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ABSTRACT: Three experiments were conducted to investigate the responses of benthic rneiofauna to 
long-term, low-level additions of No. 2 fuel oil in large (13 m3), outdoor tanks (mesocosms) containing 
sediment and sea water from Narragansett Bay, Rhode Island, USA. In the first experiment, an average 
water column oil concentration of 190 ppb was maintained for 168 d followed by a 64 d period of no oil 
additions. During the second experiment, an average oil concentration of 90 ppb was maintained for 
122 d. A 386 d period of no oil additions (Experiment 111) followed Experiment 11. The abundances of 
metazoan meiofauna decreased during oil addition periods in Experiments I and I1 with the oil more 
extensively affecting the meiofauna in the first experiment. In both experiments, ostracods and 
harpacticoid copepods were the most sensitive metazoan groups. In contrast, abundances of protozoan 
meiofauna (foraminiferans and ciliates) were higher in the oiled mesocosms. Abundances of most 
meiofaunal groups returned to levels similar to the controls within 2 to 7 mo following the termination 
of oil additions. However, the abundances of kinorhynchs and halacarids remained depressed for more 
than 1 yr after the last oil addition, presumably due to residual oil in the sediments. 

INTRODUCTION 

Effects of petroleum hydrocarbons on meiofauna 
have been little studied compared to the number of 
investigations conducted on macrofauna. However, 
meiofauna could be better indicators of environmental 
stress than macrofauna due to their smaller size, shor- 
ter generation time, and a life-style almost always 
limited to the benthos (Fenchel 1967, Marcotte & Coull 
1974, Pequegnat 1975, Cantelmo & Rao 1978, Boucher 
1980). The majority of studies dealing with the effects 
of petroleum hydrocarbons on meiofauna have looked 
at communities affected by accidental oil spills from 
tankers or refineries (Rutzler & Sterrer 1970, Wormald 
1976, Giere 1979, Boucher 1980, Eskin 1980, Renaud- 
Mornant 1981, Bodin & LeMoal 1982, Bodin & Boucher 
1983, Elmgren et al. 1983). Most of these studies suffer 
from lack of true controls and long-term data describ- 
ing the.natura1 temporal variations of meiofaunal com- 
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munities, elements needed to define effects that are 
caused by oil (Mann & Clarke 1978, Teal & Howarth 
1984). The studies of Bodin & Boucher (1983) and 
Elmgren et al. (1983) are noted exceptions. Addition- 
ally, the environmental concentrations of petroleum in 
the water column and the sediments are often 
unknown, especially at the beginning of these drarna- 
tic pollution events. 

The purpose of this study is to detail the responses of 
benthic meiofauna to long-term, low-level inputs of 
No. 2 fuel oil such as may be present at the heads of 
urbanized estuaries and bays. An estimated 42 % 
(National Academy of Science 1985) of all anthro- 
pogenic sources of oil entering the oceans enters these 
areas through municipal and industrial discharges, 
rivers, and land runoff from highways, parking lots, 
and industrial areas (Connell 1982, Hoffman et al. 
1983). No. 2 fuel oil was chosen because it is a signifi- 
cant fraction of the mixture of petroleum hydrocarbons 
entering estuaries such as Narragansett Bay (Van 
Vleet & Quinn 1978) and because of its large tanker 
volume in the northeastern United States. A synopsis of 
the structural and functional responses of the entire 
experimental ecosystem during this work has been 
presented by Oviatt et al. (1982), and preliminary 
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benthic results reported in Elmgren et  al. (1980a), 
Grassle et  al. (1981), and Elmgren & Frithsen (1982). 

METHODS 

Mesocosm description. Experiments were conducted 
in large, outdoor tanks (mesocosms, see Grice & Reeve 
1982) at the Marine Ecosystems Research Laboratory 
(MERL), University of Rhode Island, USA. The advan- 
tages and limitations of the use of experimental 
ecosystems in ecological research have been reviewed 
in Parsons et al. (1978), Giesy (1980) and Grice & Reeve 
(1982). 

The MERL mesocosms (Fig. 1) contain both seawater 
and sediments and simulate the Narragansett Bay 
ecosystem. Comparisons between data from control 
mesocosms and from Narragansett Bay demonstrate 
that the mesocosms simulate the natural ecosystem 
closely, with respect to hydrodynamic mixing and tur- 
bulence (Nixon et al. 1980), primary production (Oviatt 
et al. 1981), and nutrient concentrations and dynamics 
(Pilson et  al. 1980). Phytoplankton species composition 
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Fig. 1. MERL mesocosm. Height 550 cm, inner diameter 
182 cm, seawater volume 13 m3, sediment depth 30 cm. Tur- 
bulence created using a vertical plunger operating for 2 out of 
every 6 h. All 6 mesocosms used were operated in a flow- 
through mode with a water residency time of approximately 
27 d. This residency time matched the average water resi- 
dency time calculated by Pilson (1985) for Narragansett Bay. 
Salinity was 28 to 30 Yw; temperature was maintained wlthin 

t 3°C of ambient bay temperature (see Fig. 2) 

and seasonal successional patterns between the bay 
and the tanks are similar (Vargo et al. 1982) and the 
structure and composition of control mesocosm benthic 
communities are similar to communities in  the bay, 
although abundances in the mesocosms are generally 
lower (Grassle et al. 1981; Frithsen 1984). 

Experimental outline. Three experiments were con- 
ducted using the water accommodated fraction of No. 2 
fuel oil (Table 1). The composition of this fraction have 
been reported by Gearing et al. (1979). ,In the first 
experiment (Experiment I ) ,  oil was added twice 
weekly (Gearing et al. 1979) yielding an average total 
water column hydrocarbon concentration of 190 pg 1 - I  

(ppb) (Oviatt et al. 1980). In the second experiment 
(Experiment 11), using new sediments, twice weekly 
additions of oil were made yielding an average water 
column concentration of 90 ~g 1-I (Oviatt et  al. 1982). 
A period without oil additions followed each experi- 
ment in order to measure the recovery, if any, of 
affected ecosystem parameters. The recovery period 
after Experiment I was short (64 d), whereas the recov- 
ery period after Experiment I1 was more than a year 
(386 d)  and was referred to as Experiment 111, as in 
Oviatt et al. (1982). In all experiments, 3 mesocosms 
served as controls and 3 mesocosms received oil addi- 
tions and were used in the recovery periods. All 6 
mesocosms received daily inputs of water from Narra- 
gansett Bay to maintain a water residency time of 27 d. 

Analyses. In Experiment I ,  ten 4.15 cm2 cores were 
taken from each of 2 sets (control and oiled) of meso- 
cosms using a remote, thin-walled, metal corer 
attached to a long pole. This remote corer was replaced 
by a flow-through remote corer (5.06 cm2) in January 
1978 in order to more accurately sample the sediment's 
surface flocculent layer (Frithsen et al. 1983). Each core 
was sectioned (0 to 2 cm and 2 to 6 cm depth horizons) 
and individually preserved in 4 % buffered formalde- 
hyde. Macrofauna (organisms retained on a 300 pm 
sieve) were analyzed by J. F. Grassle's laboratory at 
the Woods Hole Oceanographic Institution. 

Meiofauna, here defined as metazoans and 
foraminiferans that pass through a 500 sieve, and 
are retained on a 40 Km sieve. Since there was an 
overlap between the macrofauna definition used by 
Grassle's laboratory and the meiofauna definition used 
at MERL in the 300 to 500 pm range, all specimens on 
the 300 pm sieve commonly considered to be mac- 
rofauna (polychaetes, oligochaetes, bivalves, gas- 
tropods, turbellarians) were included in the mac- 
rofauna total abundance and all other groups were 
considered meiofauna. All specimens passed through 
the 300 pm and retained by smaller sieves were con- 
sidered meiofauna. 

The quantitative analysis of benthic meiofauna is 
much more time consuming than the analysis of mac- 
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Table 1. Outline of oil experiments 

Experiment I Experiment I1 Experiment I11 
1977 1978 1978-1979 

Oil addition period (d) Feb 14 - Aug 1 (168) Mar 6 - J u l 6  (122) None 
Recovery period (d) Aug 1 -0ct 4 (64) None Jul6 - Ju127 (386) 
Oil added 108 g (43 g m-,) 40 g (16 g m-2) None 
Mean water column 011 

concentration 190 ppb 90 P P ~  7 P P ~  
Percent of oil in Sediment 

at end of experiment ? 50 10 -20 
Tanks per treatment 3 3 3 
Number of meiofaunal samples 

per oil addition period 6 4 
Number of meiofaunal samples 

per recovery period 3 - 4 
Temperature range 1-23 'C 0-21 "C 0-23 "C 

test (snedecor & 1967) was used, Treatments Fig. 2.  MesOcOsm expressed as a 3 d running 
average. Oil concentrations in sediments (0 to l cm), F, were considered significantly different at the alpha 0.1 
(aliphatic and alicyclic) and F, (aromatic and polyolefinic) 

level if all 3 replicates from 1 treatment were greater hydrocarbons. Carets below horizontal axis show the begin- 
than all 3 replicates from the other treatment (2-tailed ning and end of each oil addition period 

rofauna. Therefore, all 10 cores from a single meso- test). The mean, range, and individual values for each 
cosm tank were combined to form 1 composite sample mesocosm were plotted (Fig. 3 to 5) so that significant 
per tank. This left 3 replicates per treatment with no changes could be discerned between treatments for 
measurement of within tank variability. Only the 0 to each point in time. A non-parametric, multivariate 
2 cm sedimentary horizons were regularly analyzed for analysis of variance (SAS 1982) was conducted for all 
meiofauna. Eight of the deeper, 2 to 6 cm sedimentary groups using data collected during the oil addition 
horizons were examined to compare vertical zonation periods only, and separately for the recovery periods. 
patterns between treatments. 

The decantation procedure of Uhlig et al. (1973) and 
the subsampling methods of Elmgren (1973) were used 

RESULTS 

in the quantitative analysis of meiofauna. A succession Experiment I 
of sieves (300, 200, 100 and 40 pm) was used to study 
size distribution trends through the experiment. All Oil behavior 

specimens were identified to the lowest possible, eas- Almost no oil accumulation was measured in sedi- 
ily recognizable taxonomic group. Further details of merits during the colder winter and early spring 
the methodology and a complete tabulation of the size months (Fig. 2), After an initial lag phase and with an 
fractionated abundance data may be found in Frithsen 
(1984). 

Procedures used for sediment hydrocarbon measure- 
ments (Fig. 2) are described in Wade & Quinn (1980) ? 
and Gearing et al. (1978, 1979, 1980). Internal stan- 
dards were added to all samples before extraction. Oil 
in the water column was extracted by shaking with 
petroleum ether or methylene chloride. Oil in sedi- 
ments was extracted and saponified by refluxing with ,,, 
a mixture of methanolic KOH and benzene. Extracts E - 400i 
were purified by thin layer (silica gel G) and/or column 

80 O 

chromatography. Samples were separated into 2 frac- E 
tions: a F, fraction containing aliphatic and alicyclic g 
hydrocarbons, and a F, fraction containing aromatic $ 40- 
and polyolefinic hydrocarbons. Hydrocarbons were 20 

analyzed by gas chromatography using packed FFAP, o 

TEMPERATURE 

N 
T O r A L  F /  HYOROCRRBONS 

, A~TK 
TOTAL F2 HIoROtARBONS 

- 

NO D A T A  

- 

packed SPlOOO or glass capillary SE-52 columns. I * ,  ( n 

1977 L 1978 1979 

Statistics. The non-oarametric Wilcoxon's rank-sum DATE 
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increase in water temperature (Fig. 2) ,  sedimentary oil 
concentrations rapidly increased until the end of the 
oil addition period in early August. Sediment hydro- 
carbons then decreased exponentially following the 
termination of oil additions (Oviatt et  al. 1982). The 
temporal pattern of sediment hydrocarbon concentra- 
tions was  similar for both the aliphatic (F,) and aroma- 
tic (F,) fractions. However, the differential water sol- 
ubilities of fuel oil hydrocarbons resulted in the depo- 
sition of a relatively greater proportion of aliphatic 
hydrocarbons than aromatic hydrocarbons (Gearing 
et al. 1980). The rate of removal of waterborne oil 
due  from all processes increased with temperature 
(Gearing & Gearing 1982a, b).  

The rapid increase of sediment hydrocarbon con- 
centrations measured in the  early spring may have 
been a n  artifact of sampling since more care was taken 
to sample and analyze flocculent detritus at  the surface 
of the sediment starting in June (Wade & Quinn 1980). 
Measured sediment hydrocarbon concentrations dur- 
ing this first experiment were considered minimal esti- 

12000 C TOTAL MEIOFAUNA 

mates since the coring device used did not adequately 
collect the surface floc containing much sedimented oil 
(Gearing et al. 1980, Wade & Quinn 1980). 

Metazoan meiofaunal responses 

The abundance of most metazoan groups was lower 
in the  oiled tanks than in control tanks. Within 37 d 
after the first oil addition, the abundance of all 
meiofauna in the oiled tanks was 27 % lower than in 
the controls, despite initially higher densities the pre- 
vious November (Fig. 3). This difference became sig- 
nificant by April 20 and remained so, with the excep- 
tion of May, throughout the oil addition period (Feb 14 

to Aug l ) ,  and for 30 d after the oil additions had 
ceased. 

Since 77 % of all meiofauna in both the control and 
oiled tanks were nematodes, the dynamics of this 
group was similar to that of the total rneiofauna 
(Fig.3).  Additionally, the size distribution of 
nematodes in the oiled tanks changed compared to 
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- Fig. 3. Abundances of total meiofauna, 
nematodes, harpacticoid copepodites and 

- adults, harpacticoid nauplii, and ostracods. In- 
dividual, range, and mean values given for the 

\ ,  , 
control (solid line) and oiled (broken line) meso- 

I cosms. Carets below horizontal axis show the 

1977 1978 1979 beginning and end of each oil addition period. 
Abundances can be converted to number m-2 

DATE by multiplying by 1,000 
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that in the controls during the oil addition period. 
Nematodes in the oiled tanks were larger than those in 
the controls as indicated by the percentage of 
nematodes enumerated in each size fraction (Table 2). 
During the recovery period, there was also a greater 
proportion of large nematodes in the oiled tanks. 

Harpacticoid copepods were the second most abun- 
dant meiofaunal group sharply decreasing abundance 
in the oiled mesocosms (Fig. 3). This response occurred 
later than for the nematodes. Temporal changes in 
abundance were similar to the controls during the first 
month of oil additions, but declined quickly in April 
becoming significantly lower by May. The difference 
between treatments was significant until the begin- 
ning of August when control tank abundance also 
declined. An apparent recovery of the harpacticoids 
was observed after oil additions had ceased when 
harpacticoid abundance in the oiled tanks was greater 
than controls in September (Fig. 3; Table 2). Harpac- 
ticoid nauplii abundance (Fig. 3) was not significantly 
affected by the oil additions. Harpacticoid copepodites 
and adults were generally larger in the oiled tanks 
than in the controls (Table 2) during the oil addition 
period, but not during the recovery period of Ex- 
periment I. 

The meiofaunal group which showed the most 
dramatic effect due to the oil additions was the 
ostracods (Fig. 3). Within 37 d of the first oil addition, 

no ostracods were found in 2 of the 3 oiled tanks and 
only 2 individuals (representing 500 indiv. m-2) were 
present in samples from the third oiled tank. There- 
after, no ostracods were found in any of the oiled tanks. 
A decline in the control tanks in August caused the 
differences between treatments to be  non-significant 
for the remainder of the experiment. Similar late sum- 
mer declines were observed in control tanks during 
1978 and 1979. 

Other metazoan groups were also significantly 
affected by the oil additions (Table 2). Kinorhynchs 
(Fig. 4) were less abundant in the oiled tanks during 
both the oil addition period and the short recovery 
period. Fewer turbellarians (Fig. 4 )  were in the oiled 
tanks only during the oil addition period, showing a 
return to control tank abundances during the recovery 
period. The abundance of halacarids (Fig. 4 )  was not 
significantly different between treatments during the 
oil addition period. However, these organisms were 
absent from the oiled mesocosms during the recovery 
period. 

The only metazoan meiofaunal group to increase in 
the oiled mesocosms was juvenile polychaetes (Fig. 5; 
Table 2). Polychaete abundances in the oiled tanks 
was significantly greater than abundances in the con- 
trol tanks during the oil addition period. This result is 
in contrast to those reported for the macrofauna by 
Grassle et al. (1981) where the capitellid Mediornastus 

Table 2. Results of univariate analysis of variance using ranked data 

Experiment I Experiment I1 Experiment III 
Oil addition Recovery Oil addition Recovery 

Total meiofauna C > O  " '  C > O " '  NS NS 

Nematodes C > O  " '  C > O  "' NS NS 
Desmoscolecidae NS NS NS NS 
Percent on 40 pm sieve C > O "  NS NS NS 
Percent on 100 pm sieve 0 > C m  NS NS NS 
Percent on 200 pm sieve O > C "  NS NS NS 
Percent on 300 pm sieve O > C "  O > C  " '  NS C > O "  

Harpacticoid copepods 
Adults and copepodites C > O  " '  O > C  "' C > O "  NS 

Percent on 40 pm sieve C > O  "' NS NS NS 
Percent on 100 pm sieve NS NS NS NS 
Percent on 200 pm sieve O > C '  NS O > C "  NS 
Percent on 300 pm sieve NS NS NS O > C "  

Dead Adults and copepodites O > C '  NS O > C '  NS 
Nauplii NS NS NS NS 

Ostracods C > O  "' NS C > O  "' NS 
Turbellanans C > O "  NS NS NS 
Kinorhynchs C > O "  C > O  "' NS C > O  "' 
Halacarids NS C > O "  NS C > O  "' 

Foraminiferans O > C  "' O > C "  O > C "  NS 
Ciliates O > C  "' NS O > C  "' NS 
Juvenile polychaetes O > C '  NS NS NS 

NS No significant difference between treatments; C control; 0 oiltanks 
" ' Alpha < 0.01; " Alpha < 0.05; ' Alpha < 0.10 
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ambiseta, decreased shortly after the start of the oil 
additions and remained depressed throughout the 
experiment. Only the rarer polychaetes Nereis virens 
and Chaetozone sp. increased abundance in the oiled 
tanks. 

Protozoan meiofaunal responses 

In contrast to most metazoan groups, the number of 
protozoan meiofauna increased in the oiled tanks. 
Foraminiferans (Fig. 5 )  showed sharply and signifi- 
cantly increased abundances. The difference between 

treatments might have been greater had foraminiferan 
abundance not been significantly lower in the tanks to 
be oiled immediately before the start of the addition 
period. Significant differences between treatments 
were evident from May to July. 

Although foraminiferans were the only protozoan 
group reliably enumerated with the methodologies 
used, large, robust ciliates retained by a 40 pm sieve 
and able to withstand preservation and sieving without 
fragmenting were also counted, but not included in the 
calculation of total meiofaunal abundance. These cili- 
ates were significantly more abundant in the oiled 
tanks compared to the controls (Fig. 5; Table 2). This 
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result was corroborated by Elmgren et al. (1980a) with 
direct counts of ciliates in live samples. 

Depth distribution 

Surface sediments and sediment surface floc had the 
highest concentration of oil (Wade & Quinn 1980) since 
most of the oil reached the sediment associated with 
settling particles. To test the hypothesis that 
meiofauna would use deeper sediments as refuge from 
high oil concentrations in surface sediments, 6 samples 
(3 from each treatment) from the 2 to 6 cm horizons 
were analyzed during the oil addition period. The 
proportion of all (0 to 6 cm) meiofauna found in the 2 to 
6 cm horizon was not significantly different between 
treatments using a non-parametric, multivariate analy- 
sis of variance (SAS 1982). 

Experiment I1 

Oil behavior 

The temporal pattern of oil accumulation in the sur- 
face sediments during the second oil addition period 
appeared similar to the first oil addition period. The 
initial lag period during which there was little or no 
accumulation of oil was, however, shorter presumably 
due to a change to a corer that more efficiently sam- 
pled surface floc material. This lag period was fol- 
lowed by a increase in oil concentrations with rising 
temperatures. The fractionation of oil in the sediments 
was similar during the 2 oil addition experiments with 
relatively more of the aliphatic hydrocarbons found on 
particulates and sediments than were present in the 
water column (Gearing et al. 1980). 

Metazoan meiofaunal responses 

The lower hydrocarbon concentrations during the 
second oil addition period in both the water column 
and, presumably, the sediments caused fewer effects 
than were observed during the first oil addition period 
(Oviatt et al. 1982). Oil additions had no effect at all on 
the total abundance of meiofauna (Fig. 3; Table 2) or 
nematodes (Fig. 3). Nematodes made up a smaller per- 
centage (57 % vs. 77 %) of the total meiofaunal abun- 
dance during the second oil addition period. 

Harpacticoid copepods were sensitive to oil in both 
experiments. Copepodites and adults (Fig. 3; Table 2) 
decreased in the oiled tanks whereas nauplii were not 
affected. Size fractionated data indicated that the har- 
pacticoids in the oiled tanks were generally larger 
than those in the controls. 

The most oil sensitive group during Experiment I1 

was again the ostracods (Fig. 3). Within 50 d of the start 
of additions, significant differences were seen between 
the control and oiled tanks. Ostracods remained at low 
densities in all oiled tanks until September when no 
individuals were found in any of the oiled tanks. How- 
ever, ostracod abundances in the control tanks also fell 
during the summer and no ostracods were found in 2 of 
the 3 controls in September. 

No other metazoan meiofaunal groups were signifi- 
cantly affected by the presence of oil during the second 
oil addition period (Table 2). However, there was a 
short-term tendency for elevated turbellarian abun- 
dances in the oiled tanks. 

Protozoan meiofaunal responses 

The abundance of protozoan meiofauna was signifi- 
cantly higher in the oiled tanks, compared to controls, 
paralleling results from Experiment I (compare 
Table 2) .  Foraminiferans (Fig. 5) made up 14% of all 
meiofauna in the control tanks during the oil addition 
period of Experiment 11, and 18% of all meiofauna in 
the oiled tanks indicating the response of this group to 
the presence of oil. Ciliate abundance also increased 
significantly during Experiment I1 (Fig. 5;  Table 2). 

Experiment I11 - Long term recovery 

Oil behavior 

Water-column oil concentrations decreased from 
90 ppb to background hydrocarbon levels within 1 wk 
after the last oil addition. However, sediment oil con- 
centrations decreased much more slowly and were still 
80 pg g-I above background concentrations in July 
1979. 

Meiofaunal responses 

Most groups affected during the oil addition period 
of Experiment I1 recovered to control tank abundances 
within 2 mo of the termination of oil additions. Ciliates 
were the exception: their abundance in the oiled tanks 
was not similar to the controls until February 1979. The 
size distribution of the nematodes and harpacticoids 
(Table 2) was not, however, similar during the recov- 
ery period. Nematodes were larger and harpacticoid 
copepodites and adults were smaller in the control 
tanks during this period. 

The abundances of kinorhynchs and halacarids in the 
oiled tanks did not significantly differ from the controls 
during the oil addition period of Experiment 11, but were 
lower during the 13 mo long recovery period of Experi- 
ment I11 (Fig. 5;  Table 2), presumably due to the 
residual presence of oil in the sediments (Fig. 2). Con- 
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trol tank populations of both groups increased during 
Experiment 111 while oil tank populations remained 
depressed. The consistently low abundance of a single 
control mesocosm (Tank 1) caused the overlap of treat- 
ment ranges for kinorhynchs during Experiment 111. 

Nematodes may also have been affected by the 
residual oil even though significant treatment effects 
were not observed. A single control mesocosm (Tank 1) 
consistently had the lowest abundance of any meso- 
cosm (control or oiled) from March 1978 to the end of 
Experiment 111. Nematode abundances in all 3 oiled 
tanks were less than the 2 remaining control tanks 
from February 1979 to the end of the Experiment 
(Fig. 3). 

DISCUSSION 

The experimental results demonstrated that small 
amounts of No. 2 fuel oil can cause rapid alterations to 
the structure of benthic meiofaunal communities. Sig- 
nificant effects were observed during Experiment I1 
when approximately 16 g oil m-2 was added over a 
122 d period. The more sensitive meiofaunal groups 
responded to water column concentrations as low as 
90 pg l-I and sediment concentrations as low as 
940 pg g-' dry weight sediment. 

Metazoan meiofauna - main effects 

Most metazoan meiofaunal groups showed 
decreased abundance in the presence of oil, especially 
during the higher oil dosage of Experiment I. Rapid 
decreases in abundances (e.g. nematodes, ostracods) 
were most likely caused by the direct toxic effects from 
the sedimented oil fractions whereas delayed 
decreases (e.g. halacarids) were most likely caused by 
the sub-lethal effects of sedimented oil and byproducts 
from the decomposition and alteration of sedimented 
oil. Further evidence for the direct toxic effects of the 
added oil came from the number of 'dead' (lightly 
stained individuals and empty carapaces) harpac- 
ticoids that were found in samples collected during the 
oil addition periods (Table 2). Field investigations fol- 
lowing accidental oil spills have also attributed rapid 
declines to the direct toxic effects of petroleum (Wor- 
mald 1976, Sanders et al. 1980, Elmgren et al. 1983), 
and laboratory studies have demonstrated the toxicity 
of many types of petroleum hydrocarbons (Neff & 
Anderson 1981) and especially aromatic hydrocarbons 
which made up 25 % (by weight) of the No. 2 fuel oil 
used (Gearing et al. 1979). 

The most sensitive group of benthic organisms in 
this study was the crustaceans, specifically ostracods 
and harpacticoid copepods. The response of the 

ostracods was similar to that of macrofaunal 
amphipods (Ampelisca) described by Elmgren & Frith- 
sen (1982) and Oviatt et al. (1982). Both the ostracods 
and amphipods were eliminated from the oiled tanks 
in Experiment I and severely reduced in Experiment 11. 
The responses of both groups to the 2 oil addition 
experiments were rapid, occurring in approximately 
l mo. 

Several other laboratory and field investigations 
have shown that amphipods are sensitive to petroleum 
hydrocarbons (Linden 1976, Percy 1977, Cabioch et al. 
1982, Sanders et al. 1980, Elmgren et al. 1983). How- 
ever, the sensitivity of ostracods to oil has been 
examined rarely. Studies of the Tsesis oil spill in the 
Baltic Sea (Elmgren et al. 1980b, Elmgren & Frithsen 
1982, Elmgren et al. 1983), the 'Amoco Cadiz' oil spill 
(Chasse 1978), and the MERL studies (Elmgren et al. 
1980a, Grassle et al. 1981, Elmgren & Frithsen 1982, 
Oviatt et al. 1982) have shown that ostracods are par- 
ticularly sensitive to petroleum hydrocarbons. 

Harpacticoid copepods were not as sensitive as the 
ostracods, maintaining a small assemblage in the oiled 
tanks during Experiment I and 11, and quickly return- 
ing to abundances similar to the controls after the oil 
addition period. Rapid recovery of harpacticoids to 
normal abundances following exposure to petroleum 
has been noted by Elmgren et al. (1983) and Bodin & 

Boucher (1983). However, long-term effects on the sea- 
sonal cycle of harpacticoids following the 'Amoco 
Cadiz' spill (Bodin & Boucher 1983) indicated that 
studies of abundance and species composition over a 
single annual cycle may not be adequate to address the 
recovery of perturbed communities. 

Metazoan meiofauna - effects on recruitment 

The separate enumeration of meiofauna retained by 
a series of sieves allowed the size distributions of 
major groups within the meiofauna to be approxi- 
mated. The finding that harpacticoids and nematodes 
in the oiled taqks were generally larger than in the 
control tanks suggested that the recruitment success of 
these 2 groups was, in some way, affected so that fewer 
juveniles, proportional to the total community, were 
present in the oiled tanks. Community size structure 
can also change due to changes in species composition 
of dominants (Hicks 1982, Boucher 1980, Alongi et al. 
1983). However, the size distribution differences 
between treatments could not be  due solely to changes 
in species composition since changes were observed in 
the smallest fraction (40 to 100 pm) that would include 
predominantly juvenile forms. Fleeger & Chandler 
(1983) demonstrated only small changes to harpac- 
ticoid community structure due to the presence of oil. 
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The observation that harpacticoid nauplii were not 
affected by the oil additions indicated that harpac- 
ticoids in the oil tanks were producing viable nauplii. 
The size distribution data (fewer copepodites of small 
size), however, suggests that these nauplii were less 
successful at metamorphosis than nauplii in the control 
tanks. Metamorphosis has been identified as a sensi- 
tive stage for other crustaceans (Hyland & Schneider 
1976). 

A similar pattern was observed for polychaetes 
where juvenile polychaetes enumerated in the meio- 
fauna1 size range increased abundance in the presence 
of oil. However, macrofaunal studies (Grassle et al. 
1981) have shown that most polychaetes decreased 
abundance in the presence of oil indicating poor 
growth of juveniles or survivorship of adults. 

Protozoan meiofauna 

The only meiofaunal group to increase abundance 
during the oil addition periods of both Experiment I 
and Experiment11 were protozoan meiofauna 
(foraminiferans, ciliates). The added No. 2 fuel oil was 
not lethal to protozoan meiofauna at the concentrations 
measured during our experiments and thriving proto- 
zoan meiofaunal communities were maintained even 
in the absence of an active metazoan community. 

The increase in the abundance of protozoan 
meiofauna in the oiled mesocosms was attributable to 
both the release of the protozoans from competition, 
predation, or disturbance pressures from the meta- 
zoans (Elmgren et al. 1980a), and the overall increase 
in food at the sediment surface. Predation and disturb- 
ance pressures on the protozoans were expected to be 
less due to the depressed abundance of nearly every 
metazoan group (Oviatt et al. 1982). Competition for 
available food resources would also be less. At the 
same time, the amount of food potentially available in 
the sediments probably increased due to increases in 
primary production (Oviatt et al. 19821, decreases in 
zooplankton biomass (Oviatt et al. 1982), increases in 
benthic diatom standing stocks (Elmgren et al. 1980, 
Langlois 1980), and increases in oil degrading sedi- 
ment bacteria. Although oil degrading sediment bac- 
teria were not measured during the MERL experi- 
ments, Davis et  al. (1979) found increases in water 
column bacteria during the experiment, and Gearing 
et al. (1980) estimated that 80 to 90 % of the oil in the 
sediments was affected by microbial biodegradation. 

1975, Boucher 1980) was not fully supported by the 
results from this study. In Experiment I, the abundance 
of nematodes (the dominant meiofaunal group) was 
significantly lower in the oiled mesocosms compared 
to the controls within 37 d of the start of the oil addition 
period, whereas none of the dominant macrofaunal 
species showed a significant difference until the warm 
summer 121 d into the oil addition period (Grassle et 
al. 1981). However, amphipods - a macrofaunal group 
that has been previously noted due to its sensitivity to 
oil - were nearly absent from the mesocosms during 
Experiment I. During Experiment 11, when amphipods 
were present, effects were seen in the macrofauna as 
rapidly as in the meiofauna. Therefore, we question 
whether meiofauna are necessarily more sensitive 
indicators of pollution stress at least in sublittoral, mud 
environments. Meiofauna may still be the most suit- 
able indicators in meiofauna dominated communities, 
such as those in sandy beaches (McLachlan & Hardy 
1982). 

Recovery time scales 

Two of the major conclusions that have come from 
synoptic studies of petroleum effects on ecosystems 
(Elmgren et al. 1980a, Kineman et al. 1980, Oviatt et al. 
1982) are that the presence of fuel oil causes wide- 
spread changes in the abundance, biomass, and func- 
tioning of communities throughout marine ecosystems, 
and that recovery from the effects of petroleum hydro- 
carbons is much faster for plankton communities than 
for benthic communities. While hydrocarbons in the 
water column are diluted and dispersed, sediments are 
a sink for hydrocarbons due to direct sinking, and the 
adsorption and incorporation of oil onto particles in the 
water column that then sink (National Academy of 
Science 1975, Gearing et  al. 1980, Wade & Quinn 1980, 
Boehm et al. 1982). Benthic organisms in such ecosys- 
tems are surrounded by petroleum contaminated sedi- 
ment where the contaminant removal processes (burial 
and biodegradation) are slow (Atlas 1981, Boehm et al. 
1982, Gearing & Gearing 1983). 

Many of the meiofaunal groups affected by the addi- 
tion of oil in Experiment I did not recover to normal 
abundances in the short recovery period following oil 
addition abatement. Even though water column oil 
concentrations dramatically decreased and sediment 
oil concentrations slowly declined, components of the 
No. 2 fuel oil that remained in the sediments were 
presumably still toxic. Most meiofaunal groups 
returned rapidly to normal abundances during the 

Meiofaunal vs macrofaunal effects Experiment I11 period of no oil additions due to the 
longer period allowed at high summer temperatures, 

The hypothesis that meiofauna are more sensitive and the lower oil concentrations used during 
indicators of oil stress than macrofauna (Pequegnat Experiment 11. Past studies (McLachlan & Harty 1982, 
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Table 3. Hydrocarbon concentrations in coastal sediments 

Location Type of hydrocarbons Concentration Source 
pg/g-' dry wt 

Providence River, Rhode Island 

North Narragansett Bay. RI 
Mid-Narragansett Bay, RI 

South Narragansett Bay, R1 

Rhode Island Sound 
Georges Bank, NE Atlantic 
Casco Bay, Maine 
Buchan Gulf + Scott Inlet, 

Baffin Island 
Raritan Bay, NJ 

New York Bight 

Hudson-Raritan Bays 
Colgate Creek. Baltimore Harbour 
Delaware Estuary 
Tampa Bay, Florida 
NE Gulf of Mexico 
NW Gulf of Mexico 
Bank of Campeche, Mexico 

(Pre Ixtoc-I spill) 
St. Georges Harbour. Bermuda 
Castle Harbour. Bermuda 
Sue Wood Bay, Bermuda 
Santa Barbara Seep, CA 
Isla Vista Seep, CA 
San Pedro Basin, CA 
San Nicolas Basin, CA 
Puget Sound, WA 
Beaufort Sea, Alaska 
Cook Inlet, Alaska 
Norton Sound, Alaska 
Northern Taiwan Strait 

Western Taiwan, Estuaries 
French Mediterranean 
River Blyth. UK 

Severn Estuary, UK 
Southampton Water Estuary, UK 
Liverpool Bay, UK 
Falmouth Bay, UK 
Firth of Clyde, UK 
Kalundborg Fjord, Denmark 
Gotland Basin. Baltic 
Gdansk Bay. Baltic 
Pommern Bay, Baltic 
Saudafjord, Norway 
Hovland, Norway 
Brofjord, Norway 
Oslofjord, Norway 
Southern Finland 

Total 
Total 
Total 
Total 
Total 

F1, Saturated 
F2, Aromatic 

Total 
Total 
Total 
Total 

Polycyclic aromatic 

Petroleum 
Total 

Total C15f 
Total 

Total C15+ 
Petroleum 
Petroleum 

Total saturated 
Total 
Total 

Aliphatics 

Total 
Total 
Total 
Total 
Total 
Total 
Total 
Total 

Total aliphatic 
Total 
Total 
Total 

Aromatic 
Aliphatics 

Total 
Total 

Total lipids 
Total alkanes 

Crude oil 
Petroleum 

Total 
Total 

N-Alkanes, C18-C33 
Petroleum 

Total 
Total 
Total 

Aromatic 
Aromatic 
Aromatic 
Aromatic 

Oil 

Van Vleet & Quinn (1977) 
Farrington & Quinn (1973) 
Farrington & Quinn (1973) 
Farrington & Quinn (1973) 
Gearing et al. (1979) 
Wade & Quinn (1979) 
Wade & Quinn (1979) 
Farrington & Quinn (1973) 
Hurtt & Quinn (1979) 
Boehm & Quinn (1978) 
Boehm et al. (1979) 
Larsen et al. (1983) 

Levy & Ehrhardt (1981) 
Stainken (1979) 
Koons & Thomas (1979) 
Farrington & Tripp (1977) 
Koons & Thornas (1979) 
Connell (1982) 
Walker et al. (1975) 
Wehmiller & Lethen (1975) 
Van Vleet & Reinhardt (1983) 
Gearing et al. (1976) 
Lytle & Lytle (1979) 

Botello et al. (1982) 
Sleeter et al. (1980) 
Sleeter et al. (1980) 
Sleeter et al. (1980) 
Spies & Davis (1979) 
Stuermer et al. (1982) 
Venkatesan et al. (1980) 
Venkatesan et al. (1980) 
Barrick et al. (1980) 
Venkatesan & Kaplan (1982) 
Venkatesan & Kaplan (1982) 
Venkatesan & Kaplan (1982) 
Jeng (1978) 
Jeng (1978) 
Jeng (1981) 
Mille et al. (1981) 
Cooper et al. (1974) 
Cooper et al. (1974) 
Thompson & Eglinton (1978) 
Knap & Williams (1982) 
Law (1981) 
Law (1981) 
Mackie et al. (1974) 
Gruttner & Jensen (1983) 
Law & Andmlewicz (1983) 
Law & Andmlewicz (1983) 
Law & Andrulewicz (1983) 
Sporstol et al. (1983) 
Sporstol et al. (1983) 
Sporstol et al. (1983) 
Sporstol et al. (1983) 
Leppakoski & Lindstrom (1978) 
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Alongi et al. 1983) have demonstrated the relative 
resilience of meiobenthic communities whereas the 
recovery of macrobenthic communities is usually much 
slower (Sanders et  al. 1980, Oviatt et al. 1982). How- 
ever, other investigators studying the aftermath of 
accidental oil spills have shown that the recovery of 
meiobenthic communities may require longer than 
found here (Wormald 1976: 15 mo, Bodin & Boucher 
1983: > 2.5 yr, Elrngren et al. 1983: at least 2 yr). This 
may be expected if the return of a normal meiofaunal 
community requires a normal macrofaunal community. 

PERSPECTIVE 

Our results have shown that the addition of very 
small amounts of No. 2 fuel oil can alter dramatically 
the structure and dynamics of benthic meiofaunal com- 
munities. It has been demonstrated previously that the 
results from the MERL oil experiments may be used to 
predict what would happen in real world ecosystems if 
the type of petroleum hydrocarbons present are fairly 
similar (Elrngren & Frithsen 1982). This leads credence 
to the use of these results to also predict the effects 
from long-term, low-level oil inputs to coastal areas, 
but since a suite of different types of oils is present, the 
value of such predictions needs testing. However, Teal 
& Howarth (1984) in a review of ecosystem level 
studies of oil spills, have concluded that oil concentra- 
tions and environmental conditions are more important 
determinants of input than the composition of oil. 

Many coastal areas are already significantly con- 
taminated with petroleum derived hydrocarbons as has 
been found by the 'Mussel Watch' program (Farrington 
et al. 1983) and other studies (Table 3). In many areas, 
sediment hydrocarbon concentrations equal or exceed 
the concentrations measured during the MERL experi- 
ments. Therefore, we suspect that the meiofaunal com- 
munities in such areas may be altered due to the effects 
of oil. Altered community structure need not be 
reflected in terms of reduced abundances since popu- 
la t ion~ may adapt to high concentrations of hydrocar- 
bons. Studies of the ecology of meiofauna in urbanized 
coastal areas should thus address sediment contami- 
nants even in areas not previously impacted by oil 
spills and tanker and refinery operations, because of 
the ubiquity of chronic sources of petroleum hydrocar- 
bons. 
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