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ABSTRACT: Natural oil seeps provide a heightened supply of organic carbon that can potentially result 
in higher numbers of infaunal organisms, yet toxic effects of oil or its by-products could have negative 
impacts. These contrasting influences make oil seeps an ideal setting to investigate the effects of a 
tradeoff between enrichment and toxicity. We explored small-scale (1 to 10 m) spatial patterns of dis- 
tribution of infauna and physical and chemical characteristics of sediments within an oil seep area 
located near Santa Barbara, California, USA. Correlation and principal components analyses revealed 
that physicochemical parameters of the sedirnents (dissolved sulfide, volatile solids, organic carbon and 
nitrogen, sediment grain size) generally covaried with one another; oil-rich samples had large grain 
size and high concentrations of organic material. Densities of nematodes were positively correlated 
with amount of oil present, whereas all other major taxa (polychaetes, gammarids, oligochaetes, 
bivalves, copepods, ostracods, cumaceans) were negatively correlated. These results contrasted with 
patterns that we observed at a much larger spatial scale (up to 1 km) where the number of organisms 
coloniz~ng trays of clean sediments was greater at 2 seepage sltes compared to 2 sites that lacked seeps. 
A field experunent tested the effects of hydrocarbon seepage on the distnbution and abundance of 
macrofauna. Colon~zat~on by infauna was assessed in trays of sediments that varied in organic enrich- 
ment (clean sediment, sediment with fresh oil, weathered oil, or sulfide). The results were consistent 
with small-scale (within-seep) patterns observed in the field survey; after 24 h, nematode densities 
were 3 times higher in the enriched trays, whereas all other taxa were most abundant in the clean trays. 
The results suggest that the biological effects of oil seepage are scale-dependent and that behavioral 
mechan~sms involving microhabitat selection may contribute to the observed spatial patterns of 
d~stributlon. 
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INTRODUCTION 

The discharge of organic material is a common 
source of anthropogenic impacts in marine environ- 
ments. Such releases can arise from a variety of activi- 
ties, including discharge of treated sewage or by-prod- 
ucts of oil processing, as well as accidental spills of 
petroleum products. Predicting the response of organ- 
isms to organic enrichment is difficult due to the diver- 
sity of direct and indirect effects that are possible 
(Pearson & Rosenberg 1978, Gray 1981). Positive 
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effects can arise from an enriched food supply that 
results from increased organic matter and microbial 
activity (Spies et al. 1980, Gray 1981, Spies & Des- 
Marais 1983, Levin 1986, Bartha & Atlas 1987, Mon- 
tagna et al. 1989, Weston 1990). Adverse effects on 
organisms can result from toxicity of particular organic 
compounds or chemical by-products of their meta- 
bolism or degradation, such as sulfide and ammonia 
(Pearson & Rosenberg 1978, Bartha & Atlas 1987, 
Thompson et al. 1989, Sandulli & De Nicola 1991). 
Some organisms might also be affected by secondary 
physical and chemical changes in the sediment result- 
ing from the aggregation of particles or changes in bio- 
turbation of the sediments by the resident organisms 
(Aller 1983, Rhoads & Boyer 1983). 
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The overall abundance of organisms in areas of 
organic enrichment can be influenced by several con- 
flicting factors (Pearson & Rosenberg 1978, Gray 1981), 
giving rise to a spatial pattern of low densities near the 
source of enrichment where adverse effects are high, 
higher densities farther away where enrichment is still 
high but toxicity lower, and intermediate densities at 
distant sites unaffected by enrichment. Infaunal densi- 
ties sampled along gradients of intense enrichment 
caused by sewage discharge and oil pollution have 
tended to show this pattern (Pearson & Rosenberg 
1978, Sandulli & De Nicolct 1991). Field experiments 
conducted by Spies et al. (1988) also were generally 
consistent with this pattern of Increased densities 
under conditions of moderate enrichment. After 35 d,  
outplanted experimental sediments that had low con- 
centrations of added organic matter (dry kelp debris or 
seep petroleum) had higher species richness and over- 
all abundance of me~ofauna ( < O S  mm) and macro- 
fauna (>0.5 mm) than sediments with higher concen- 
trations of organic materials. 

Clearly, assessments of anthropogenic effects on 
benthic communities (e.g.  caused by oil or sewage) will 
be greatly enhanced if the response to organic enrich- 
ment is understood. Natural oil seeps provide a unique 
opportunity to study the effect of chronic oil discharges 
and the tradeoff between enrichment and toxicity 
(Spies & Davis 1979, Spies et  al. 1980, Spies & Des- 
Marais 1983, Montagna & Spies 1985, Bauer et al. 
1988, Montagna et al. 1989). In addition to having a 
toxic effect, oil from seeps can contribute additional 
organic carbon which is utilized by a diverse bacterial 
and meiofaunal community. The additional organic 
matter (degraded oil, bacteria, meiofauna) can result in 
a greater food supply for macrofaunal organisms and 
an  enhancement of densities of some infaunal species 
in seepage areas. Further, the locally patchy distribu- 
tion of zones of seepage within any given seep site 
offers the potential to examine the effects of very 
small-scale gradients in enrichment and toxicity in 
addition to patterns that arise among sites with and 
without seeps. 

Here we explore relationships among densities of 
infaunal organisms and several chemical and physical 
measures of sediments to determine how infaunal 
abundances are related to the level of oil contamina- 
tion within an area of actlve oil seepage. Within the 
localized area of an oil seep, sediments vary greatly in 
degree of oil contamination on scales of a few meters. 
One major goal was to understand the relationships 
between physical and chemical aspects of the sedi- 
ment and the degree of 011 contamination, and then 
explore whether small-scale spatial patterns of abun- 
dance of macrofauna could be explained using this 
information. Chemical and physical characteristics of 

the sediments might act as cues for colonization and 
might explain some of the variation in the spatial dis- 
tribution of the taxa at oil seeps. Another goal was to 
assay movements of macrofauna using short (24 h) col- 
onization experiments to reveal whether movements 
can help account for the observed spatial variation in 
infaunal abundance at the oil seeps (Pearson & Rosen- 
berg 1978). Finally, we also examined patterns of colo- 
nization at larger spatial scales (seep and non-seep 
areas separated by several hundred meters). 

MATERIALS AND METHODS 

Description of sites. All sampling and experiments 
were conducted at the Isla Vista oil seeps (34" 24' N. 
119" 53' W) and other sites (without seeps) located off 
Coal Oil Point, Santa Barbara, California. Isla Vista 
Seep (Allen & Mikolaj 1970, Spies et al. 1980) is a 
1000 m2 area at a water depth of 20 m approximately 
1 km east of Coal Oil Point. Within the seep there is 
one large 50 m2 area of intense methane seepage and 
many smaller methane and oil seeps 0.1 to 2.0 m2 in 
area (Spies et a1.'1980) separated by relatively uncon- 
taminated sediments. 

Spatial variation in macrofaunal density and 
physicochemical characteristics. The relationship 
between the abundance of infauna and sediment char- 
acteristics within a seep area was determined by col- 
lecting and analyzing biological and sediment cores at 
a total of 74 locations at Isla Vista Seep on December 
18-20, 1990. All samples were collected by divers 
using SCUBA. Sampling locations were within a few 
meters of each other and were chosen on the basis of 
surface sediment conditions, with some samples taken 
in areas that appeared to be heavily oiled and others 
where the surface sediments were clean. Although 
amounts of hydrocarbons in each sample were subse- 
quently measured (see below), this visual assessment 
during the sampling procedure helped obtain a range 
of sediment conditions for our analyses. At each sam- 
pling location 1 core to assess infaunal density and 
6 smaller cores to assess physicochemical characteris- 
tics were collected (Table 1). An infaunal can corer 
(78 cm2) was carefully placed on the sediment. Each 
infaunal corer had its top covered with 0.25 pm Nitex 
mesh to allow water to escape and prevent loss of ani- 
mals. After placement of the infaunal corer, six plastic 
syringe cores (6 cm2 per core), to be used for analysis of 
physicochemical characteristics, were inserted into the 
sediment next to each infaunal core to a depth of 5 to 
8 cm. The infaunal corers were then ~nserted to a depth 
of 10 cm (or less if underlying solid substrate was 
encountered), and all cores (syringe and infaunal) 
were capped and removed. The top 5 cm is where most 
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Table 1 Summary of the distributional survey. A total of 74 
sites were sampled within Isla Vista Seep. n = 74 sites for 
analyses of synnge cores; n = 26 sites for analyses of infaunal 

cores 

Infaunal core (area sampled = 78 cm2 per core) 
Taxonomic groups used in analyses: 

Nematodes 
Polychaetes 
Gammarid amphipods 
Ol~gochaetes 
Blvalves 
Copepods 
Misc. worms" 
Ostracods 
Cumaceans 

Syringe cores (area sampled = 6 cm2 per syringe) 
Syringe 1. Sulfide 

Total dissolved sulfide TDS 
Syringe 2: Oil 

Total extractable hydrocarbons TEH 
Syringe 3: Organics 

Total volatile solids TVS 
Total organic carbon TOC 
Total organic nitrogen TON 
Ratio of T0C:TON C:N 
Non-oil organics (TVS-TEHlb N O 0  

Syringe 4: Sediment size 
"/U of sample > 2 mm GS2 
':,L of sample < 2 and > 1 mm GS1 
% of sample < l  and >0.5 mm GS05 
'% of sample <0.5 and >0.25 mm GS025 
':G of sample ~ 0 . 2 5  and >0.125 mm GS0125 
q& of sample <0.125 and >0.063 mm GS0063 
:.; of sample <0.063 mm GSOOOO 
V~sual  estimate of tar TAR 

Synnges 5 and 6: Frozen and archived 
"Includes slpunculids, phoronids, nemerteans 
"TEH converted (g wet/g dry) to dry mass basis for 
calculation 
I 

infauna occur (Spies & Davis 1979, Osenberg et al. 
1992), and we found that 92% of the organisms 
occurred in the top 4 cm of sediment (Steichen 1994). 

Cores for the measurement of dissolved sulfide were 
placed on ice immediately following collection. All 
other syringe cores were frozen at -25°C and analyzed 
later (for total dissolved sulfides, total extractable 
hydrocarbons, total volatile solids and CHN, and sedi- 
ment grain size and visible tar). Infaunal cores were 
fixed with buffered formalin (10% final conc.). 

Total dissolved sulfide: All cores for analysis of dis- 
solved sulfide were kept on ice and processed within 
8 h of collection. Syringes were transferred to a glove- 
box with a nitrogen atmosphere. Cores were extruded 
and a 2.5 cm depth section placed in a plastic vial that 
had several holes in the bottom which were covered 
with a glass-fiber filter, and pore water samples were 
taken using the centrifuge methods described by 

Bauer et al. (1988; see also APHA et al. 1985). Dis- 
solved sulfide was measured colorimetrically (Cline 
1969, Grasshoff et al. 1983). Absorbance was measured 
at 670 nm using a spectrophotometer with a flow- 
through cell. Calibration was done using standards 
made with sodium sulfide nonahydrate (Cline 1969). 
Total dissolved sulfide (TDS) was reported as pM S=. 

Total extractable hydrocarbons: Hydrocarbons were 
measured gravimetrically (Bauer et al. 1988) following 
extraction with acetonitrile, methylene chloride, and 
cyclohexanes. Sediments were shaken for 24 h with 
each of the solvents and the fractions combined. After 
drying with sodium sulfate and filtering, the solvents 
were rotoevaporated and the oil weighed. Total 
extractable hydrocarbons (TEH) were expressed as 
grams oil per gram wet sediment. 

Organic content: A syringe core from each of the 74 
sites was prepared for analysis of total volatile solids 
(TVS) and total organic carbon (TOC) and nitrogen 
(TON) by drying at 40°C for 48 h and then at 100°C for 
12 h. Sediments were ground using a mortar and pes- 
tle. Total volatile solids were calculated as the percent 
weight loss of a subsample of this dried powder after it 
was heated at 450-550°C for 1 to 2 h (U.S. EPA 1979). 
Subsamples that were analyzed for TOC and TON 
were prepared using the methods of Bauer et al. 
(1988). Approximately 15 to 20 mg of sediment was 
analyzed using a Control Equipment Corporation 
Model 240XA CHN analyzer. TOC and TON were 
expressed as percent element by weight. Organic car- 
bon to organic nitrogen ratios (C:N) were calculated as 
a measure of the quality of organic matter at a site. 

Non-oil organics: The amount of non-oil organic 
matenal (NOO) was estimated as the difference 
between the total volatile solids (TVS) and the total 
extractable hydrocarbons (TEH), and was expressed as 
grams per gram dry sediment. Because TEH was orig- 
inally expressed per wet mass of sediments, we 
needed a conversion between wet and dry sediment 
mass. This was obtained by weighing sediments wet, 
then reweighing them after they were dried for 48 h at  
60°C. 

Sediment grain size: One core from each site was 
dried at  60°C for 48 h. The sediment was broken up 
using a metal spatula and then shaken through a series 
of sieves (2, 1, 0.5, 0.25, 0.125, and 0.063 mm) for 
10 min. Sediment passing through the 0.063 mm sieve 
was collected in a tray. The mass of sediments on each 
sieve (and tray) was determined, and converted to per- 
centages of the total mass of sediment shaken. 
Descriptions (gravel, sand, etc.) of the sediment size 
classes are those of Gray (1981). 

Visible tar: A relative measure of the amount of tar 
in the sediment was made visually during the sediment 
grain size analysis by estimating the proportion of the 
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sample comprised by dried oil on the 3 largest sieves 
(2,  1 and 0.5 mm). 

Infauna: In this study we  focused primarily on the 
size fraction of the infauna typically referred to as mac- 
robenthos, which were all organisms retained on a 
0.5 mm sieve following preservation in formalin. The 
meiobenthos is smaller than 0.5 mm. Sieving after 
preservation helped retain long narrow animals that 
might otherwise crawl through the sieve if not first pre- 
served. To facilitate sorting, animals were sieved 
through 0.85. 0.5, 0.4 and 0.3 mm sieves and stored in 
70% ethanol. A totdl of 26 samples representing a 
range of oil contamination were sorted and the infauna 
in all size fractions identified to broad taxonomic 
groups (see Table 1) and counted. Only taxa with an  
average abundance of r 2  individuals per sample were 
considered in the analyses. 

We first explored whether abundances of each of the 
major groups in the macrobenthos fraction were corre- 
lated with those in the meiobenthos fraction (retained 
on the 0.3 and 0.4 mm screens in our sorting). This was 
important since some groups (e.g. nematodes) have 
substantial fractions of individuals that fall below the 
usual size cutoff for macrobenthos (i.e. 0.5 mm). For 8 
of the 9 taxa (listed on Table 1) there was a significant 
positive correlation in abundances between 'large' 
(>0.5 mm) and 'small' (0.3 to 0.5 mm) individuals in the 
samples (n = 26 each analysis, Pearson's r = 0.38 to 
0.81, all p values ~ 0 . 0 5 ) .  The exception was cumaceans 
(Pearson's r = 0.27, p = 0.18, n = 26). For all 9 taxonomic 
groups, including cumaceans, the total density (i.e. 
using all sieves) was significantly correlated with the 
density in the larger fraction (mean r = 0.85, range 0.51 
to 0.96, n = 26 for all groups). Because our experi- 
mental studies focused only on the macrobenthos 
(>0.5 mm, see below), and because this cutoff is stan- 
dard in macrobenthos studies (e.g. Thrush et al. 1996), 
we restricted all subsequent analyses to the 0.5 mm 
fraction. The strong correlations between slze fractions 
indicate that our conclusions are robust to this decision 
(see also James et al. 1995 and Spies et al. 1988). 

Analysis: All chemical and physical variables, except 
C:N and TDS, were arcsine square-root transformed to 
homogenize variances associated with data expressed 
as proportions. C:N was not transformed. TDS was 
loglo(x+ l) transformed. Infaunal densities were 
square root(x + 0.5) transformed to homogenize vari- 
ances (Sokal & Rohlf 1981) 

Because of the high correlation among the physical 
and chemical variables, principal components analysis 
(PCA; SAS 1988) was used to simplify the observed 
varlation in these environmental parameters. The PCA 
axes were interpreted by examining the loadings (cor- 
relations) between the axes and the original variables. 
To characterize each sampling location, PCA scores 

were calculated and used as environmental descriptors 
in subsequent analyses. In preliminary analyses, axes 
were rotated by the quartimax technique; however, 
because rotation did little to aid in interpreting the 
PCAs and because the general conclusions were 
robust to rotation, only the unrotated loadings and 
scores are reported here. 

The spatial variation of infauna was also summarized 
using PCA, which simplified the overall variation in 
infaunal density and helped define groups that 
responded similarly to organic enrichment and sedi- 
ment characteristics. 

A field test of the effect of different forms of organic 
enrichment. We conducted a field experiment to assess 
the response of mobile macrofauna to different compo- 
nents of oil contamination by quantifying their colo- 
nization of trays of initially azoic sediments. Trays were 
filled with either clean sediment, sediment treated 
with oil (weathered or fresh: see below) or sediment 
enriched with sulfide, placed in the field for 24 h, and 
retrieved. We focused on the short-term colonization of 
sedirnents by benthic juveniles and adults (rather than 
larval recruitment) to isolate the effect of microhabitat 
choice by the life stages that we focused on in the main 
survey. These organisms could colonize the sediments 
either by movement in the water column (e.g. at night 
for so-called demersal zooplankton) or by crawling 
along the sediments into the trays. 

Each tray contained approximately 1205 g of clean 
sediment that was obtained by sieving silica sand (Cal- 
ifornia Silica Products Co., CA, USA) through a 0.4 mm 
sieve. Four treatments were made: clean sand, clean 
sand and fresh oil, clean sand and weathered oil, and 
clean sand and sulfide. Oil for the 'fresh oil' and 
'weathered oil' treatments was collected from the oil 
seeps by inverting 2 plastic buckets over an area of 
intense oil seepage. A small hole was drilled in the 
bottom of each bucket to prevent an accumulation of 
methane gas. The buckets were anchored and 
retrieved after one week. The oil was poured into 
another bucket, covered, and stored at -25°C until 
needed for the experiment. 

The fresh oil treatment was made by adding 36 to 
44 g of oil to the sand in a 23 X 23 X 5.5 cm plastic con- 
tainer (Superseal, APL Corp., Miami Beach, FL, USA) 
the night before the experiment was conducted. The 
weathered oil treatment was identical to the oil treat- 
ment except that the trays were filled with raw seawa- 
ter, covered, and incubated in a darkened seawater 
tank for 7 d before being placed in the field. Trays 
were shaken daily to ensure that the oil was exposed to 
the bacteria in the water. 

The sulfide treatment was prepared by placing 10 g 
of sodium sulfide crystals in a sediment tray and then 
adding 1205 g of silica sand. Over the course of the 
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experiment the crystals dissolved, releasing sulfide. 
This was confirmed by placing 4 sulfide sediment trays 
in the laboratory seawater system for 24 h and then 
analyzing the sediment for dissolved sulfide by the 
same method used in the distribution survey. These 
analyses revealed concentrations of 12375 k 3811 pM 
total dissolved sulfide (mean * 1 SE). This was higher 
than measured in our field surveys, but within the 
range seen in the marine environment (Bagarinao 
1992). Since this sampling method measured total dis- 
solved sulfides in cores from the entire vertical profile 
in the trays, we were not able to determine if levels of 
sulfides near the sediment surface were lower, as 
would be expected if oxidation were occurring. 

On October 14, 1992, 10 replicates of each treatment 
(fresh oil, weathered oil, sulfide, control) were placed at 
the area of intense methane seepage at Isla Vista Seep. 
Trays were filled with raw seawater at the surface, cov- 
ered, and placed randomly on the bottom in a 6 X 8 array 
by divers. Trays were placed 0.5 m apart from each other 
to minimize interference between treatments and to 
match the spatial scale of oil seepage at the seeps. The 
trays were uncovered, left overnight, and retrieved the 
next day. The contents of each tray were transferred to a 
plastic bucket and flxed with buffered formalin to a final 
concentration of 10 %. Samples were sieved through a 
0.5 mm sieve and stored in 70% ethyl alcohol, and all 
macrofauna were later identified to broad taxonomic 
groups and counted. Analyses are based only on taxa 
with an  average abundance 21 per tray. 

Abundances were square root (X + 0.5) transformed 
to meet the assumption of hon~ogeneity of variance 
(Sokal & Rohlf 1981). A prior1 orthogonal contrasts 
(Day & Quinn 1989) were done for each taxon: clean 
versus treated sediments, sulfide versus oiled sedi- 
ments, fresh oil versus weathered oil. 

Comparison of abundance of mobile infauna among 
seep and non-seep sites. To facilitate comparison 
between our work and prevlous work (which was con- 
ducted on a larger spatial scale), we also conducted a 
study examining the colonization of trays by organisms 
at 2 seepage sites and 2 sites that lacked seeps. We did 
this by placing plastic trays containing clean sediments 
at 4 sites that were similar in depth, sediment type and 
exposure. All sites were located on the 20 m depth iso- 
bath. West Seep, a 1000 m2 area, has three 50 m2 areas 
of intense methane gas seepage, with low hydrocarbon 
seepage, separated by 20 m of relatively clean sand. 
West Comparison is located about 75 m east of West 
Seep and has no methane or oil seepage. East Seep 
(Isla Vista Seep; Spies et al. 1980) is a 1000 m2 area 
(Allen & Mikolaj 1970) 75 m east of West Comparison 
and was the site of the field survey in this study. East 
Comparison is 150 m east of East Seep and has no 
methane or oil seepage. 

On August 26, 1992, 10 sediment trays were placed a 
minimum of 2 m apart at  each of the 4 sites (West Seep,  
West Comparison, East Seep, and East Comparison). 
Trays were filled with seawater at  the surface, covered, 
and placed on the bottom by divers. The trays were 
then uncovered and left overnight. Following retrieval, 
the trays were transferred to plastic buckets and fixed 
with 10% formalin. Contents were sieved through a 
0.5 mm sieve, and stored in 70% ethyl alcohol. 
Retained organisms were identified to major taxo- 
nomic groups and counted. 

RESULTS 

Spatial variation in macrofaunal density and 
physicochemical characteristics 

Physical and chemical characteristics 

The chemical and physical variables strongly covar- 
ied among sites; thus principal con~ponents analysis 
(PCA) provided an  efficient way to summanze the 
data.  The first PC axis in the analysis of the chemical 
and physical variables (ENVPC1; we use the prefix 
ENV to distinguish physicochemical analyses from 
those of infauna) explained 53 % of the total variation 
in the chemical and physical variables, and appeared 
to represent a general gradient in oil contan~ination 
(Table 2). All of the chemical variables and the 3 
largest sediment size classes loaded positively on 
ENVPC1, whereas the 3 smallest sediment classes 
loaded negatively. The second axis (ENVPC2) repre- 
sented primarily variation related to non-oil organics, 
and is illustrated by the positive loadings of N O 0  and 
other generic measures of organics (TVS, TOC, TON, 
C:N).  The variation in ENVPC3 is primarily associated 
with variation in TAR and GS2 (gravel). It is important 
to note that dried oil was most common on the largest 
soil size fraction (gravel) and thus variation in TAR was 
expected to contribute significantly to the observed 
variation in GS2; this redundancy is borne out by the 
large loadings of TAR and GS2 on ENVPC3. Sulfide 
was the only variable that loaded strongly on ENVPC4. 

Infauna 

The relationship between the infaunal abundances 
and the physicochemical characteristics of the sedi- 
ment indicated that each taxonomic group was corre- 
lated with many closely related environmental van-  
ables. This relationship was simplified by conducting a 
correlation analysis between the infaunal abundances 
and the physicochemical principal components 
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Table 2. Principal components analysis with chemical and physical environmental (ENV) variables from the survey at Isla Vista 
Seep. All variables were transformed as described in text. The highest loading for each variable is underlined. ENVPCl repre- 
sents the overall variation in chemical and physical variables ENVPC2 is associated with variation in organics and non-oil 
organic matter. The variation in ENVPC3 is associated with TAR and GS2, characteristics of 'weathered' oil ENVPC4 represents, 
predominantly, variation in sulfide. The 4 axes account for 85% of the total vanability in the environmental variables, percent 

variation explained is given under each 

ENVPCl ENVPC2 ENVPC3 ENVPC4 
53 % 13 % 12% 7 %  

TEH Q2356 -0.124 0.110 0.177 Hydrocarbons 
TA R 0.394 -0.287 Qku!J -0.106 Tar 
TDS 0.364 0.032 -0.131 0740 Sulfide 
TVS 0.876 0.433 -0.030 -0.007 Volatile solids 
TOC m 0.468 0.1 17 0.015 Organic carbon 
TON 0.759 0.435 0.072 0.211 Organic nitrogen 
C:N 0.793 0.408 0.171 -0.146 T0C:TON 
N O 0  0.267 0.783 -0.125 -0.257 Non-oil organics 
GS2 0.539 -0 225 0.769 -0 078 Gravel 
GS1 Q&% 0 . 2 0 1  0.154 0.076 Very coarse sand 
GSO5 Q8B.l -0.276 -0.306 0.028 Coarse sand 
GS025 !2&!!2 0 . 2 8 6  -0.389 -0.292 Medium sand 
GS0125 -L!zu 0 266 0.158 -0.344 Fine sand 
(;S0063 -Q&@ 0 311 0.298 0 217 Very fine sand 
GSOOOO -4&u 0.301 0.279 0.262 Silt and clay 

Table 3. Average abundance (and 1 SE per 78 cm') of each taxon, and correlat~ons between abundance and the environmental 
principal components (from Table 2) at  Isla Vista Seep. Pearson correlation coeff~cients that are significant (p < 0.05 for n = 26) 

are underlined 

Average abundance ENVPCl ENVPC2 ENVPC3 ENVPC4 

Group 1 
Nematodes 228.2 + 90.6 0.24 -0.12 -0.11 Q&) 

Group 2 
Polychaetes 62.1 _+ 8.0 -U& 0.22 0.29 0.20 
Gammarlds 10.4 _+ 1.9 -Oil@ 0.11 0.17 0.09 
Oligochaetes 9.1 + 1.9 - 0 A  -0.17 0.14 0.14 
Bivalves 7.0 + 0.9 -m 0.05 0.40 -0.22 
Copepods 6 .8+ 1.7 42 0.16 0.04 0.37 
Misc. worms 6 . 5 +  1.3 0.42 0.14 0.24 
Ostracods 3.6 + 0.8 -0.46 m 0.10 -0.02 

Group 3 
Cumaceans 2.1 + 0.5 -0.20 -0.22 -0.09 -Q& 

obtained in the ENVPC analysis above (Table 2). The 
density of each higher taxon was significantly corre- 
lated with at least one of the multivariate descriptions 
of the physicochemical environment (Table 3). The 
correlations were strongest and most consistent for the 
first environmental principal component (ENVPCl; 
Table 3), which provided a general index of oil conta- 
mination (Table 2). Of the 9 groups, 7 were signifi- 
cantly negatively correlated with ENVPC1, indicating 
that their densities were greatest in the sites with the 
lowest amount of oil seepage. In addition, bivalves 
were associated with ENVPC3 (larger sediments), 
while ostracods and miscellaneous worms were associ- 

ated with ENVPC2 (higher concentrations of N O 0  
material). Cumacean density was negatively associ- 
ated with ENVPC4, which was associated with sulfide 
concentration. Only nematodes displayed a pattern 
indicating a preference for contaminated sedirnents: 
their density was weakly (but positively) correlated 
with oil contamination (ENVPCl) and significantly 
(and positively) correlated with sulfide concentration 
(ENVPC4). 

We also used PCA to summarize the variation in den- 
sity of the infaunal taxa (Table 4; the axes have the 
prefix INF to indicate that they summarize data on 
infauna). INFPCl explained 52% of the variation in 
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infaunal abundance, with nematodes loading nega- 
tively on INFPCl, while all other groups loaded posi- 
tively. INFPC2 explained 14 % of the variation in abun- 
dances (Table 4),  due mostly to the positive loading by 
cumaceans. INFPC3 explained a n  additional 12% of 
the variation in infaunal abundances and was associ- 
ated, primarily, with increasing densities of nematodes 
and oligochaetes (Table 4 ) .  

Relationships between the results of the physico- 
chemical and infaunal principal components further 
demonstrated the strong association of infaunal densi- 
ties and oil contamination (Table 5). INFPCl was neg- 
atively correlated with ENVPCl, indicating that the 
major source of variation in macrobenthic abundances 
is strongly related to the major source of variation in 
the physical/chemical environment. Thus, most of the 
variation in infaunal density (INFPCl) can be  ex- 
plained by variation in oil contamination (ENVPCl). 

Table 4. Principal components analysis of infaunal (INF) 
abundances at  Isla Vista Seep. Abundances were squale 
root(x + 0.5) transformed The highest loading for each van-  
able is underlined. INFPCl represented variation in all of the 
infauna, although cumaceans loaded more highly on INFPC2. 
The variation in INFPC3 was pnmarily associated with varia- 
tion in nematodes, oligochaetes, and copepods. The first 3 
axes accounted for 78% of the variation in the infaunal 
abundances; percent variation explained is given under each 

The other 2 major descriptions of the variation in infau- 
nal abundances were also associated with environ- 
mental patchiness: i.e. INFPC2 was negatively corre- 
lated with ENVPC4 and INFPC3 was positively 
correlated with ENVPC4. 

The PCA suggest that the variation in infaunal den- 
sity was driven by variation in hydrocarbon contami- 
nation. However, these analyses provide little insight 
into the magnitude of these effects. To address this 
issue, we used ENVPCl (which was the major axis rep- 
resenting hydrocarbon contamination) to define a 
group of relatively 'clean' samples (ENVPCl < 0.0, n = 
15 samples) and a group of relatively contaminated 
samples (ENVPC1 > 2.0, n = 4 ) .  For these 2 groups, we 
calculated the mean density of each infaunal group 
and physicochemical variable (Table 6). Nematodes 
were twice as abundant in the contaminated sediments 
than in the cleaner sediments. Several groups (gam- 
marids, copepods, ostracods) were completely absent 
from the contaminated sediments. The environmental 
gradient producing these responses was striking, and 
often involved an  order of magnitude increase in para- 
meter values going from the clean to contaminated 
sediments (Table 6). 

A field test of the effect of different forms of 
organic matter 

INFPCl INFPC2 INFPC3 
52 % 14 % 12 % 

Group 1 
Nematodes -0.640 -0.24 1 0.535 

Group 2 
Polychaetes 
Gammarids 
Oligochaetes 
Bivalves 
Cope pods 
Misc. worms 
Ostracods 

Group 3 
Cumaceans 

Table 5. Correlations between the infaunal principal compo- 
nents (Table 4 )  and the environmental principal components 
(Table 2) from the Isla Vista Seep survey. Pearson correlation 
coefficients that are significant (p < 0.05 for n = 26) are 

underlined 

ENVPCl ENVPC2 ENVPC3 ENVPC4 

INFPCl -Q& 
INFPC2 0.03 -0.38 0.00 -0.60 
INFPC3 -0.20 -0.28 -0.05 0.42 

The colonization experiment revealed patterns con- 
sistent with the field survey (Figs. 1 & 2). Nematodes 
were the only taxon that had higher densities in the oil 
and sulfide treatments than in the control (Fig. l), 
whereas all other groups (polychaetes, harpacticoids, 
cumaceans, gammarids, ostracods, ophiuroids) had 
their greatest abundances in the control (Fig. 2). There 
was relatively less variation in response among the 3 
contaminated treatments, although there was a ten- 
dency for organisms to be more abundant in the 
weathered oil treatment than the fresh oil treatment. 
Densities in the trays ranged from as much as 26.7 % of 
the density in nearby sediments (cumaceans) to less 
than 1 % (polychaetes), probably indicating variation 
in their proclivity to enter the water column and thus 
disperse to new sites (Steichen 1994). 

Comparison of abundance of mobile infauna 
among sites 

Analysis of colonization of sediment trays placed at 
seep and clean sites revealed that all taxa had higher 
abundances at the sites with oil seepage (Table 7) .  
Nematodes were too rare in this data set to permit 
analysis. 
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Table 6. Abundance of macrofauna (no. per core) and values of environ- The relationship between infauna and 
mental measurements (all mean * 1 SE) from Isla Vista Seep samples with sediment in areas with 
high (n = 4) and low (n = 15) levels of oil contamination. High and Low organic enrichment has received much 
were defined by ENVPCl (High: >2.0;  Low: <0.0). Also shown is the per- 
cent change (High - Low / Low x 100%) in each variable to fachtate com- (Gray & ROsenberg 

parisons. All environmental parameters are expressed as proportion of dry 1978, Aller 1983, McCall & Tevesz 1983, 
mass except as indicated I; footnotes; see 'Materials and-methods' for Rhoads & Boyer 1983, Agard et al. 1993). 

details Sediment characteristics have a tremen- 

I I dous influence on the composition of the 
I High LOW Percent I infaunal community. For example, follow- 

Macrofauna 
Nematodes 
Polychaetes 
Garnmarids 
Oligochaetes 
Bivalves 
Copepods 
Misc. worms 
Ostracods 
Cumaceans 

Environmental 
TEHa 
TAR 
T D S ~  

parameters 
0.048 (0.013) 0.002 (0.0003) 
0.075 (0.051) 0.015 (0.003) 

2730.00 (880.36) 560.60 (164.31) 
TVS 0.104 (0.045) 0.014 (0 001) 
TOC 0.043 (0.015) 0.004 (0 0004) 
TON 0.001 (0.0002) 0.0004 (0 00002) 
C:Nc 36.02 (8.50) 11.67 (1.19) 
N O 0  0.048 (0.037) 0.012 (0.001) 
GS2 0.086 (0.048) 0.009 (0.002) 
GS1 0.166 (0.033) 0.004 (0.001) 
GS05 0.223 (0.066) 0.007 (0.001) 
GS025 0.291 (0.084) 0.040 (0.012) 
GS0125 0.147 (0.069) 0.389 (0.016) 
GS0063 0.082 (0.074) 0.499 (0.023) 
GSOOOO 0.005 (0.005) 0.049 (0 005) 

'Proportion wet mass 
bvM S= 

DISCUSSION 

Environmental effects of organic 
enrichment 

While other research has focused on the 
overall response of macrofauna to organi- 
cally enriched sediments (Pearson & Rosen- 
berg 1978), little has been done to separate 
the effect on infauna of organic enrichment 
from secondary factors such as changes in 
chemical and physical sediment character- 
istlcs. Indeed, the biological responses to 
organic enrichment at  the seep sites we 
studied were associated with many envi- 
ronmental variables, making it difficult or 
impossible to isolate the functional role of 
different variables. 

change ing organic enrichment, particulate 
organic material in sediments can increase 
as a result of bacterial degradation of the 
material (see Pearson & Rosenberg 1978, 
Weston 1990), resulting in an increase in 
the proportion of finer sediments. In con- 
trast, organic enrichment, particularly via 
oil pollution, can result in an increase in 
sediment size by increasing aggregation, 
e.g. causing the formation of tar balls 
(Pearson & ~ o s e n b e r ~  1978, Spies & Davis 
1979). This latter possibility is supported by 
our survey patterns, which show increased 
sediment size in the most contaminated 
samples. Although we did not investigate 
this mechanism experimentally, it is clear 
that this effect was likely responsible for at 
least a portion of the infaunal response we 
observed. 

In addition to sediment size, other sedi- 
ment characteristics are also thought to 
play important roles in shaping infaunal 
communities. For example, organically 

I enriched areas are typically comprised of 
deposit-feeding taxa because of their toler- 

I ance to increased organic material, and a 
decrease in available oxygen and associ- 
ated increase in sulfide. This is the case at  

the oil seeps where the infaunal community was 
described by Spies & Davis (1979) as being composed 
largely of deposit feeders. Among these organisms, 
nematodes display one of the greatest positive 

Table 7. Mean (1 SE) infaunal abundances (per 530 cm2; n = 10) in trays 
of clean sediment placed at 2 seep and 2 non-seep (comparison) areas for 
a 24 h period. Means connected by the same line are not significantly 

different (p > 0.05) 

Seep 
East West 

Polychaetes ZUQ,661 9.5- 
Gammarids 2 1 . 5 8 1  24.7 12.64) 
Copepods 5.7 11.501 12.0 11.511 
Ostracods 5.7 (1.991 7.8 (1.071 
Cumaceans 71.2 119.021 89.2 112.121 

Comparison 
East West 

5.9 10.921 5.3 (1.14) 
021 11.9 (0.781 

1.7 10.541 0.8 10.251 
0.9 10.311 1.7 10.26) 
30.0 (1.481 40.1 12.631 
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C O N T R O L  S U L F 5 0 E  FRESH WEATHEREO 
011 OIL 

TREATMENT 

Fig. 1. The response of nematodes to treated sediments 
placed at the oil seeps in plastic trays (530 cm2) for 24 h (mean 
* 1 SE, n = 10). A priori orthogonal contrasts (clean vs 
contaminated, sulfide vs oil, fresh vs weathered oil) were not 
significant and are indicated by continuous lines under the 

graph 

responses to organic enrichment and oil contamination 
(Davis & Spies 1980, Spies et al. 1980, Montagna & 

Spies 1985, Montagna et al. 1989, Weston 1990, San- 
dulli & De Nicola 1991). For example, in a study of the 

Curnaceans 

'1 1 Ostracodr 

CONTROL SULFIDE FRESh WEATHEREO 
OIL OIL 

CONTROL 

effects of produced water (wastewater generated from 
oil and gas production), Osenberg et  al. (1992) found 
enhanced densities of nematodes near the wastewater 
diffuser. These effects were not correlated with 
changes in sediment size, but instead, were directly 
related to exposure to hydrocarbons. Osenberg et al. 
concluded that this was a positive response to organic 
enrichment, much like that observed at  oil seeps 
(Davis & Spies 1980, this study). As observed at the Isla 
Vlsta oil seeps [which are only 40 km from the sites 
used by Osenberg et  al.) other infaunal groups (i.e. 
other than nematodes) increased in abundance away 
from the source of oil contamination (in this case, the 
produced water diffuser). This is consistent with the 
positive response of nematodes to enrichment, but a 
negative response by other taxa that are more greatly 
affected by the deleterious effects of oil contamination 
(e .g .  direct toxicity, as well as increased sulfide levels 
generated by microbial activity). 

Migration promotes local variation in density 

Migration of organisms can be very important in the 
colonization and establishment of disturbed and  
stressed areas (Pearson & Rosenberg 1978, Davis & 
Spies 1980, Santos & Simon 1980, Van Blaricom 1982, 
Alongi et al. 1983, Cuomo 1985, Heip et al. 1985, 
Palmer et al. 1988). The patterns in infaunal abun- 

Garnmarids 

SULFIDE FRESH WEATHERED 
OIL OIL 

TREATMENT 

, Polychaetes 

t I 
Copepods 

CONTROL SULFIDE FRESH WEATHEREO 
OIL OIL 

Fig. 2.  The response of macrofauna to treated sedirnents placed in trays (530 cm2) at the oil seeps for 24 h (mean * 1 SE, n = 10) 
A pnori orthogonal contrasts (clean vs contaminated, sulfide vs oil, fresh vs weathered oil) are indicated by lines under each 

graph. A continuous line indicates no significant difference 
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dance detected in our field survey might be the result 
of migrating organisms seeking areas characterized by 
a particular level of enrichment. The results of the fleld 
experiment indicate that migrating organisms respond 
to the treated sediments in much the same way as their 
densities were related to contamination in the field 
survey. 

In the field experiment nematodes responded posi- 
tively to the sulfide and oil treatments compared to the 
other taxa. This is consistent with the field survey as 
nematodes were the only taxon positively correlated 
with any of the indices of oil contamination. There was 
also a consistent negative relationship between 
cumaceans and sulfides in the field survey, as well as 
in the field experiment. Polychaetes, gammarids, ostra- 
cods, and copepods responded to the trays much as 
would be expected given their negative correlations 
with oil (ENVPC1) in the field survey. Ophiuroids, 
which were not abundant enough in the field survey to 
be included in analyses, colonized the trays in the field 
experiment as juveniles, 1 to 2 mm disc diameter, and 
consistently avoided the contaminated treatments. 

The difference in responses of organisms to the fresh 
oil and weathered oil might be due to a decrease in the 
toxicity of the weathered oil, the establishment of a 
bacterial flora, or an increase in the concentration of 
easily used hydrocarbons. Although changes in grain 
size might have also played a role, we observed no 
obvious differences in this feature among the treat- 
ments. The establishment of a 'bio-film' or increased 
organic matter in the sediments of the weathered oil 
treatment might be important in explaining the higher 
abundances of some crustaceans in that treatment ver- 
sus the fresh oil treatment (see Stretch 1983, 1985). 

Importance of spatial scale 

Earlier studies done at the Isla Vista oil seeps (Spies 
& Davis 1979, Davis & Spies 1980, Spies et al. 1980) 
found higher densities of organisms at the seeps than 
at  nearby areas without oil seeps. These studies sug- 
gested that organic enrichment from the seeps is con- 
verted into useable organic matter by a well developed 
bacterial and meiofaunal community. This additional 
organic matter augments the available food for macro- 
fauna and results in higher abundances at the seeps. 
This contrasts with the results of this study, which 
showed lower densities of all taxa, except nematodes, 
at the most enriched sampling locations. 

This discrepancy might be the result of the spatial 
scale of sampling, which was very different in the 2 
studies. The companson site (no oil seepage) used by 
Sples & Davis (1979) was 1.4 km from the seeps. In our 
study, only the seep site was sampled, and variation in 

enrichment was obtained by sampling local patches a 
few meters apart that varied in the amount of seepage. 
The most llkely reason Spies et al. (1980) found higher 
abundances at the seeps, while we observed a nega- 
tive relationship between oil contamination and infau- 
nal abundance, is that while the seeps have localized 
heavily oiled areas with few organisms (detected in our 
surveys), bacterial decomposition of the oil overall 
enriches surrounding sediments. Thus, on a small spa- 
tial scale (as examined in our study), there is a negative 
relationship between most taxa and oil exposure, while 
on a larger (among site) spatial scale [as exanlined in 
our tray study and in Spies et al. (1980)j there is a gen- 
eral increase in infaunal densities at the seep sites. The 
importance of scale was also suggested by finer-scale 
sampllng conducted by Davis & Spies (1980), which 
documented depressed densities at the center of an 
active seep (sampling conducted over a 1 m gradient). 
Taken together, these studies provide strong evidence 
of a halo effect: infaunal densities are very low in the 
most contaminated microsites within a seep area (due 
to toxlc effects), reach a maximum at 'clean' sites 
within the seepage area (due to enrichment), and are 
low again at distant sites (50 to 1000 m from the seeps) 
that are unaffected by oil seepage (i.e. where there is 
no enrichment). Sampling on an ultra-fine scale by 
Davis & Spies (1980) suggested that even nematodes 
may show this pattern, although they may sh.ow a 
depression In density only at the most extreme levels of 
contamination; under most conditions within the seep 
area, nematode density responds positively to oil cont- 
amination (as shown in our survey). Thus, it appears 
that when compared at the scale of hundreds of 
meters, oil seepage enhances infaunal density, where- 
as on the scale of meters, oil contamination depresses 
the density of infauna (with the notable exception of 
nematodes). 

Evaluations of the importance of spatial scale require 
that established patterns represent real responses to 
oil seepage. However, previous work at the seeps often 
lacked spatial replication and the differences observed 
might simply represent variation in density unrelated 
to the oil seeps. Our research avoided this problem in 
2 ways. First, our survey of infaunal density examined 
small-scale variation among 26 sites located within a 
seep region. Thus, the associations we found (Tables 3, 
4 & 6) are not the chance result of a single very conta- 
minated area associated with low infaunal abundance. 
These data strongly support interpretations made from 
more limited surveys conducted on a very fine scale by 
Davis & Spies (1980). Second, our examination of 
large-scale variation in infaunal patterns demonstrated 
consistent patterns at 2 different seep and nearby com- 
parison (non-seep) areas. The densities of all of the 
taxa were higher in the trays after 24 h at the oil seeps 
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than at  the comparison areas. If the relationship 
between densities of macrofauna in the surrounding 
sediments and the number of organisms colonizing 
trays is constant, as suggested by Stretch (1985), one 
interpretation of our experiment is that there are 
indeed higher densities of organisms in seep sites com- 
pared to non-seep sites. However, differences in the 
rates of colonization of the trays over the 24 h time 
period cannot be ruled out. Palmer et al. (1988) found 
that meiofauna colonized clean sediments more 
rapidly during a 23 h period at a seep site than at a 
comparison (clean) site. They attributed this to 
enhanced susceptibility of seep meiofauna to (passive) 
water column transport due to the tendency of seep 
meiofauna to live close to the sediment surface (Palmer 
et al. 1988). It is not clear that this particular mecha- 
nism was operating for the macrofauna in our coloniza- 
tion experiments. Spies & Davis (1979) found no differ- 
ence in vertical distribution of macrofauna between a 
seep and a comparison site, yet a shallower distribu- 
tion of the macrofauna would be necessary at the seep 
site for enhanced passive transport. 

Overall, our findings suggest that the response of 
infauna to oil contamination at natural oil seeps is 
related to secondary changes of the physical and 
chemical nature of the sediments. The responses of 
organisms to these physicochemical characteristics 
produce patterns of decreasing abundance with 
increasing oil contamination, when evaluated at small 
spatial scales within seep areas. However, the seeps 
provide an abundant supply of organic matter and 
appear to support higher densities of organisms overall 
than surrounding non-seep areas (i.e. when evaluated 
at larger spatial scales). Further research would be 
useful to address the exact spatial and temporal scales 
on which organisms are moving within and between 
seep and non-seep areas. 
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