
Pergamon 

PII: S0025-326X(97)00184-7 

Marine Polhttiopz Bulletin, Vol. 36, No. 3, pp. 201-21(I, 1998 

© 1998 Elsevier Science Ltd. All rights reserved 

Printed in Great Britain 

0025-326X/98 $19.0(/+0.00 

Eelgrass (Zostera marina L.) in Prince 
William Sound, Alaska: Effects of the 
Exxon Valdez Oil Spill 
THOMAS A. DEAN*, MICHAEL S. STEKOLL?, STEPHEN C. JEWETT~, RICHARD O. SMITH* and 
JO ELLEN HOSE§ 
*Coastal Resources Associates, Inc., 1185 Park Center Drive, Suite A, Vista, CA 92083, USA 
~fJuneau Center for Fisheries and Ocean Sciences, 11120 Glacier Highway, Juneau, AK 99801, USA 
~.SchooI of Fisheries and Ocean Sciences, University of Alaska Fairbanks, Fairbanks, AK 99775, USA 
§405 Indio Drive, Shell Beach, CA 93449, USA 

Possible injury to, and recovery of, populations of 
eelgrass, Zostera marina L., in Prince William Sound 
were assessed following the Exxon Valdez oil spill by 
comparing populations at oiled vs reference sites between 
1990 and 1995. Eelgrass beds in !heavily oiled bays were 
exposed to moderate concentrations of hydrocarbons. In 
1990, a year after the spill, concentrations of total 
polycyclic aromatic hydrocarbons averaged nearly 4000 
ng g-1 dry weight of sediment at oiled sites compared to 
less than 700 ng g-1  at reference sites. Injuries to 
eelgrass, if any, appeared to be slight and did not persist 
for more than a year after the spill. There were possible 
effects on the average density of shoots and flowering 
shoots, as these were 24 and 62% lower at oiled than at 
reference sites in 1990 (p < 0.10 for both). However, there 
were no differences between oiled and reference sites with 
respect to eelgrass biomass, seed density, seed germina- 
tion or the incidence of normal mitosis in seedlings, and 
there were no signs of the elimiwation of eelgrass beds. 
Populations recovered from possible injuries by 1991, as 
there was a sharp decline in hydrocarbon concentrations 
and there were no differences in shoot or flowering shoot 
densities between oiled and reference sites in 1990 or 
subsequent years. © 1998 Elsevier Science Ltd. All rights 
reserved 

Keywords: oil spill; Exxon Valdez; eelgrass; Zostera 
marina L.; seagrasses; Prince William Sound; Alaska; 
injury; recovery. 

In March 1989, the T/V Exxon Valdez ran aground on 
Bligh reef in Prince William Sound, Alaska, and spilled 
nearly 42 million litres of crude oil (Spies et al., 1996). 
About half of the oil became stranded on the shoreline, 
and an estimated 13% was deposited in subtidal 
sediments (Wolfe et al., 19941. 'The oil was driven by 
wind and currents, and much of it found its way into 
sheltered embayments within the sound (Kelso and 

Kendziorek, 1991; Maki, 1991; Neff et al., 1995) where 
the shallow subtidal habitats are dominated by kelps 
(on rocky shores) or eelgrass, Zostera marina L. (on 
sand or mud bottoms) (McRoy, 1968, 1970; Rosenthal 
et al., 1977; Dean et al., 1996b). These shorelines were 
subsequently subjected to extensive clean-up activities, 
including hot-water high-pressure washing (reviewed in 
Mearns, 1996) and heavy boat traffic associated with 
shoreline clean-up and monitoring efforts (Carpenter et 
al., 1991). 

Seagrasses in Prince William Sound, as elsewhere 
(reviewed in Zieman and Zieman, 1989; Phillips, 1974, 
1984; Zieman et al., 19841 are important components of 
the nearshore ecosystem. Eelgrass beds in Alaska 
provide food and shelter for a rich assemblage of 
invertebrates, fishes and birds (Rosenthal et al., 1977; 
McConnaughey and McRoy, 19791. The animals that 
use eelgrass as habitat include several economically 
important taxa such as salmon (Thayer and Phillips, 
1977), Pacific herring, Clupea pallasi (Phillips, 1984) and 
Dungeness crab, Cancer magister (Stevens and Arm- 
strong, 1984). 

Prior studies of the effects of oil on seagrasses have 
indicated varying degrees of injury. There were no 
severe impacts of oil on eelgrass following the Amoco 
Cadiz spill on the Brittany coast of France (den Hartog 
and Jacobs, 1980). While some heavily oiled eelgrass 
blades were lost, there was no change in the structure 
provided by the eelgrass, and the above-ground parts of 
the plants recovered quickly. Chan (1973) noted a 
similar lack of long-term impact on Phyllospadix 
populations following the San Francisco spill of 1971. 
On the other hand, Thalassia beds were severely affected 
following the Zoe Colocotronis spill in Puerto Rico 
(Nadeau and Berquist, 1977) and the Witwater oil spill 
in Panama (Jackson et al., 1989). Bleaching and death 
of surfgrass (Phyllospadix) was observed following spills 
along the coasts of California, Washington and Alaska 
(Foster et al., 1971; Clark and Patten, 1978; Juday and 
Foster, 1990). 
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The magnitude of the Exxon Valdez oil spill and the 
associated clean-up effort, the ecological importance of 
eelgrass and the potential for injury prompted an 
examination of possible effects. This paper presents 
results of a six year study of the impact of, and recovery 
from, the effects of the spill on eelgrass. 

Methods 

Stratified random sampling 
The effects of oiling and associated clean-up activities 

on eelgrass were assessed by measuring density, biomass 
and reproductive success of eelgrass populations at oiled 
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and reference sites using a stratified random, matched- 
pair sampling design. Sampling was conducted at oiled 
sites selected from different regions of the Western 
Prince William Sound and at unoiled reference sites 
(Fig. 1). 

Sites were within eelgrass beds along 200-m sections 
of shoreline selected as described in Dean et al. 
(1996a,b) and briefly summarized as follows. First, the 
locations of eelgrass beds were overlaid on a map of 
shoreline oiling (ADEC, 1989; ADNR, 1991). Eelgrass 
beds adjacent to moderately to heavily oiled shorelines 
were stratified into different regions within the spill's 
trajectory, and one sampling location was selected from 
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Fig. 1 Location of sampling sites in Prince William Sound. Filled 

symbols are oiled sites and open symbols are reference sites. 
Paired oiled and reference sites have the same symbols. Also 
shown (names without symbols) are sites sampled by MeRcy 
(1970) and Houghton et  al. (1993). One additional site sampled 
by McRoy (1970) in Redhead Lagoon is approximately 40 km 
to the East of Clammy Bay and is not shown. 

202 



Volume 36/Number 3/March 1998 

each region. Sites with prior hydrocarbon sampling 
were given preference. If there was more than one site 
from a given region, then the sampling location was 
selected at random. Reference sites were selected that 
were adjacent to unoiled shorelines and that matched 
the selected oiled sites, as closely as possible, with 
regard to aspect, proximity to sources of freshwater 
input, slope, wave exposure and water circulation. 
Reference sites were randomly selected if there was 
more than one potential match. 

At each site, three 30-m long transects were 
established running parallel to shore. These were 
placed in the middle of the depth range of eelgrass 
and at randomly selected locations along the 200-m 
section of shoreline. In 1990, divers using SCUBA 
harvested all eelgrass from four randomly placed 
0.25 m 2 quadrats along each transect. The shoots 
(above-sediment portions of the :plant arising from the 
rhizome, usually with four or five blades attached) were 
cut approximately 1 cm above the sediment surface and 
bagged underwater. They were returned to the boat, 
blotted dry and weighed. The number of shoots, blades 
and flowering shoots in each quadrat were counted and 
the number of inflorescences (sensu De Cock, 1981) was 
noted. Seed density was determined from four randomly 
placed 0.10 m 2 quadrats on each of the three transects 
within the eelgrass bed at each site. The sediment in 
each quadrat was collected to a depth of approximately 
5 cm using an airlift and sieved 1Lhrough a l-ram mesh 
screen and the seeds within each sample were counted. 
In 1991, 1993 and 1995, sampling of shoot density 
continued in the eelgrass habitat as described above 
except that the number of shoots was counted without 
harvesting plants, and flowering shoots were counted 
within a 1-m-wide band on one side of each 30-m 
transect. 

Four pairs of oiled and reference sites (Bay of Isles- 
Drier Bay, Herring Bay-Lower Herring Bay, Sleepy 
Bay-Moose Lips Bay and Clammy Bay-Puffin Bay) 
were sampled between 3 July and 11 August 1990, at.a 
time of year when flowers were present and seeds were 
maturing (Fig. 1). In 1991, we sampled at the same eight 
sites, along with two additional ones in the Short Arm 
portion of Bay of Isles (an oiled site) and in Mallard 
Bay (a reference site in Drier Bay; Fig. 1). Only three 
pairs of sites were sampled in 1993: Herring Bay and 
Lower Herring Bay, Bay of Isles and Drier Bay, and 
Sleepy Bay and Moose Lips Bay. The same four pairs as 
sampled in 1990 were revisited in 1995. All sampling 
after 1990 was conducted in July. 

One sediment sample from each of the three transects 
per site was analysed for hydrocarbon concentrations. 
Methods of collection and analysis are given in Dean et 
al. (1996b), Short et al. (1996) and Jewett and Dean 
(1997). Samples were analysed by' the Geochemical and 
Environmental Research Group at Texas A&M Uni- 
versity (in 1990 and 1991) or Technical Services Task 
Force, Analytical Chemistry Group, NOAA/NMFS, 

Auke Bay, Alaska (in 1993 and 1995). Hydrocarbon 
concentrations are reported for total polynuclear 
aromatic hydrocarbon fractions minus perylene (here- 
after referred to as TPAH and reported as ng TPAH per 
g dry weight of sediment). Perylene was excluded 
because it is a naturally occurring PAH compound 
that is produced diagenetically in marine sediments 
(Venkatesan, 1988) and is not petroleum derived. 
TPAH values may include some PAHs from non- 
anthropogenic sources and from sources other than 
Exxon Valdez oil (Bence and Burns, 1995; Boehm et al., 
1995; Page et al., 1995; O'Clair et al., 1996) but they 
represent relative measures of exposure to oil from the 
spill that allow comparison at oiled vs reference sites. 

Germination of  eelgrass seeds and genetic analysis o f  
seedlings 

In 1990, eelgrass seeds were collected from the 
sediments at oiled and reference sites and were 
germinated in filtered seawater in the laboratory. 
Approximately 150 eelgrass seeds were collected from 
each of four sites (Herring Bay, Lower Herring Bay, 
Bay of Isles and Drier Bay) between 11 and 19 July 
1990. Sediments were collected from a depth of 
approximately 2 m below mean lower-low water at 
each site using a suction dredge and then sieved through 
a l-ram mesh screen. Seeds were placed into vials of 
filtered seawater, returned to the laboratory, transferred 
to randomly numbered plastic Petri dishes containing 
30 ml of 9 ppt filtered seawater and placed in a 
controlled temperature cold room at 9°C and a 
10:14 h light~zlark cycle. These conditions are near 
optimal for seed germination (Phillips et al., 1983). A 
total of 15 dishes was used for each site. Ten 
haphazardly selected seeds were placed into each dish, 
with one exception. Only two seeds were placed in one 
of the dishes from Herring Bay because too few seeds 
were available from this site. The number of seeds 
germinated was monitored daily for approximately 
10 weeks. Germination was defined as the splitting of 
the seed coat and the emergence of a cotyledon at least 
as long as the seed. Seedlings were removed and 
preserved in 10% formalin. 

A subset of these seedlings was examined micro- 
scopically to determine the proportion of normal 
mitotic figures. Thirty-two haphazardly selected seed- 
lings were examined; l l from Herring Bay, 6 from 
Lower Herring Bay, 10 from Bay of Isles and 5 from 
Drier Bay. Meristematic regions were dissected by 
making two cuts across the shoot. The resulting tissue 
was approximately 2 mm in length. The cotyledon 
sheath enclosing the meristematic tissue was scored 
longitudinally using a scalpel and a small cut was made 
into the area above each emerging root. The tissue was 
stored in a cellulose solution (pH 5.0) for 2 days at 
room temperature, then rinsed in distilled water. Tissue 
was post-fixed for 15 min in acid alcohol (3 parts 100% 
ethanol:l part glacial acetic acid) then rinsed again in 
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distilled water. Mitotic figures were stained using the 
Feulgen squash technique developed for terrestrial plant 
root tips (Kihlman, 1971). The tissue was hydrolysed in 
1 N HC1 for 10 min, then stained for 1 h at 20°C using 
leucobasic fuchsin (Feulgen stain). The tissue was 
placed on a microscope slide and squashed in a drop 
of  45% acetic acid beneath a cover slip. 

Approximately 2 h later, the tissue was examined at 
X1000 for aberrant anaphase/telophase (AT) mitotic 
figures (Hose, 1985). From each seedling, 20 AT were 
scored as normal or aberrant. Aberrant AT had at least 
one chromosome or chromatid aberration (transloca- 
tion bridge, attached fragment, eccentric fragment, stray 
chromosome or lagging chromosome) or spindle 
abnormality (multipolar spindle). All samples were 
scored blind, without knowledge of the seedlings' origin. 

Statistical analyses 
For  most variates (shoot density, flowering shoot 

density, blade density, inflorescence density, seed 
density and biomass) the null hypothesis of no 
significant difference between oiled and reference sites 
was tested using a randomization analysis of variance 
(ANOVA) (Manly, 1991). Oil category (oil or reference) 
was tested as the main effect, with pair as a blocking 
factor. The randomization procedure is described in 
Dean et al. (1996b). For  laboratory studies of 
germination rate and the percentage of normal mitoses, 
differences between a single oiled site and its paired 
reference were tested using a chi-square statistic (for 
germination data; Siegel, 1956) or a Student's t-test (for 
the proportion of  normal mitoses; SAS Institute, Inc., 
1996). For  the latter, the proportions of normal mitoses 
were arcsin-square root  transformed and Satterwaites's 
approximation was used to compute degrees of freedom 
in cases where variances were unequal (Herring Bay vs 
Lower Herring Bay). Separate one-way randomization 
ANOVAs were performed for each year. These analyses 
used all available data (n = 4, 5, 3 and 4 pairs of sites 
respectively in 1990, 1991, 1993 and 1995). In addition, 
two-way randomization ANOVAs ,  using data from the 
three pairs of sites sampled in all years, examined the 
effects of  oiling, year and their interaction. 

A type I error rate of p<0 .10  was used for all 
analyses. This was done in an effort to balance type I 
(~) and type II (13) error rates and to ensure that possible 
differences were not overlooked because of a lack of 
statistical power (high type II error, Eberhardt and 
Thomas, 1991). Type II errors are those associated with 
the failure to correctly identify significant differences 
when they exist and high type II error rates result from 
high variance and small sample sizes. We have not 
calculated power for our tests, but the large variation 
between sites and small sample size suggests relatively 
low power. In all instances we report at least relative 
probabilities (p < 0.10, p < 0.05 or p < 0.01) and assess 
impacts based on the weight of evidence. 
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TABLE 1 
Mean concentrations of TPAHs (ng g-1) in sediments collected from 
eelgrass beds at oiled and reference sites in Prince William Sound and 
results of randomization ANOVAs comparing oiled and reference 

m e a n s .  

Means and one-way randomization ANOVAs 

Mean 

Year n Oiled Reference p 

1990 4 3977 661 0.014 
1991 5 588 518 0.131 
1993 3 164 48 0.005 
1995 4 93 68 0.206 

Two-way randomization ANOVA (n = 3) 

Source of variation p 

Oiled/reference 0.014 
Year < 0.001 
Oilingxyear interaction 0.003 

Results and Discuss ion 

Exposure to oil 
The temporal and spatial patterns in TP A H  con- 

centrations in sediments were as expected following a 
major oil spill (Table 1) and were comparable to those 
reported by Boehm et al. (1995) and O'Clair et al. 
(1996). In general, mean TPAH concentrations were 
higher in sediments collected from sites adjacent to 
heavily oiled shorelines than at reference sites, and 
declined over time. Differences between oiled and 
reference sites were significant (p<0.05)  in 1990 and 
1993, but not in other years. In 1990, mean TPAH 
concentrations averaged slightly less than 4000 ng g - l  
at our oiled sites and were about were six times higher at 
oiled sites than at reference sites. By 1991, average 
TPAH concentrations dropped dramatically; and by 
1995, averaged less than 100 ng g-1 at both oiled and 
reference sites and did not differ significantly between 
sites. The decline was more dramatic at oiled than 
reference sites, resulting in a significant interaction 
between oiling category and year in the two-way 
analysis (Table 1). 

There were indications of slight hydrocarbon con- 
tamination at reference sites. TP A H  concentrations 
were over 600 ng g-1 at reference sites in 1990 and had 
dropped to less than 70 ng g-1 by 1995. Furthermore, 
several sediment samples from reference sites had 
analyte compositions similar to Exxon Valdez crude 
oil (O'Clair et al., 1996; Jewett and Dean, 1997). 

Eelgrass population parameters 
None of the measures of eelgrass density, biomass or 

reproductive potential showed strong indications of 
injury. All of the comparisons of oiled and reference 
sites for 1990 had p values greater than 0.05 (Table 2). 
However, the density of  eelgrass shoots, blades, flower- 
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TABLE 2 

Mean densities for variates measured in eelgrass populations at oiled and reference sites in Prince William 
Sound and results of randomization ANOVAs comparing oiled and reference means. 

Mean 

Variate n Oi led Reference p 

1990 
Shoot density (No. m -2) 4 152 200 0.081 
Flowering shoot density (No. m -2) 4 2.83 7.25 0.055 
Blade density (No. m -2) 4 742 986 0.051 
Inflorescence density (No. m -z) 4 26.5 65.8 0.080 
Biomass (g wet weight m -2) 4 1156 1232 0.628 
Seed density (No. m -z) 4 134 102 0.735 

1991 
Shoot density (No. m -z) 5 150 159 0.521 
Flowering shoot density (No. m -2) 5 1.72 1.98 0.604 

1993 
Shoot density (No. m -z)  3 143 173 0.360 
Flowering shoot density (No. m -z)  3 1.88 4.56 0.142 

1995 
Shoot density (No. m -z)  4 157 143 0.504 
Flowering shoot density (No. m -z) 4 1.36 1.53 0.659 

ing shoots and inflorescences were suggestive of  possible 
injury, as reference sites had slightly higher densities for 
these variates (0.05 < 1.0, Table 2). The mean density of  
eelgrass shoots was higher at reference sites in three of  
the four pairs of  sites sampled and averaged over 
200 m -2  at reference sites compared to 152 m -2  at 
oiled sites (Fig. 2). There was a strong correlation 
between the mean number  of blades and the number  of  
shoots at each site (r=0.91),  and the mean number of  
blades per shoot  was 4.9 at both oiled and reference 
sites. As a result, the pattern with :respect to densities of  
blades was similar to that for shoots (Fig. 2 and 
Table 2). 

The mean density of  flowering shoots was higher at 
reference than at oiled sites in all four pairs of  sites 
sampled and the average density was more than twice as 
high at the references (Fig. 2 and Table 2). There were 
no flowers in sampling quadrats at one oiled site 
(Herring Bay), and more extensive swims there revealed 
only one flower. The average number  of  inflorescences 
per flowering shoot was similar at: all sites (mean = 9.2 
per shoot at oiled sites and 9.8 pe~r shoot at references, 
p = 0.99) and there was a strong correlation between the 
number of  flowering shoots at a sii:e and the number  of  
inflorescences (r=0.98).  As a :result, the lack of  
flowering shoots at oiled sites translated directly to a 
lack of  inflorescences produced (Fig. 2 and Table 2). 

Our results are comparable  to those of  Houghton et 

al. (1991, 1993) who independently conducted surveys 
of  eelgrass at six oiled and three reference sites within 
Prince William Sound (Fig. 1). Three of the oiled sites 
were in the same oiled bays used in our study (albeit 
within different eelgrass beds in two cases), but three 
other oiled sites and the three reference sites were 
different. These investigators found, as we did, that 
flowering was less common at oiled than at reference 

sites and mean values reported by Houghton  et al. 

(1993) were similar to ours (Table 3). Houghton  et  al. 

(1993) also found that mean shoot densities were 
generally higher at reference sites and the proport ional  
differences between oiled and reference sites were almost 
identical to those we observed. They found statistically 
significant differences between oiled and reference sites 
for flowering shoot density (p < 0.05) but not for shoot 
density. 

Methodologies used in our study and in that of  
Houghton et al. (1993) were sufficiently different that 
combining the two data sets and conducting statistical 
analysis was not warranted. Their sites were selected to 
represent different oiling and treatment regimes and 
there was no random component  to the site selection 
process. However, the comparabili ty of  the two sets of  
results lends support  to the hypothesis that oiled sites 
differed from reference sites with respect to flowering 
and perhaps density of  shoots. 

Eelgrass appeared to recover quickly f rom possible 
injuries. Differences in both shoot and flowering shoot 
densities at oiled and reference sites in 1990 were 
reduced by 1991 and none of the differences in the years 
after 1990 were significant (p > 0.10 in all cases, Table 2). 
Houghton et al. (1993) noted a similar trend (Table 3). 
Also, in the two-way analyses of  shoot and flowering 
shoot densities at the three pairs of  sites that were 
sampled in all four years, possible injuries observed in 
1990 were clearly reversed by 1995, when mean densities 
were higher at oiled sites (Fig. 3). For  the density of  
flowers, there were significant differences between oiled 
and reference sites (p=0.016) ,  but the differences in 
densities of  flowers at oiled and reference sites had 
diminished greatly after 1990. The smaller differences in 
flowering shoot density resulted f rom a decrease in 
flower density at reference sites rather than an increase 
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Fig. 2 Mean densities (number m - 2 ± l  SE) of shoots, flowering 
shoots, blades, inflorescences and seeds; and biomass (g wet 
weight m - 2 + l  SE) of eelgrass, Zostera marina L., at oiled 
(shaded bars) and reference (open bars) sites in 1990. 
Abbreviations for site names are as follows: DB = Drier Bay, 
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ML=Moose Lips Bay, SB=Sleepy Bay, PB=Puffin Bay, 
CL = Clammy Bay. 
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at oiled sites. This may have been the result of 
interactions of the effects of oil and normal year to 
year variation in conditions appropriate for flowering, 
or to a change in methodologies (sampling in quadrats 
vs counts by divers along transects) between 1990 and 
1991. 

There were no differences between oiled and reference 
sites with respect to biomass of the above sediment 
portion of eelgrass (Fig. 2 and Table 1). This lack of  

correspondence between patterns for density and 
biomass was primarily the result of a smaller biomass 
per blade at Lower Herring Bay than at Herring Bay. 
The average wet weight per blade was 0.79 g at Lower 
Herring Bay, compared with an average of  1.64 g at 
Herring Bay. Houghton et al. (1993) also found no 
differences between oiled and reference sites with respect 
to biomass. 

Mean seed densities did not differ significantly 
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TABLE 3 

Estimates of  mean densities of  shoots and flowering shoots made in this study, compared with those of  Houghton et aI. (1993). 

1990 1991 

Oil Control % Difference Oil Control % Difference 

Shoot density (No. m -a) 
This study 152 200 - 2 4  150 
Houghton et al. (1993) 247 316 - 2 2  214 

Flowering shoot density (No. m -2) 
This study 2.8 7,3 - 6 2  1.7 
Houghton et al. (1993) 1,7 8,4 - 8 0  2.0 

159 - 6  
191 + 12 

2.0 -- 15 
6.8 --29 

between oiled and reference sites (p = 0.74, Fig. 2 and 
Table 2) and densities varied considerably both between 
and within sites. Average densities per site ranged from 
1.3 to 472 m -2 and the number of seeds collected within 
each 0. l-m 2 quadrat within a site often ranged from 0 to 
over 100. The density of seeds iin the sediments was 
presumably a product of several factors in addition to 

250 

.~- 2oo 
E 
6 
z 
~,150 
¢ -  

O 
100 

Shoot Densil~ 
£)(3=0.27, Yr=0.12, Int=0.05 

5 0  I I I I J I 

1989 1990 1991 1992 1993 1994 1995 

Flowering Shoot Density 
OC=0.02, Yr<0.01, Int=0.13 

12 

10 

'E 8 
6 
z 6 

4 
I21 

2 

0 i E f i J r 

1989 1990 1991 1992 1993 1994 1995 

Year 

Fig. 3 Mean densities (number m-2+1 SE) of shoots and flowering 
shoots of eelgrass, Zos t e ra  marina L., from three pairs of oiled 
(shaded bars) and reference sites (open bars) in 1990, 1991, 
1993 and 1995. Results of  a two-way randomization ANOVA 
testing for differences in oiling category (OC), year (Yr) and 
their interaction are also given. 

the number of seeds produced, including seed retention, 
germination and survival rates. Germination and 
survival rates are, in part, dependent on salinity 
(Churchill, 1983, 1992; Phillips et al., 1983; Hootsmans 
et al., 1987), temperature (Orth and Moore, 1983; 
Phillips et al., 1983; Moore et al., 1993), oxygen 
concentration (Moore et al., 1993) and predation rate 
(Wigand and Churchill, 1988). These probably varied 
considerably between and within sites and probably 
contributed to spatial variability in seed density. 

There was a poor correspondence between density of 
seeds in the sediments and the density of flowers at a 
site. This was most evident at Herring Bay where seed 
densities in sediments were relatively high in spite of the 
lack of flowers there. These observations, coupled with 
evidence for a very limited dispersal of eelgrass seeds 
(Orth et al., 1994), suggest that seeds found at Herring 
Bay in 1990 were produced during the 1989 flowering 
season. This is in contrast to observations made on the 
Atlantic coast of the United States (Churchill, 1983; 
Orth and Moore, 1983) and The Netherlands (Hoots- 
mans et al., 1987), indicating that seeds seldom survive 
past the spring following the year in which they were 
produced. 

Seeds collected from one oiled site (Herring Bay) had 
a higher germination rate than seeds from its paired 
reference site (Lower Herring Bay), but the seedlings 
produced from seeds from Herring Bay also had higher 
rates of mitotic abnormalities (Table 4). The germina- 
tion rates and the proportion of normal mitoses were 
similar at Bay of Isles and its paired reference, Drier 
Bay. 

Evaluation o f  impacts 
The statistical analyses provide little evidence for a 

strong impact of the oil spill on eelgrass. In 1990, none 
of the parameters measured differed significantly at 
p < 0.05 between oiled and reference sites and possible 
differences in flowering and shoot density in 1990 did 
not persist. Furthermore, there was no apparent impact 
of the possible reduction in flowering on the eelgrass 
population density. While some eelgrass populations are 
annual and rely on seed production for local survival, 
populations throughout much of the geographical 
range, including Prince William Sound, are perennial 
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TABLE 4 

Percentage germination ofeelgrass seeds and the percentage of normal mitoses in seedlings from germinated seeds that were collected from oiled and 
reference sites in Prince William Sound in 1990. 

Site Oiled/reference % Germinated n p % Normal mitoses n p 

Herring Bay Oil 36.1 144 < 0.01 49.5 I 1 < 0.01 
Lower Herring Bay Reference 14.7 150 83.3 6 
Bay of Isles Oil 14.7 148 > 0.30 65.6 8 0.56 
Drier Bay Reference 12.0 150 61.0 5 

and rely primarily on lateral shoot growth for local 
persistence and expansion (Phillips et al., 1983). 
Production of  new plants from dispersed seeds may be 
important in reestablishing beds following extinction 
caused by local disturbances (Orth et al., 1994). 
However, there were no such extinctions observed 
following the oil spill and the lack of flowers had no 
apparent long-term impact on eelgrass population 
density. 

There was, however, some evidence for possible 
injury to eelgrass. The mean density of flowering 
shoots was 62% lower and mean shoot densities were 
24% lower at oiled sites and both differed significantly 
at p < 0.10. The lack of a difference at the p < 0.05 level 
does not necessarily imply the lack of an effect. Sample 
size was small (n = 4 in 1990) and there was considerable 
variability between sites, leading to a relative lack of 
statistical power. Furthermore,  our results were 
corroborated by the independent study of  Houghton 
et al. (1993). Finally, reference sites may have had some 
slight contamination by oil and differences between 
oiled and reference sites probably represent a con- 
servative estimation of injury. Our interpretation of 
these results is that there was probably slight injury to 
eelgrass, both in terms of shoot and flowering shoot 
density, but that the effects were probably restricted to 
heavily oiled portions of the Sound and were not long 
lasting. 

Assuming that there were some slight effects of the 
spill on both density of  shoots and flowering shoots, it is 
interesting to speculate as to the possible causes of such 
effects. Lower densities of shoots and inflorescences at 
oiled sites in 1990 were clearly associated with higher 
levels of hydrocarbons in the sediments. However, it is 
not clear whether these levels were sufficient to cause the 
observed effects. Laboratory studies suggest that some 
hydrocarbons (toluene and diesel fuel) can retard 
photosynthesis and growth in eelgrass (McRoy and 
Williams, 1977), but prior field experiments have failed 
to demonstrate an effect of  oil on seagrass density or 
growth (Ballou et al., 1987). Possible toxicological 
effects of oil on flowering have not been examined. 

The effects on shoot densi tymore likely resulted from 
'collateral' damage from clean-up and monitoring 
activities. On several occasions, bare patches were 
observed in the eelgrass bed that were the apparently 
direct result of  plants being uprooted by boat anchors, 

in a manner similar to that described by Walker et al. 
(1989). This may have been a contributing factor to 
lower shoot density at oiled sites. Clean-up and 
monitoring efforts were intense at all of  our oiled sites 
and small boats associated with these efforts often 
anchored in the eelgrass beds. 

Our evaluation of the impacts of oil necessarily relies 
on differences between oiled and reference sites as 
observed following the spill. This is because there were 
no pre-spill data from oiled sites within the Sound. As a 
result, the interpretation of injuries, or lack thereof, is 
potentially confounded by possible inherent differences 
between sites that are unrelated to oiling (Weins and 
Parker, 1995). While we have attempted to account for 
these differences by matching oiled and reference sites 
with respect to factors other than oil, we can not be 
certain that differences between sites were oil related. 
However, the diminishing differences in shoot and 
flowering shoot densities over time and the associated 
reductions in TPAH concentrations support the 
hypothesis that differences were due to oiling or clean- 
up activities. 

There are some pre-spill data from McRoy (1970) 
who examined populations of eelgrass at three sites 
within the Sound: Redhead Lagoon, Sawmill Bay and 
Stockdale Harbour  (Fig. 1). In 1967, mean shoot 
density at these sites ranged from approximately 200 
to 700 m -2 and estimates for mean flowering shoot 
density ranged from approximately 3.5 to 10 m -2. 
These are comparable to what we observed at reference 
sites and higher than we observed at oiled sites in 1990. 
However, after 1990, both our oiled and reference sites 
generally had lower values than those reported by 
McRoy. Furthermore, one site sampled by McRoy 
(Stockdale Harbour) was also sampled by Houghton et 
al. (1993) and estimates of the density of shoots and 
flowering shoots were comparable in the two studies. 
McRoy (1970) reported shoot and flowering shoot 
densities in June 1967 of 243 and 7.5 m -2 respectively. 
Average densities of shoots and flowering shoots from 
July samplings in 1990 and 1991 were 359 and t0.5 m -2 
(Houghton et al., 1993). While it is difficult to draw 
quantitative conclusions from these data, they suggest 
that population parameters that we observed at both 
oiled and reference sites after the spill were within the 
normal range of variation and that effects on these beds 
were not severe. 
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Compar isons  wi th  other  spills 

C o m p a r i s o n s  be tween  oil spills are  difficult because  o f  

v a r i a t i o n  in  the  type  a n d  a m o u n t  o f  oil spil led a n d  in  
the phys ica l  se t t ing  a t  the  t ime  a n d  l oca t i on  o f  the spill. 
However ,  there  are  s t r o n g  s imilar i t ies  b e t ween  the levels 
o f  exposu re  a n d  s u b s e q u e n t  effects o f  o i l ing on  eelgrass 

c o m m u n i t i e s  in  the Roscof f  Bay  fo l lowing  the A m o c o  

Cadiz  spill  a n d  in  P r ince  W i l l i a m  S o u n d  fo l lowing  the 
E x x o n  Valdez spill. O ' C l a i r  et al. (1996) suggest  tha t  the 

m a x i m u m  c o n c e n t r a t i o n s  o f  T P A H s  observed  in  
sub t ida l  s ed imen t s  fo l l owing  the  E x x o n  Valdez spill 

a p p e a r e d  to be w i t h i n  an  o rde r  o f  m a g n i t u d e  o f  those 

observed  fo l l owing  the  A m o c o  Cadiz  spill. I n  add i t i on ,  

the impac t s  o f  the  spill  on  eelgrass c o m m u n i t i e s  wi th in  
Roscof f  Bay (den  H a r t o g  a n d  Jacobs ,  1980) were s imi lar  
to those  we obse rved  in  P r ince  W i l l i a m  Sound .  In  b o t h  

ins tances ,  there  was  s o m e  a p p a r e n t  i n ju ry  to eelgrass 
i m m e d i a t e l y  fo l l owing  the spill, b u t  this was n o t  severe 
or  l ong  las t ing .  In  con t r a s t ,  there  were m o r e  severe a n d  
pers i s ten t  effects o n  several  i n f a u n a l  a n d  ep i f auna l  
i n v e r t e b r a t e  p o p u l a t i o n s  w i th in  eelgrass beds  a n d  

especial ly o n  i n f a u n a l  a m p h i p o d s  (den  H a r t o g  a n d  
Jacobs ,  1980; D e a n  et al., 1996a; Jewet t  a n d  D e a n ,  
1997). Whi l e  the  d a t a  are  admit tecl ly  l imited,  exper ience 

f r o m  these  two spills suggests  t ha t  sub t ida l  p o p u l a t i o n s  

o f  eelgrass a re  re la t ive ly  unaf fec ted  by  oi l ing,  especial ly 
in c o m p a r i s o n  wi th  assoc ia ted  a n i m a l  p o p u l a t i o n s .  
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