. A #20 plankton net with a diameter of 50 cm and 
a mesh size of 80 pm was used for all samples. The 
pooled sample was subdivided by a zooplankton split- 
ter. The fraction used for counts was preserved in 
buffered formalin and subsampled by Stempel pipette 
until 200 animals (where possible) were identified and 
counted. Adult copepods, copepodites, nauplii and 
other groups were counted. The preserved biomass 
fraction (3/4) was filtered through a #l0 Nitex sieve 
(153 pm) and washed with deionized, distilled water to 
remove salts and frozen immediately. The resulting 
sample was freeze-dried in a Virtis automatic freeze 
dryer and then weighed. 

Benthic Fauna 

The 6 microcosms were sampled monthly. Ten ran- 
dom cores (4.16 cm2) were taken monthly and sliced to 
0 to 2 and 2 to 6 cm depth layers for the study of 
macrofaunal and meiofaunal abundance and composi- 
tion. The coring apparatus used during the 1977 experi- 
ment consisted of a single core tube and a ball valve on 
the end of a long pole mounted in a rigid frame which 
allowed positioning of the cores within the mi- 
crocosms. The same area was not sampled twice unless 
several months had elapsed between samples. Begin- 
ning January 1978, a flow-through coring device (5.07 
cm2) was used so as to minimize disturbance of the 
loose surface flocculent layer (Frithsen et  al., in press). 

Individual cores were initially washed through 500, 
300 and 40 km sieves. All individuals in the top 0 to 6 
cm retained by the 300 and 500 pm sieves, except the 
typically meiofaunal groups such as nematodes, 
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ostracods and copepods, were identified to species and 
counted as part of the macrofauna. Meiofauna analyses 
in the microcosms were performed on the same 10 
monthly cores per tank taken for macrofauna analyses. 
To save time, all ten 0 to 2 cm samples from each tank 
were pooled giving triplicates for each treatment. For 
this study, meiofauna are defined as Metazoa and 
Foraminifera which pass through a 500 pm sieve, but 
are retained on a 40 pm sieve, except for temporary 
meiofauna (juvenile macrofauna) retained on the 300 
km sieve. 

At the end of the experiments in 1977 and 1979, all 
the sediment in the tank (1.1 t tank-') was washed 
through 6.3 mm sieves (0.3 mm for the water column) 
and the large animals retained were enumerated and 
weighed. 

Oxygen Metabolism and Benthic Nutrient Flux 

In the 1977 experiment, benthic respiration and nu- 
trient flux were measured monthly in samples taken by 
a Plexiglas box corer (85.5 cm2). The corer and col- 
lected core (10 cm depth of sediment) were incubated 
in ambient temperature sea water in the laboratory for 
2 to 16 h, depending on the temperature and degree of 
oxygen saturation. This method of sampling resulted in 
considerable variability, partially because the corer 
often hit large oyster shells cracking the surface of the 
core. For the later experiments, a benthic chamber was 
made to fit over the entire surface of the microcosm 
sediments, and incubations were performed in situ. 

Initial and final water samples were taken in each 
incubation by siphoning through a sampling hose. 
Oxygen was measured by Winkler titration (Strickland 
and Parsons, 1968). The nutrient samples were filtered 
through Gelman Type A glass fiber filters and pre- 
served (ammonia: Degobbis, 1973; phosphate: Gilmar- 
tin, 1967). Ammonia was determined by the method of 
Solorzano (1969), nitrite-nitrate by autoanalyzer, and 
inorganic and dissolved organic phosphate by the 
method of Strickland and Parsons (1968). Oxygen and 
ammonia determinations were made the day the sam- 
ples were taken; samples for other analyses were fro- 
zen in polyethylene bottles and analyzed later. 

Occasionally during 1978 and 1979 total system 
metabolism and plankton metabolism were measured 
in Control tank 5 and Oil tank 7 by the d ~ e l  curve 
method of Odum and Hoskin (1958) and by hanging 
dark and light bottles (for successive 6 h periods) at 
various depths in the tanks. Before sampling, the mix- 
ers were turned on for 15 min to mix the water column 
to homogeneity. 

Oxygen samples were titrated within 24 h, and cal- 
culations of total system apparent production, night 

respiration and phytoplankton production were made. 
Measurements of total system metabolism were cor- 
rected for diffusion. The rate of oxygen diffusion across 
the air-water interface was determined by sparging a 
floating Plexiglas dome with nitrogen gas and measur- 
ing the increase in oxygen concentrations over time 
(Nixon et al., 1980a). 

Hydrocarbons 

Unfiltered water samples were collected from the 
tanks at approximately 10 cm below the water surface 
using a manual siphon pump and solvent cleaned glass 
containers. Samples of oil water dispersion (OWD) 
were collected in glass as it was being added to the 
microcosms. Sediments were collected with the same 
corers used for benthic fauna sampling in solvent 
cleaned stainless steel barrels, and stored frozen in 
glass containers until analysis. Work-up and analysis 
of hydrocarbons have been performed in 3 
laboratories. Detailed descriptions of individual analy- 
tical methods are given in Farrington and Tripp (1977), 
Gearing et al. (1978, 1979, 1980), and Wade and Quinn 
(1980). 

Internal standards were added to all samples before 
extraction. Water samples were extracted by shaking 
with petroleum ether or methylene chloride. Experi- 
ments showed that both solvents were effective in 
removing the freshly added oil from the water. Sam- 
ples of OWD were treated as very concentrated water 
samples. Sediments were extracted and saponified by 
refluxing with a mixture of methanolic KOH and ben- 
zene, with water added to prevent transesterification. 
The extracts were purified by thin layer (Silica gel G) 
and/or column chromatography (silica gel and 
alumina) as outlined in Gearing et al. (1978). Some 
samples were separated into 2 fractions during this 
step, the F, fractions containing the aliphatic and 
alicyclic hydrocarbons and F2 fractions the aromatic 
and polyolefinic hydrocarbons. Hydrocarbons were 
analyzed by gas chromatography (GC) using packed 
FFAP, packed SP 1000 or glass capillary SE-52 col- 
umns. 

RESULTS AND DISCUSSION 

Background Levels of Hydrocarbons 

The hydrocarbon concentrations in the water col- 
umns and sediments of the microcosms were moni- 
tored before the oil experiments from August to 
October 1976. Hydrocarbon concentrations in the 
water column of 9 microcosms averaged 7.2 pg I-' (C. 
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V. = 89 %), while bay values averaged 4.4 vg 1-' (C. 
V. = 34 %). Microcosm sediments had hydrocarbon 
concentrations averaging 140 pg g-' dry weight sedi- 
ment (C. V. = 24 %), while cores taken at the bay 
sediment source station averaged 145 vg g-' dry 
weight sediment (Gearing et al., 1980). It was con- 
cluded that there was no significant hydrocarbon con- 
tamination to the microcosms, and no differences in 
background hydrocarbon concentrations between 
individual tanks. The analytical variability for these 

the different species (Sutton and Calder, 1974; Mackay 
and Shiu, 1977). Filtration experiments with water 
samples from the microcosms showed that aromatics 
were present in dissolved form, whereas nearly all the 
fuel oil saturates were in microdroplets or associated 
with suspended solid particles (Gearing and Gearing, 
1982a). 

Oil Behavior in the Water Column 

measurements was 10 to 20 % of the mean for water 
The concentrations of petroleum-derived hydrocar- 

samples (Gearing et al., 1979) and 25 % for sediment 
bons decreased exponentially with time following 

samples (Gearing et al., 1978). 
each semi-weekly addition. Thus organisms were 

Description of Oil 

The oil used in these studies was a locally purchased 
No. 2 fuel oil, which was found to be generally similar 
in its chemical composition to the American Petroleum 
Institute standard No. 2 fuel oil. By the analytical 
techniques used, the F, hydrocarbon fraction (75 % of 
the total oil) was composed of n-alkanes from n-C,, to 
n-C,,, a series of isoprenoid branched compounds 
including norpristane, pristane, and phytane, and a 
chromatographically unresolved complex mixture of 
branched alkanes and cycloalkanes. The F, hydrocar- 
bon fraction (25 % of the total) included substituted 
benzenes, naphthalene and its C,-through C,-substi- 
tuted isomers, dibenzothiophene and C,-diben- 
zothiophenes, and phenanthrene with its C,- to C,- 
substituted isomers. The OWD used for dosing was 
slightly richer than the original oil in its content of the 
more soluble aromatic (F,) compounds (Gearing et al., 
1979), in agreement with the measured solubilities of 

exposed to a range of oil concentrations. During the 
first experiment (1977), the total hydrocarbon level 
varied from 300 to 500 @g l-I just after a dosing to 30 to 
70 pg 1-I immediately before the next dosing, with an 
overall average concentration of 190 pg 1-' (Fig. 2a). 
With the smaller additions in 1978 (second experi- 
ment), the concentration in the water varied from 
around 200 pg 1-' to 20 to 50 pg 1-l over a dosing cycle, 
with an overall average of 90 pg 1-' (Fig. 2b). Follow- 
ing the last oil addition of 1978 (third experiment, 
recovery from oil), the concentration of total hydrocar- 
bons in the water declined from 149 pg 1-' with a half 
life of 29 h. Within 1 wk the water column concentra- 
tions had decreased to baseline levels, where they 
remained for the duration of the experiment (Gearing 
and Gearing, 1982a). 

Removal from the water column was the overall 
result of several processes acting upon the oil, includ- 
ing evaporation, biodegradation, photo-oxidation, and 
sedimentation. Since experimental design did not per- 
mit the formation of surface slicks, surface wave activ- 

EXPERIMENT I ( 1 9 7 7 )  a v e  = l 9 0  ppb 
l000 

l- 
EXPERIMENT I1 (1978) o v e =  90 ppb 

Fig. 2. Daily concentrations of No. 2 fuel oil 
in water column during periods of oil addi- 
tion, 1977 and 1978. Average oil concentra- 
tions were 190 and 90 ppb, for oil addition 
periods. Circles represent single measure- * 
ments. Crosses: mean and range of values 10 
for samples taken simultaneously from more 050 100 150 200 

than 1 tank. See Table 1 for period of addi- 
tion J U L I A N  DATE 
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ity was not an important removal process and no 
attempt was made to simulate waves in the ecosys- 
tems. During the course of each experiment, the over- 
all removal rates increased in a regular manner as the 
temperature increased (Fig. 3). Gearing and Gearing 
(1982a, b) report ancillary experiments which better 
define the contribution of individual processes to these 

Total Oil 
t 

01 l I l 
5 0 100 150 200 

J U L I A N  D A T E  

I = methylnaphthalene 
150 - isomers 

18 

Fig. 3. Loss rates of hydrocarbons from microcosm water col- 
umns versus time. Loss rates are conveniently expressed as 
half lives (= ln2Aoss rate) since the declines in concentra- 
tions were exponential (C, = C,e-kT, where C, = concentra- 
tion at time T; C, = initial concentration; k = loss rate). In A, 
circles indicate half lives for total hydrocarbons in Experi- 
ment I (1977, open circles) and Experiment I1 (1978. closed 
circles). B shows half lives of n-C18 (solid circles) and methyl- 
naphthalene isomers (bars: range of values) during Experi- 

ment I1 (1978) 

l00 

50 

removal rates. From these measurements it is clear that 
organisms were exposed to higher concentrations of 
total hydrocarbons for longer periods of time during 
the early winter-spring of each experiment. 

Similarly, the average composition of hydrocarbons 
changed with time in each experiment, because the 
rate of removal of different hydrocarbons increased to 
differing extents. For instance, the half lives of n-C,,, a 
typical straight chain aliphatic hydrocarbon in the oil, 
declined in roughly the same manner as those of total 
hydrocarbons throughout the experiments, whereas 
the half lives of typical aromatic compounds (isomers 
of methylnaphthalene) were initially much longer and 

- 

- - 0  

9 

finally somewhat shorter than those of total hydrocar- 
bons (Fig. 3B). Following the initial 1978 oil addition, 
the measured half lives were: total hydrocarbons, 
247 h; total F, hydrocarbons, 182 h; norpristane, 216 h; 
n-C,,, 138 h; total F, hydrocarbons, 439 h; and 2- 
methylnaphthalene, 648 h. Following the final oil 
addition, the half lives were 29 h, 29 h, 31 h, 19 h, 29 h,  
and 19 h respectively (Gearing and Gearing, 1982a). 
Gas chromatographic analyses of the hydrocarbons 
(Fig. 4 ,  A-C) make the same points, showing that 

UNFILTERED WATER 
SUSPENDED PARTICULATES 

(*l HOUR l 

n B U N F I L T E R E D  W A T E R  

(+23  days ,  w l n r s r )  

UNFILTERED WATER 
(+2  doys, summer) n c 

MINUTES . 
Fig. 4. Gas chromatograms (relative concentration vs. elution 
time) of saturated (F,) hydrocarbons extracted from various 
compartments of the microcosms. A: pattern in water column 
immediately after addition of oil-water dispersion. This pat- 
tern was very similar to that of hydrocarbons in the original 
oil. B and C show that degradative changes which occurred 
over 23 d in winter (B) took place in only 2 d in summer (C). D 
and E: hydrocarbons extracted from suspended particulates 
on the first and second day after an oil addition. F compares 
degraded hydrocarbons in microcosm sediments 86 d after oil 
additions began with hydrocarbons from a control sediment 

(dashed area) 

changes in chemical composition that required 23 d to 
occur in late winter took place in only 2 d in summer. 
Such changes in relative composition may be as impor- 
tant as changes in total oil concentrations when toxic- 
ity is considered, since each compound probably 
affects organisms differently (e. g. Anderson, 1975; 
Hyland and Schneider, 1976; Winters et al., 1976; 
King, 1977; Batterton et al., 1978). 
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Oil Concentrations in Sediments 

Some of the aforementioned processes effectively 
reduce toxicity by removing petroleum hydrocarbons. 
Others chemically transform the hydrocarbons into 
other organic compounds of unknown toxicities. Sorp- 
tion to particles and sedimentation of oil, on the other 
hand, act to retain hydrocarbons within the ecosystem 
where they may affect organisms for a long time. 
Detailed reports of the MERL oil-sediment studies 
have been published (Gearing et al., 1980; Wade and 
Quinn, 1980). 

The pattern of sedimentary oil concentrations was 
similar in the first and second oil experiments (Fig. 5). 

OIL IN M E R L  SEDIMENTS 

Experiment I (1977) 
0 

Experiments I1 ond III (1978-79) 

'n 
m 

m . . . - I I L 1 7 1  
070 100 150 200 250 300 350 050 100 150 200 250 

JULIAN DATE 

Fig. 5. Graphs of saturated (F,) petroleum hydrocarbons (g 
tank-') found in top cm of sediment over time. Experiment I: 
75 g of F, hydrocarbons were added to each tank between 
Julian days 045 and 213. Experiment 11: 28 g were added to 
each tank between Days 065 and 187 of 1978. Values cor- 
rected for background levels of hydrocarbons. Data from 
Gearing et al. (1980) and Wade and Quinn (1980). See Table 1 

for period of addition 

After a initial lag period, when relatively little oil was 
found in the sediment, oil concentrations increased 
linearly with time. Following the cessation of addi- 
tions, the content of oil in the sediment declined 
rapidly at first, but the rate of removal decreased there- 
after. A residuum of 10 to 20 % of the total added oil 
still remained at the end of the third experiment, after 
1 yr of oil recovery. 

There was considerable chemical fractionation 
associated with sorption and sedimentation of the hy- 
drocarbons. The saturated (F,) hydrocarbons associ- 
ated with suspended particulate material (Fig. 4D, E) 
were chemically similar to F, hydrocarbons extracted 
from whole water (Figs. 4A to C) at the same time. Both 
on particles and in the sediments (Fig. 4F) there was 
loss of resolved compounds, particularly n-alkanes, 
relative to the unresolved complex mixture. The par- 
ticulate material contained up to 40 to 50 % of the F, oil 
added to the tanks (Gearing et al., 1980). In the surface 
sediments the concentration of F, hydrocarbons in the 
No. 2 fuel oil range rose from 39 pg g-l dry wt. sedi- 
ment before the second experiment to a maximum of 
806 pg g-I (which extrapolates to 47 % of the added F, 
hydrocarbons) near the end of the addition period. At 
the end of the recovery period in 1979, approximately 
12 % of the added F, hydrocarbons (concentrations of 
100 to 200 pg g-' of primarily unresolved compounds) 
remained in the sediment. 

Considerably less of the aromatic (F,) hydrocarbons 
was found on the particulates and in the sediments, 
probably because of the greater water solubility of 
these hydrocarbons. The suspended particulates con- 
tained 3 to 21 % of total F, hydrocarbons in the water 
column (Gearing et al., 1980). Sedimentary concentra- 
tions of F, hydrocarbons in the No. 2 fuel oil range 
increased from a background of 6 pg g-' to a maximum 
of 129 pg g-' at the end of oil additions (about 16 % of 
the total F, hydrocarbons added). At the end of the 
recovery period in 1979, only 5 to 10 % of the aromatic 
hydrocarbons could be found in the sediments. Com- 
pared to the water, the sediments were enriched in the 
less soluble, higher molecular weight aromatic com- 

Table 2. Comparison of sedimentary oil (F, hydrocarbons) with depth, 2 mo after the last oil addition in the 2 oil experiments 

October 4, 1977 September 9, 1978 

Depth g tank-' pg q1 dry wt. % of total g tank-' ~g g-' dry wt. % of total 
added added 

0-1 cm 9.2 729 11.9 3.1 465 11.0 
1-2 cm 6.1 331 8.0 1.35 105 4.8 
2-3 cm 0.45 28 0.6 0 0 0 
3-4 cm 0.17 9 0.2 0 0 0 
4-5 cm 0.11 5 0.1 0 0 0 

Total 16. 20.8 4.5 15.8 
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pounds over smaller, more soluble ones (Gearing et al., 
1980; Gearing and Gearing, 1982a). 

The sedimentary hydrocarbon patterns were similar 
for both oil addition experiments, but the concentra- 
tions differed (Fig. S), especially in relation to the total 
amount of oil added (cf. Gearing et al., 1979; Gearing 
et al., 1980; Wade and Quinn, 1980). The primary 
cause of the discrepancy is probably a difference in 
sampling efficiency of the 2 coring devices usually 
employed, with the flow-through corer of 1978/79 
being much more efficient than the ball-valve corer of 
1977 (Gearing et al., 1980). A comparison of values 
from samples taken with similar, open-barrel corers 
shows that approximately the same percentage of total 
added F, hydrocarbons was found after 2 mo of recov- 
ery from both experiments (Table 2). Additional dis- 
crepancy may have arisen from analytical variablility 
and from the inhomogenous distribution of oil in the 
sediment. 

tion, and function of the experimental ecosystems. 
Since much of the oil (-50 %) went to the benthos, the 
impact on benthic fauna was particularly severe and 
long lasting, especially at summer temperatures (Elm- 
gren et al., 1980b; Grassle et al., 1981; Elmgren and 

190 ppb 

CONTROL 2 2  species 
O IL  23 species 

CONTROL 2 0  species 
O I L  18 species 

O i l  Recovery 

-1 CONTROL 26 species 
01 L 25 species 

0 26 
L 1 I I I I I I I I I I ~ ~ l I I I I 1 I I I I I ~ I  

Number of Zooplankton Species 

Oil Impact on the Ecosystem Fig. 6. Zooplankton species in control and oil microcosms 
during the 3 experiments. Each location on the horizontal axis 
indicates an individual species; overlapping bars: number of 

The caused quick and identical species. For time period of the 3 experiments, see 
dramatic changes to occur in the structure, composi- Table 1 

Table 3. Percentage increase or decrease of time weighted means of the oil treatment compared to the control treatment 

Variable Experiment I Experiment 11 Experiment 111 
190 ppb 90 P P ~  Recovery from 90 ppb 

(A) Water column 
C-14 + 179%" + 37% + 4% 
Chla + 120%' + 67% + 25% 
NH3 - 77 %" - 19% - 42% 
NO2 + NO3 - 71%" - 63% - 58% 

p04 - 14% - 40% - 63% 
SiO, - 3% - 7 4 % '  - 63% 
Zoopl. biomass - 43 % - 23% - 9% 
Total zoopl. - 78%" - 16% + 10% 
Acartia tonsa + 633%"' + 463%' + 81% 
Acartia clausi - 69%' + 2% + 58% 

(B) Macrofauna 
Total macrofauna - 30%' - 42 %"  - 64 % 
Mediomastus arnbiseta - 35% - 55%" - 83% 
Nucula annulata - 37 % '  - 13% - 36% 
Yoldia limatula - 4 6 %  - 86% - 89%" 
Polydora ligni 0% + 25% - 55% 
Arnpelisca abdita - 100% - 93%' - 98% 
Chaetozone sp. + 221 % + 203 % + 276% 

(C) Meiofauna 
Total meiofauna - 38%" + 23% - 18% 
Nematodes - 46%" + 9% - 23% 
Harpacticoids - 57 %" - 35%' + 19% 
Foraminifera + 257%" + 202%' - 14% 
Ostracods - 100%'' - 94 %" - 68%' 
Juvenile bivalves - 3% - 90% - 37% 
Juvenile polychaetes + 223 % + 18% + 277 % 

Significant differences between treatments: ' U = 0.10; " a = 0.05; "' T9 = 5242; of T2 and 7 = 28 f 14 
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A C-14 PRIMARY 
PRODUCTION 

B CHLOROPHYLL a C TOTAL NITROGEN BENTHlC 
RESPIRATION 

G Acartia clausi -- H Acartia tonsa -- E ZOOPLANKTON 
BIOMASS 

F TOTAL 
ZOOPLANKTON 

I BENTHlC 
MACROFAUNA 

J BENTHlC 
MEIOFAUNA 

K Crepidula spp. 
BIOMASS 

L FISH 
BIOMASS 

500 

300 

ZOO 

LOO 

I I I ~  

Fig. 7. Time weighted mean values for the 3 oil experiments for the period of each experiment (Table 1). Hatched bars: oil 
treatments; open bars: controls. (A) Primary production using I4C method, gCm-2 d-l. (B) Chlorophyll a concentration, pg 1-l. (C) 
Total inorganic nitrogen. pg at I-'. (D) Benthic respiration, g 0, m-2 yr-l. (E) Zooplankton biomass, mg dry wt. (F) Total 
zooplankton numbers, no. m-3. (G) Acartia clausi numbers, no. m-3. (H) A. tonsa numbers, no. m-3. (I) Benthic macrofauna 
numbers, no. m-2. (J) Benthic meiofauna numbers, no. m-2. (K) Crepidula spp. biomass, g wet wt. tank-'. (L) Fish biomass, g wet 

wt. tank-' 

Frithsen, 1982). Changes brought about in the water 
column were less dramatic and were quickly moder- 
ated after the cessation of oil additions (Elmgren et al., 
1980b; Vargo, 1981). Many of the observed results 
would not have been predicted from single species 
bioassay experiments (Elmgren et al., 1980b), but have 
since been observed in a study of an accidental oil spill 
in the Baltic (Kineman et al., 1980; Elmgren and Frith- 
sen, 1982). In no compartment of the system, i. e. phy- 
toplankton (Vargo et al., 1982), zooplankton (Fig. 6), 
benthic fauna (Smith et al., 1979), did the stress of the 
hydrocarbons result in decreased species diversity, 
leading Smith et al., (1979) to comment that changes in 
species composition and density are a more reliable 
indicator of stress. 

(Fig. 7 ,  Table 3A). Primary production and chlorophyll 
tended to be higher in oil microcosms; whereas nut- 
rients and zooplankton tended to be lower (Fig. 7, 
Table 3A). The increase in phytoplankton biomass, 
particularly diatoms (Vargo et al., 1982), and the con- 
current decrease in nutrients, was thought to be due to 
a decreased grazing pressure caused by the reduction 
in the abundances of zooplankton and benthic suspen- 
sion feeders (Berman and Heinle, 1980; Elmgren et al., 
1980b; Vargo, 1981). The differences between treat- 
ments and controls were only occasionally statistically 
significant during the higher oil treatment but the 
trends remained during the lower oil treatment and the 
year of the oil recovery experiment (Table 3A). In the 
later experiments all variables, except phosphate and 
numbers of Acartia clausi, had trends consistent with 
the first experiment (Table 3A). Both dominant zoo- 
plankton species were apparently tolerant of oil con- 
centrations 5 90 ppb and were able to take advantage 
of the increased phytoplankton biomass (Fig. 7). Even 
at 190 ppb A.  tonsa was high in one tank. At lower oil 
concentrations, this species did significantly better 

The Water Column 

The same trends were observed in the 3 oil experi- 
ments but they became more subtle with each succes- 
sive experiment as the oil concentrations decreased 
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than in the control tanks (Table 3A). This summer 
species may have been exposed to lower oil concentra- 
tions than winter species since the half life of oil in the 
water column was much shorter during summer temp- 
eratures than during winter temperatures (Fig. 3). 

In general, the value of a parameter had to differ by 
69 % or more before statistical significance was deter- 
mined at the level of a = 0.10 or less (Table 3A). The 
most sensitive indicators of difference were 14C pro- 
duction, ammonia, nitrite plus nitrate and total zoo- 
plankton during the first experiment. During the se- 
cond oil experiment, the oil and control tanks differed 
significantly in only their concentrations of silicate and 
Acartia tonsa. It should be noted that A, tonsa was not 
present in any numbers, due to its seasonal periodicity, 
until after oil additions ceased. In the recovery experi- 
ment there were no significant differences although a 
difference of 81 % remained for A. tonsa. Overall, there 
was slightly iess variability in oil treated tanks com- 
pared to controls. 

If healthy phytoplankton and zooplankton can be 
considered as signs of recovery, the water column of 
the oiled microcosms did indeed recover during the 
year long recovery experiment (Fig. 7). However, if 
recovery is measured by similarity between control 

A Mediornastus ambiseta B Nucula annulata 

and oil tanks, there remained differences in 
chlorophyll, nutrients and zooplankton which followed 
the trends of the two oil addition experiments (Table 
3A). 

The Benthos 

The abundance of benthic macrofauna was reduced 
in all 3 oil experiments (Fig. 8, Table 3B). Time series 
analyses show more clearly than these mean values 
that the greatest impact occurred during the summer 
when the animals became active (Grassle et al., 1981). 
The mean values are variable for individual species; 
however, with the exception of the small polychaete 
Chaetozone sp. the abundance of all species 
decreased. This decrease was as great during the 
recovery experiment as during the highest oil addition 
experiment (Fig. 8, Table 3B), indicating the long-term 
nature of the effects of No. 2 fuel oil on the benthos. 
There was no difference in species diversity between 
treatments (Smith et al., 1979), although one species, 
Ampelisca abdita, was completely absent during the 2 
oil experiments and only minimally present during the 
oil recovery experiment. Field studies have also iden- 
tified amphipods as a particularly sensitive macro- 

C Yoldia limatula -- 

E Chaetozone sp. F Ampelisca abdita G NEMATODES 

D Polydora ligni 

BOO 

400 

J OSTRACODS K JUVENILE BIVALVES L JUVENILE 
POLYCHAETES 

Fig. 8. Time weighted mean values (no. rn-l) for the 3 oil experiments for the period of each experiment (Table 1). Hatched bars: 
oil treatments; open bars: controls. A-F: macrofauna; G-L: meiofauna 
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faunal group (Bellan-Santini, 1980), specifically 
ampeliscid amphipods (Dauvin, 1979; Sanders et al., 
1980). 

The abundance of most meiofaunal groups de- 
creased during the 190 ppb oil experiment and during 
the oil recovery experiment (Fig. 8, Table 3C). Effects 
were less dramatic in the 90 ppb oil experiment. As 
with the macrofauna, the effects of the oil on the 
meiofauna were long term. The most sensitive meio- 
faunal group was the ostracods. In both oil addition 
experiments, ostracods were nearly eliminated from 
the oiled microcosms. This result agrees well with field 
studies (Chasse, 1978; Elmgren et al., 1980a). 

Juvenile polychaetes (temporary meiofauna) 
increased in abundance in the oiled microcosms dur- 
ing all 3 oil experiments (Table 3C). They were the 
only benthic metazoan group to do so. Foraminifera 
(Elmgren et al., 1980b; Grassle et  al., 1981) and benthic 
ciliates (Elmgren et al., 1980b) - the only protozoan 
groups measured - showed similar increases in abund- 
ance. The increased abundance of these 3 groups in 
the oiled microcosm may be due to 2 mechanisms: the 
reduced competition and predation pressure from 
organism groups more sensitive to the petroleum hy- 
drocarbons; or an increase in food in the form of 
benthic bacteria capable of metabolizing petroleum 
hydrocarbons. Unfortunately, it is difficult to assess the 
magnitude of these 2 processes. Although no direct 
counts of benthic bacteria were made, Gearing et al. 
(1980) estimated that biodegradation affected the 
removal of 80 to 90 % of the oil in the sediments. 

The meiofauna were affected more quickly than the 
macrofauna in the first oil addition experiment. 
Nematodes and ostracods were both significantly 
lower in abundance in the oiled tanks within 33 d of 
the first oil addition, whereas no major macrofaunal 
group showed a significant difference between treat- 
ment until 121 d after the first experiment began. The 
earlier response of the meiofauna was most likely due 
to faster metabolic rates characterizing meiofaunal 
groups (Gerlach 1971, 1978; Coull and Bell, 1979). 

Other Fauna 

Greater biomass of fish was recovered from the oil 
microcosms (16.8 t- 2.2 g wet wt.) than from the con- 
trols (9.2 f 2.7 wet wt.) at the end of the recovery 
experiment (Fig. 7). In both, most were bottom feeders 
(little sculpin, winter flounder, cunner, tautog); 2 
species (sandlaunce and pipefish) in 1 oil tank were 
zooplankton feeders. Also at the end of the recovery 

more than one control tank (Fig. 7). The only numerous 
organisms on the tank walls were Crepidula of which 
6-10 % were C. plana and the remainder were C. 
fornicata. Using the one control tank value (32 g total 
wet weight) there was from 6 to 20 times more Cre- 
pidula biomass on the oil tank walls (180, 471, and 
698 g total wet wt. Crepidula). Apparently the reduc- 
tion of benthic suspension feeding organisms resulted 
in more food channeled to fish living in the water 
column and molluscs living on the tank walls. We 
suggest that as one part of the system, the benthos, was 
stressed, another part, the water column, took advan- 
tage of the increased food supply. 

Oxygen Metabolism and Benthic Nutrient Flux 

Benthic respiration was lower in the oil microcosms 
than in the control microcosms in all 3 oil experiments 
(Fig. 9). During the 190 ppb oil addition experiment (I), 
the procedure by which respiration and nutrient flux 
were measured resulted in high variability and no 
significant differences could be shown between the oil 
treatment and the controls. The values were also low 
compared to later microcosm measurements and field 
measurements (Nixon et al., 1976; Nixon et al., 1980b). 
The in s i tu  method of measurement used in the second 
and third oil experiments was more sensitive. Signifi- 
cantly ( a  = 0.05) reduced respiration in the oil micro- 
cosms was measured during the maximum impact of 
the 90 ppb oil additions (June 1978). Summer measure- 
ments made during the early part of the oil recovery 
experiment also showed significantly reduced respira- 
tion although the difference decreased with time 
(Fig. 9). 

During June 1978, die1 partitioning of metabolism 
revealed no wall production or respiration occurring in 
the oil microcosms, although twice a week brushing 

JUN '78 J U L ' ? ~  AUG ' 78  OCT '78 
3 0 ~ "  recovery recovery recovery  

0 

PHYTOPLAN KTON 

-B ;:"p: 
WALL 

B E;. 

C Oil 

S E D I M E N T  

R e s p  

experiment, more Crepidula were found on oil tank 
Fig. 9. Die1 partitioning of metabolism in individual control 

than On tank they were (C) and treatment (oil) microcosms during second and third 
observed too late to obtain a quantitative sample from experiments (90 ppb and recovery) 
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did not remove all the epiflora and fauna in control Table 4. Integrated annual values for benthic flux during the 

microcosms. The oil microcosms visually appeared to oil recovery experiment 

have less wall growth during both addition experi- 
ments. Throughout the recovery experiment benthic 
respiration and nutrient flux remained lower in the 
oiled microcosms compared to control microcosms 
(Table 4). This reduced benthic remineralization of 
nutrients provides partial explanation for the low nut- 
rient concentrations in the water column (Table 3A). 

Energy Cycling Models 

Simplified conceptual energy models of the state of 
the ecosystems in control microcosms, 190 ppb oil 
microcosms and the 90 ppb oil recovery microcosms 
summarize differences due to treatment (Fig. 10). They 
also illustrate the effects that would be expected in the 
natural ecosystem experiencing a similar impact (Elm- 
gren and Frithsen, 1982). Carbon biomass from mean 
values and from biomass values at the end of Experi- 

CONTROL 
S U N L I G H T  

0- 
N U T R I E N T S  

- - 
- - - - - - - - - - - - - - - - - - - - - - - - - - 

NUTRIENTS ~ ~ Z ~ O P L A N K T O N  *'I 

O I L :  190ppb 

O I L  R E C O V E R Y :  from Wppb 

S U N U G H T  c- 
; -0-br~;~; F A U N A  

Fig. 10. Conceptual energy flow diagrams of control system, 
system impacted with 190 ppb oil, and system recovering 
from oil. Dashed lines: weak or less than normal rates. Energy 

language symbols from Odum (1972) 

Benthic flux Control Oil As per- 
recovery centage 

of control 

o x ~ g e n  (g 0 2  m-z rl) 309 211 68 
Ammonia 

(mg - at N m-' F-') 869 593 68 
Nitrite + Nitrate 

(mg - at N m-' yr-l) 94 35 37 
Phosphorus 

(mg -at  P m-2 yr-l) 84 60 7 1 
Dissolved organic phosphorous 

(mg - at P m-' F-') 18 7 39 
Silicate (mg - at Si m-'yr-') 1019 502 4 9 

ments I and 111 was calculated to compare compartment 
size within the ecosystems (Fig. 11). The treatment 
patterns revealed include more chlorophyll in the oil 
treatments compared to controls and lower values for 
benthic macrofauna, predators, and suspension feeders 

1977 1978 

C D I T R I .  OIL ~ T W C  OIL 
: ia w e  YO pm 

CHLOROPHYLL - -a a- 
ZOOFLANKTON - o 0 

BENTHIC - o D 

MACROFAUNA 

BENTHIC 
MEIOFAUNA - o U e 

W UATA 

FISH 

SUSPENSION 
FEEDERS - 
LAM B m r F S  
- s P  
t " U E S  n 

c ri2 - U 
Fig. 11. Comparison of carbon in various compartments dur- 
ing 3 oil experiments. Chlorophyll and zooplankton carbon 
calculated from time weighed means. Macrofauna and 
meiofauna carbon calculated from last sampling before end of 
experiment. Benthic predators (crabs, shrimp, gastropods, 
fish) and suspension feeders (large bivalves. Crepidula, tuni- 
cates) were sampled when tanks were tom down and sedi- 
ment sieved at end of 190 ppb oil experiment and at end of 
recovery experiment. The calculation of carbon pools 
involved a number of assumptions: (1) C: Chl a = 30; (2) 
zooplankton dry wt. + 2  = zooplankton carbon; (3) one 
biomass measurement of 44 X 103 individuals = 13.24 g ash- 
free-dry wt. (+2  for C) was applied to all measurements of 
macrofauna individuals, except 1979 oil recovery where a 
separate biomass estimation was made for Chaetozone based 
on its most probable size (0.10mm3); (4)  one biomass mea- 
surement of 10.4 X 106 individuals = 11.08 g wet wt. (X 0.2 to 
give dry wt. + 2  for C) was applied to all measurements of 
meiofauna; (5) large an~mals  screened from end of experi- 
ments were converted to dry wt. by multiplying by 0.2 and 
dividing by 2.52 m2 and 2 to give gC m-2. except wet weight 
to dry weight conversions for gastropods and large bivalves 

(. l) ,  Crangon (.17), Crepidula (.067), and tunicates (.091) 
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in the oil treatments compared to controls. These treat- 
ment effects become reduced in Experiments I1 and 111 
compared to Experiment I .  Differences between exper- 
iments include higher control values of meiofauna and 
macrofauna in Experiments I1 and 111 compared to 
Experiment I ,  and correspondingly, a higher value for 
predators in Experiment I compared to 111. In general 
the effect of the oil was apparent on both large and 
small compartments. 

The chronic input of 190 ppb of No. 2 fuel oil had a 
drastic effect on the system although the total amount 
added of 108 g was small. Diatoms increased as the oil 
reduced zooplankton and fauna which normally graze 
them down (Vargo et al., 1982). The reduced benthic 
nutrient flux may also have helped prolong diatom 
succession into summer when normally dinoflagellates 
and microflagellates appear. In the benthos Foraminif- 
era and other ciliates increased, taking advantage of 
ungrazed diatoms, bacteria and fresh detritus in the 
surface flocculent layer as the normal grazing pressure 
on them by larger benthic fauna relaxed. During the 90 
ppb oil additions the effects were less drastic, partly 
because most of the experiment was carried out in the 
colder months. However, the benthos was again sig- 
nificantly reduced by June. After 1 yr the benthos had 
not recovered, although the water column community 
fluorished and included biomasses of juvenile fish and 
filter feeders larger than those in control microcosms. 
However, just as the effects of the oil were most severe 
during the warmer summer months, so were rates of 
recovery highest. Thus if the experiment had con- 
tinued another 2 or 3 mo, the return of normal benthic 
biomasses and function may have occurred. 

Perspective 

The toxicities of the components of hydrocarbons are 
unknown but generally No. 2 fuel oil and other refined 
products are more toxic than crude oil (Gordon and 
Prouse, 1973; Rice et al., 1976; Batterton et al., 1978). 
The water soluble fraction of No. 2 fuel oil may be less 
toxic than the less water soluble fraction, although 
there is controversy over the toxicity of the aromatic 
soluble and insoluble fractions (Rice et  al., 1976; Win- 
ters et al., 1977; Batterton et al., 1978). Metabolites 
may be more or less toxic than parent compounds; for 
example, alkylation of aromatics seems to increase the 
toxicity of parent compounds (Rice et  al., 1976). 
Further, hydrocarbons bound to particulates, the gen- 
eral form of chronic inputs from sewage effluents, may 
be less bioavailable and therefore less toxic than dis- 
solved or droplet forms (Rossi, 1977). The instability of 
oil in water and the difficulty of accurate analyses of 
components lead to further uncertainty about toxic 

components. For these reasons we do not know what 
components of the No. 2 fuel oil led to the impacts 
observed in these experiments and we must be cauti- 
ous about extrapolating from these results to field 
situations where the hydrocarbons are not No. 2 fuel 
oil. However, along the Northeast coast of the United 
States No. 2 fuel oil is the main type of hydrocarbon 
transported and it is often spilled and it is a component 
of the hydrocarbons which enter the heads of estuaries. 

At the heads of estuaries a variety of anthropogenic- 
ally derived pollutants enter the water from rivers, 
land runoff, and sewage treatment plant effluents. 
These pollutants include hydrocarbons, nutrients, met- 
als and toxic organic compounds. Field studies reveal- 
ing lowered environmental quality and depressed 
biota have not revealed the causative substance (Wid- 
dows et al., 1980-81). The microcosm results, however, 
have shown that chronic water column concentrations 
of No. 2 fuel oil greater than 100 ppb and surface 
sediment concentrations of 500 ppm alone will cause 
long lasting environmental damage. Hydrocarbon con- 
centrations of these magnitudes may not be so toxic if 
the hydrocarbons are not No. 2 fuel oil or the oils are 
very weathered or tightly bound to particles. These 
levels of concentration should, however, pose an alert 
for potential damage. They are levels that are com- 
monly measured in the water columns of urban water 
fronts and in the surface flocculent layer of sediment. 
In Narragansett Bay sediment, concentrations of this 
magnitude occur almost halfway down the estuary 
(Van Vleet and Quinn, 1978). 

SUMMARY 

(1) The No. 2 fuel oil in these experiments was 25 % 
aromatic dissolved in the water of the microcosms and 
75 % saturates in micro-droplets or associated with 
suspended solid particles in the water column. 

(2) The concentrations of oil in the water decreased 
exponentially with time after each addition with half 
lives decreasing from days to hours from winter to 
summer temperatures. 

(3) About 50 % of the added oil went to the surface 
flocculent layer of the sediment. As it became incorpo- 
rated into the sediments its degradation rate became 
slow and 10 to 20 % of the oil reaching the sediment 
was still present 1 yr after additions had ceased. 

(4) Oil concentrations of 190 ppb in Experiment I 
reduced zooplankton in the water column; water col- 
umn effects were slight at oil concentrations of 90 ppb 
in Experiment 11. During the oil recovery Experiment 
111, oil concentrations quickly declined to background 
levels and there were no detrimental impacts due to oil 
on the water column. 
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(5) O i l  impacts  o n  ben th ic  fauna  w e r e  severe  a n d  

l o n g  last ing;  1 yr after t h e  cessation of oil addi t ions t h e  

ben thos  h a d  not recovered. Benthic respiration a n d  
nu t r ien t  flux w e r e  reduced  dur ing  this year  i n  t h e  oi led 

microcosms compared to t h e  controls. 
(6) Indirect effects of t h e  oil  included increased phy- 

toplankton a n d  ben th ic  diatoms, a n d  increased num-  

b e r s  of Foraminifera a n d  t h e  polychaete  Chaetozone 
sp. T h e s e  increases  probably resulted from reduced  
graz ing  pressure from oil impacted species. Another  

indirect  effect was e n h a n c e d  productivity of t h e  wate r  

co lumn dur ing  t h e  oil recovery experiment .  This  com- 

ponent  of t h e  system s e e m e d  to t a k e  a d v a n t a g e  of t h e  
reduced  ben th ic  activity b y  utilizing a greater  portion 

of t h e  pr imary productivity t h a n  occurred in t h e  control 
microcosms. 

(7) Whi le  t h e  toxic components  of hydrocarbons are 
difficult t o  define a n d  analyze,  these  microcosm results 
sugges t  that  ben th ic  f a u n a  i n  estuaries  receiving 

chronic hydrocarbon addi t ions m a y  b e  d e g r a d e d  d u e  
to these  hydrocarbons e v e n  w h e n  t h e  wate r  column 

a p p e a r s  particularly productive. 
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