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Abstract Although research has been conducted on the 
effects of oil on the giant kelp Macrocystis pyrifera, no 
similar studies have been completed on bull kelp, Nereo- 
cystis luetkeana, the dominant kelp in Washington State, 
British Columbia, and Alaska. The effects of three petro- 
leum products [diesel fuel, intermediate fuel oil (IFO), and 
crude oil] were tested before and after weathering on 
N. luetkeana. Whole plants were exposed to petroleum 
product for 4 or 24 h and then transferred to the field; ob- 
servations on the condition of the plants were made daily 
for 7 d. In addition, controlled bioassays were performed 
to measure the effects of petroleum exposure on net pho- 
tosynthetic rate (NP) and respiration rate (R), using light- 
and dark-bottle techniques. These experiments verified the 
susceptibility of N. luetkeana tissue to the damaging ef- 
fects of direct exposure to several oil types. The 4 h expo- 
sures to weathered diesel and unweathered IFO, and 24 h 
exposures to unweathered and weathered diesel and IFO 
resulted in moderate to severe damage to kelp tissue (i.e., 
clearly delineated bleached line accompanied by tissue ne- 
crosis). Weathered diesel was more toxic than unweath- 
ered diesel. The most severe damage to bull kelp was con- 
centrated at the meristematic zone (junction of stipe and 
bulb) where new tissue growth occurs. Petroleum type sig- 
nificantly affected stipe and blade NP, R, and NP:R ratios. 
Diesel treatments had a greater negative effect on NP than 
did the IFO treatments. Based on these experiments, the 
relative ranking of the damaging effects of petroleum treat- 
ment on bull kelp are weathered diesel>unweathered 
IFO > unweathered diesel > weathered IFO > unweathered 
crude > weathered crude. 
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Introduction 

On 22 July 1991, a Japanese fishing vessel, "Tenyo Maru" 
sank after colliding with the Chinese freighter "Tuo Hai" 
15 km NE of Cape Flattery in northwestern Washington, 
USA (Fig. 1). Approximately 3.8xl051iters of fuel oil 
leaked from the sunken vessel over the next month. Within 
7 d after the collision, oil slicks began to contact ocean 
beaches = 100 km south and = 40 km west along the 
shores of the Strait of Juan de Fuca. Oil "patties" were 
found in the dense forests of bull kelp (Nereocystis Iuet- 
keana) that fringe much of this coastline. Approximately 
4 to 9 tonnes of oil and contaminated debris were removed 
from the kelp forests. Kelp stipes appeared to be bleached 
and dying in the areas most heavily impacted by these pat- 
ties. Whereas, N. Iuetkeana pigmentation is light-depen- 
dent (Duncan 1973), and color loss is normal in stipe and 
blades in late summer, the color loss associated with the 
oil spill was much more intense and synchronous over large 
areas than is normally found. 

Although studies on the effects of oil on other algae 
have been completed (reviewed in Lobban et al. 1985), no 
published studies are available documenting oil effects on 
Nereocystis spp. Mitchell et al. (1970) suggested that 
brown algae are protected from some environmental as- 
saults by a thick mucilage covering. Concentrations of die- 
sel fuel as low as 1% can inhibit photosynthesis (North 
et al. 1965), and part of this inhibition may result from 
leaching of chlorophylls from the cells by oil (O'Brien and 
Dixon 1976). Inhibition of spore and gamete release has 
been reported for Laminaria saccharina in concentrations 
of petroleum products as low as 2 ~tg 1-1 (Steele and Han- 
isak 1979). Breakage of kelp has been observed due to the 
weight of heavy oil fractions adhering to kelp fronds (Nel- 
son-Smith 1972). 

Kelp forests form ecosystems that are important for the 
support of a variety of fish and shellfish species (Foster 
and Schiel 1985). Nereocystis luetkeana forests, although 
annual in development, support large numbers of fish and 
macroinvertebrate species and are generally regarded as 
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Fig. 1 Location of Neah Bay, Washington, USA 

cr i t ica l  to the  suppor t  o f  these  popu la t ions .  In addi t ion ,  ke lp  
g rowth  in the N o r t h w e s t  Pac i f i c  O c e a n  p r o v i d e s  a s ign i f -  
icant  con t r ibu t ion  to the  nea r sho re  ca rbon  budge t ,  w i th  an 

annual  ca rbon  p r o d u c t i o n  e s t i m a t e d  at 500 to 800 g ca rbon  
yr  - t  m - t  ( T h o m  1978). 

Th is  s tudy was  d e s i g n e d  to tes t  whe ther ,  unde r  exper i -  
m e n t a l  cond i t ions ,  p e t r o l e u m  produc t s  such  as those  l e a k e d  
f r o m  the  " T e n y o  M a r u " ,  cou ld  resu l t  in the  loss  o f  co lo ra -  
t ion and dea th  o f  bul l  ke lp  as o b s e r v e d  f o l l o w i n g  the oil  

spi l l  in 1991. 

Materials and methods 

Petroleum products 

The effects of six petroleum treatments were investigated: weath- 
ered and unweathered diesel fuel, intermediate fuel oil (IFO), and 
crude oil (Prudoe Bay crude). Both diesel and IFO (= 80% crude oil 
and 20% diesel) were leaked from the '~ Maru". 

Calm sea conditions between the oil spill and oil contact with 
kelp minimized the weathering of oil from intense mixing. Never- 
theless, weathering did occur by exposure to sunlight, microbial pro- 
cesses, volatilization, and leaching into the water column. The meth- 
od for petroleum weathering we used was designed to mimic field 
conditions. Weathering was accomplished by placing 1 liter of the 
material in 38-liter glass aquaria containing 20 liters of seawater. The 
material was stirred gently for = 1 rain with a glass rod. Aquaria 
were partially covered with a clear plastic canopy to exclude rain, 
and were exposed to full sunlight for 7 d. After 3 d, the water under 
the petroleum was siphoned out and replaced with fresh seawater to 
mimic the natural removal of soluble fractions of the petroleum. 
Weathered petroleum was skimmed from the water surface for use 
in testing. 

Kelp plants 

Entire Nereocystis luetkeana plants (1.0 to 2.0 m stipe length), with 
no visible reproductive sori, were gathered from kelp beds near the 

Battelle/Marine Sciences Labortory (MSL) in Sequim, Washington, 
USA. At MSL, plants were placed into covered holding tanks sup- 
plied with flowing seawater. Three plants were also attached to a 
grow-out line adjacent to MSL to evaluate possible effects of hold- 
ing tank conditions. The grow-out line was suspended at a fixed depth 
of -1.5 m and anchored in -5 m mean lower low water of water. To 
minimize damage to kelp holdfasts, plants were attached with broad 
plastic tape to sections of hose that were then affixed to the line. Ti- 
dal currents resulted in plants being either partially exposed (float- 
ing) at the surface, or periodically completely submerged, as is nat- 
urally experienced by these plants. Cool ambient water temperatures 
and maximum availability of ambient nutrients were ensured by ti- 
dal currents, which are generally strong (>20 cm s -1) at this site. 

Whole-plant effects 

Wastewater treatment limitations prevented an extended exposure 
under flow-through conditions. Kelp were exposed under static con- 
ditions for two time periods: 4 and 24 h. The 4 h exposure was cho- 
sen to represent a minimal period of petroleum contact with kelp dur- 
ing one slack tide (high or low), e.g. where the petroleum would ar- 
rive with the flood tide and remain in the forest until the tide began 
to ebb. The 24 h exposure tested the effects of a longer (lunar day) 
exposure. Periods of static exposure in excess of 24 h probably would 
have resulted in significant damage to the plants before the end of 
the exposure period because these plants require high flushing and 
nutrient supply rates. 

Three replicate tanks were used for each treatment; each tank 
containing two plants, one each for the 4 and 24 h exposures. The 
tanks were held in flowing seawater baths to keep them near ambi- 
ent sea temperature. Exposures with crude oil were included only in 
the second trial. The petroleum product (1.5 liters) was carefully 
poured onto the water surface of exposure containers (114 liters). 
The petroleum formed a visible layer =5  mm thick that covered 
= 50% of the water surface. Blades were trimmed to -~ 30 cm so that 
plants could float in a natural position during exposure. Two trials 
were conducted. The tanks used in the first trial were relatively shal- 
low, causing portions of kelp stipes well below the bulb to be ex- 
posed to petroleum. Deeper tanks were used in the second trial, and 
direct contact with petroleum was largely confined to the bulb, low- 
er portion of the blades, and the stipe adjacent to the bulb. Immedi- 
ately prior to beginning the exposures, dissolved oxygen, pH, salin- 
ity, and temperature were measured in one randomly selected con- 
tainer from each treatment. Light as photosynthetically active radi- 
ation (PAR) was monitored during the course of the experiments us- 
ing a Li-Cor light meter with a quantum sensor. 

Following exposure, the plants were washed gently in clean sea- 
water to remove petroleum adhering to the surface. The plants were 
then attached by their holdfasts at 1 m intervals to the grow-out line. 
The appearance of the plants was recorded daily for 7 d following 
exposure to petroleum products. Plants were arranged by randomly 
numbered positions on the grow-out line so that observers did not 
know which treatments were received by individual plants. 

For statistical analyses, observations were combined into two cat- 
egories: (1) the presence or absence of a bleached line, and (2) the 
degree of color loss and/or mottling. Bleaching was characterized by 
a clearly demarcated loss of color over a small portion of the plant; 
mottling was inconsistent discoloration of the plant, usually in small, 
scattered patches. The data on bleached lines were converted to a 
nominal variable that consisted of a series of 0s and ls, signifying 
the absence and presence of a bleached line, respectively. Tissue dam- 
age was defined as color loss, which was graded as slight (a slight- 
ly lighter brown than healthy tissue), moderate (very pale brown), 
heavy (white), and necrotic (white and decaying). These grades were 
translated into an ordinal variable of 0 (no color loss) to 4 (necrot- 
ic). Color loss was generally patchy, and the percentage of area with 
obvious color loss was estimated for the stipe, bulb, and blade. These 
data formed an interval variable that was used to evaluate the effect 
of the treatment on percent of color loss. 

Neither nominal (presence/absence of a bleached line) nor ordi- 
nal (degree of color loss) variables satisfied the assumptions required 
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for parametric analysis. We used statistics that tested whether kelp 
tissue exhibited a response significantly greater than that expected 
by chance to an exposure time and petroleum treatment. For nomi- 
nal data, we assumed that the probability of obtaining either an 0 or 
a 1 followed a binomial distribution. When the probability of an ob- 
served outcome was rare (i.e., p < 0.1), the result was ascribed to an 
effect of the treatment rather than to chance. This reasoning was al- 
so used for the ordinal data. An e~ level of 0.1 required that all three 
replicate plants in a particular petroleum and exposure-time treat- 
ment must show a response (i.e., have a bleached line) to be statis- 
tically significant. To utilize an ~x less than 0.1 would have required 
more replicates. Because there were more than two outcomes, the 
probability of obtaining a particular set of ranks followed the multi- 
nomial distribution. In all cases, control plants were evaluated along 
with the plants receiving petroleum treatments. If the controls 
showed significant responses, this was interpreted to mean that the 
observed response was due to factors other than petroleum treat- 
ments. 

Physiological experiment 

Controlled bioassays were performed to measure the effects of pe- 
troleum exposure on net photosynthetic rate (NP) and respiration (R) 
using light- and dark-bottle techniques (Littler and Arnold 1985). 
Treatments of unweathered and weathered diesel and IFO were pre- 
pared by mixing 750 ml of petroleum in 3000 ml of filtered Sequim 
Bay seawater. Each treatment, plus a seawater control, was then 
placed in a 38-liter glass aquarium. Samples of blade (5 x 5 cm) were 
cut from nonreproductive regions and randomly placed in each aquar- 
ium, -~3 cm below the treatment surface. Sections of stipe (10 cm 
long with outer diameters between 30 and 40 mm) were suspended 
in aquaria such that the stipe was directly exposed to the petroleum 
products. Under natural conditions, kelp stipe can float at the sur- 
face (e.g. during slack low tides), whereas blades typically lie below 
the water surface. 

Following a 4 h exposure, stipe and blade sections were gently 
washed with seawater to remove petroleum and placed in l-liter jars 
filled with seawater. Five replicate jars, each containing a stipe sec- 
tion or single blade, were prepared for each treatment. A seawater 
control treatment, with no stipe or blade, was also included. Initial 
dissolved oxygen (DO) and temperature readings were recorded, and 
jars were sealed and held at ambient seawater temperature (12 
to 15 ~ After a 2 h light incubation, DO and temperature read- 
ings were recorded for each bottle. During the light incubation, 
irradiance readings were recorded with the light meter. Jars were 
then sealed and incubated for 16 h in the dark. After the dark incu- 
bation, DO and temperature were recorded, and kelp sections were 
removed, weighed (wet), and measured (length, width, outer diam- 
eter). 

Surface area was calculated for each piece of kelp, and produc- 
tivity rates, respiration rates, and NP:R ratios were calculated for 
each exposure following the formulas in Littler and Arnold (1985). 
Comparisons between treatments were made using a 2 x 3 factorial 
ANOVA (c~ = 0.05). 

Chemical analysis of petroleum products 

One sample of each petroleum product was analyzed for organic com- 
pounds using a gas chromatograph/flame ionization detector 
(GC/FID) fitted with a 30 m DB-5 capillary column, following the 
National Oceanographic and Atmospheric Administration petrole- 
um hydrocarbon method (Brown et al. 1979). Organic compounds 
were segregated into the following four fractions by silica-gel sep- 
aration: (1) saturated hydrocarbons; (2)polar polynuclear aromatic 
hydrocarbons (PAHs); (3) primarily phenolics and some hetero-at- 
om-containing compounds; and (4) very polar compounds (e.g. car- 
boxylic acids). No analyses were made of the water-soluble fractions 
of any test treatments. 

Results 

Whole -p l an t  effects 

Physical and chemical conditions 

Measurements  indica ted  that the ini t ia l  water -qual i ty  con- 
di t ions were  consis tent  among all t reatments  for each trial.  
DO, pH, salinity,  and tempera ture  di f fered by  a m a x i m u m  
of  0.9 mg 1-1, 0.11 U, 0.5%e, and 0 .4~  among tanks,  re- 
spect ively,  during any one exper iment .  Water  temperatures  
were near  ambien t  (13 ~ in Trial  2, but  above  ambien t  
( =  4 ~ in Trial  1. The buoyancy  of  the pe t ro leum prod-  
ucts resul ted in o i l ing of  the upper  por t ion of  the Nereocys- 
tis luetkeana plants  inc luding the bulb,  lower  por t ion of  
the b lades  ( including the mer i s temat ic  region)  and the 
upper  por t ion of  the st ipe that f loated ei ther  d i rec t ly  in, or 
very near, the pe t ro leum/wate r  interface (Fig. 2). 

General observations 

The most  p rominen t  effect  of  pe t ro leum exposure  was the 
presence  of  a c lear ly  def ined,  b leached  l ine or band through 
the stipe, bulb,  or b lade  t issue that cor responded  with the 
region  of  direct  contact  be tween  the pe t ro leum product  and 
the tissue. Due to the way bull  kelp  f loats in the water  col-  
umn, b leach  l ines were most  p ronounced  at the b u l b - b l a d e  
junct ion.  In general ,  co lor  loss occurred ear l ier  in plants  
exposed  to pe t ro leum for 24 h, compared  to 4 h exposures ,  
and became  progress ive ly  more  severe  with t ime. In the 
extreme,  large por t ions  of  plants  showed comple te  co lor  
loss and began  decay ing  after 3 to 4 d. Plants  with the most  
severe  color  loss or b leaching  were  lost  when decay ing  por-  
tions broke  before  the end of  the g row-out  period.  Dur ing  
the g row-out  phase,  the surfaces of  plants  with modera te  
to heavy  color  loss were less s l ippery to the touch than 
heal thy plants ,  which  ind ica ted  loss of  the mucus coating.  

Resul ts  of  the s tat is t ical  analysis  for Trials  1 and 2 are 
shown in Table 1. The degree  of  damage  associa ted  with a 
b leached  l ine was greater,  in general ,  in plants  f rom weath-  
ered diesel  and unweathered  IFO treatments .  

Bulb Sea surface 

Bla 

Fig. 2 Nereocystis luetkeana. Major plant parts 
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Table 1 Nereocystis luetkea- 
na. Results of statistical analy- 
ses of damage to kelp tissue 
(IFO intermediate fuel oil). 
Trial numbers (1 and 2) and let- 
ter b (=both trials) indicate sig- 
nificant treatment effects 
(p < 0.10) (- not significant) 

Exposure time and 
treatment 

Bleach line Color loss 

Stipe Bulb Blade 

4h  
control - - - 
unweathered diesel - - 2 
weathered diesel 2 b b 
unweathered IFO b - 2 
weathered IFO - - 2 
unweathered crude oil - 2 - 
weathered crude oil - - - 

24 h 
control - - - 
unweathered diesel - 1 b 
weathered diesel b 1 b 
unweathered IFO 2 1 1 
weathered IFO - 1 2 
unweathered crude oil - - - 
weathered crude oil - - - 

Stipe Bulb Blade 

- b 1 

- 1 1 

- b l 

1 1 - 
1 1 - 

2 2 - 
- 2 - 

b b 1 
- 2 - 

- 2 - 

- 2 - 

--  -- 1 

2 - - 

- 2 - 
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< 

40- 
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0- 

[ ]  TRIAL 1 i 

CON UD WD UO WO UC WC 
TREATMENT 

Fig.  3 Nereocystis luetkeana. Percent  o f  individual stipes showing 
bleached line after 7 d; Trials 1 and 2. Exposure  times combined  
within each treatment (CON control; UD unweathered diesel; WD 
weathered diesel; UO unweathered intermediate fuel oil, IFO; WO 
weathered IFO; UC unweathered crude oil; WC weathered crude oil; 
ND no data) 

All treatments,  including the controls, produced signif- 
icant mott l ing (color loss) of either the stipe, bulb, or blade 
tissue (Table 1). Bulbs typically had more color loss than 
stipes or blades. Plants that were tied directly to the grow- 
out l ine without being held in tanks and control t reatment 
plants from exposure tanks showed slight mottl ing,  which 
is natural  for kelp in the field. These results suggest that 
the mott l ing noted in these experiments  may or may not 
have been caused only by exposure to petroleum treat- 
ments.  Nevertheless,  color loss in control plants was 
probably exacerbated by holding plants in static condit ions 
during exposure-test ing periods. A distinct bleached line, 
however, coupled with the early onset of  tissue decay, never  
occurred in control plants. 

The highest percentage of individual  stipes showing a 
bleached line was from weathered diesel and unweathered 
IFO (Fig. 3). Other treatments did not differ s ignif icantly 
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Fig.  4 Nereocystis luetkeana. Mean degree of  damage to kelp stipes 
within each treatment and exposure (R anks=0  no line; ] slightly 
bleached line; 2 moderately bleached line; 3 heavily bleached line; 
4 bleached line with necrosis.  Treatment codes as in Fig. 3; number  
preceding treatment code indicates trial number,  number  fol lowing 
code indicates exposure  time) 

from the controls. The 4 h exposures to weathered diesel 
and unweathered IFO, and the 24 h exposures to unweath-  
ered and weathered diesel and IFO resulted in moderate to 
severe damage to stipe tissue, as indicated by damage rank- 
ings _>2 (Fig. 4). The shallow tanks used in Trial 1 caused 
stipes to contact  petroleum at several places. Consequently,  
stipe damage was less pronounced in Trial 2 than in Trial 1, 
yet the response patterns were similar. 

Bulbs showed a similar response in terms of the per- 
centages of bulbs that showed a bleached line (Fig. 5). 
Weathered diesel and unweathered and weathered IFO pro- 
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Fig. 7 Nereocystis luetkeana. Percent of individual blades showing 
bleached line after 7 d for Trials 1 and 2. Exposure times combined 
within each treatment (Treatment codes as in Fig. 3) 
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Fig. 6 Nereocystis luetkeana. Mean degree of damage to kelp bulbs 
within each treatment and exposure. Further details as in legend to 
Fig. 4 
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Fig. 8 Nereocystis luetkeana. Mean degree of damage to kelp blades 
within each treatment and exposure. Further details as in legend to 
Fig. 4 

duced the most significant effects on bulbs. Bulb tissue 
damage was generally greater during Trial 1 than Trial 2 
(Fig. 6). Significant color loss was noted on bulbs from 
most petroleum treatments in this experiment (Table 1). 
Blade response (Figs. 7 and 8) was similar to that of the 
stipes and bulbs. Again, exposure to weathered diesel and 
unweathered IFO produced the most significant damage to 
the blade tissue. A scatter-plot (Fig. 9) indicated a corre- 
spondence in relative tissue damage among the three plant 
parts. 

A comparison of 4 and 24 h exposures did not reveal a 
consistent pattern between the two trials. The 24 h expo- 
sure produced a much greater proportion of plants with 
bleached lines in all three plant parts by the end of Trial 1, 
but not in Trial 2 (Fig. 10). The 4 h exposure produced a 
higher percentage of bleached bulbs and blades in Trial 2 

than in Trial 1. In contrast, 24 exposures resulted in a lower 
percentage of bleached bulbs and blades in Trial 2 than in 
Trial 1. 

Physiological experiment 

Irradiance varied between 840 and 1980 g E m  2 s-i dur- 
ing the incubations. The petroleum type significantly af- 
fected stipe and blade NP, R and NP:R ratios (Table 2). 
Diesel treatments reduced NP in stipes (Fig. 11) and blades 
(Fig. 12) more than IFO treatments. Weathering was not a 
significant factor affecting stipe or blade NP and R over- 
all, but there was a significant interaction effect (o~= 0.01) 
of weathering and petroleum type for stipe NP, and stipe 
and blade NP:R (Table 2). This indicates that the NP:R re- 
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Fig. 11 Nereocystis luetkena. Effect of treatments on stipe photo- 
synthesis (NP) and respiration (Treatment codes as in Fig. 3). Con- 
fidence limits are shown where they exceed height of top edge of 
each bar 
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Fig. 10 Nereocystis luetkeana. Effect of exposure time on percent 
of individual stipes, bulbs, and blades with a bleached line in Tri- 
als 1 (T1) and 2 (T2) 
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Fig. 12 Nereocystis luetkeana. Effect of treatments on blade pho- 
tosynthesis and respiration (Treatment codes as in Fig. 3). Confidence 
limits are shown where they exceed height of top edge of each bar 

Table 2 Nereocystis luetkeana. Mean ANOVA on effects of petro- 
leum treatments on kelp blade and stipe photosynthesis (NP), respi- 
ration (R), and NP:R (see Figs. 11 to 13 for means and confidence 
limits for each parameter within each treatment) (NS not significant; 
S significant at p < 0.01) 

Source Photosynthesis Respiration NP:R 
of variation 

Stipe Blade Stipe Blade Stipe Blade 

Weathering NS NS NS NS NS NS 
Oil type S S S S S S 
Interaction S NS NS NS S S 

duced and may indicate that the plant is stressed or dying. 
Although respiration was  increased in the petroleum treat- 
ments  compared with the control,  w e  are not able to dis- 
t inguish between  respiration by kelp tissue and microbial  
respiration associated with petroleum products or decay-  
ing kelp tissue. 

Stipe and blade tissue displayed slight to moderate 
bleaching in both IFO treatments and unweathered diesel  
treatments by the end of  these experiments .  Bleaching was 
slight to severe  in the weathered diesel  treatment. The tis- 
sues in the control treatment showed  no color  loss.  

sponse  differed depending on both the weathering and the 
petroleum type. Mean blade NP:R was  lowes t  in the weath-  
ered diesel  treatment, fol lowed by unweathered diesel ,  un- 
weathered and weathered IFO (Fig. 13). A NP:R of 1 in- 
dicates a balance be tween  NP and R. A NP:R of  < 1 indi- 
cates that the tissue is using more  oxygen  than is being pro- 

Chemistry 

All  petroleum products were  dominated by heavier frac- 
tions that included saturated hydrocarbons and polar poly-  
nuclear aromatic hydrocarbons (PAH, Fig. 14). Saturated 
hydrocarbon concentration was low in unweathered IFO. 
Weathering showed a variable effect  in altering the con- 
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Fig. 13 Nereocystis luetkeana. Effect of treatments on stipe and 
blade photosynthesis:respiration (NP:R) (Treatment codes as in 
Fig. 3). Confidence limits are shown where they exceed height of top 
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Fig. 14 Main components of each petroleum treatment. Percentag- 
es at top of figure indicate phenolics and very polar compounds com- 
bined (PAH polynuclear aromatic hydrocarbons; ND below detec- 
tion limits) 

centrations of these two fractions. There were slight in- 
creases in saturated hydrocarbons and polar PAHs in 
weathered diesel compared with unweathered diesel. Un- 
weathered crude oil contained a lower concentration of 
PAHs compared with weathered crude oil. Saturated hy- 
drocarbon concentration was lower in the weathered crude 
oil compared with unweathered crude oil. Lighter fractions 
were in greater concentrations in weathered diesel com- 
pared with unweathered diesel. The effects of weathering 
on light fractions in the other products was not discernable 
because values were below detection limits. 

Discussion 

These experiments verified the susceptibility of Nereocys- 
tis luetkeana tissue to the damaging effects of direct expo- 
sure to several petroleum types. All petroleum treatments 
resulted in visible tissue damage, with a distinct bleached 
line being the most visible indication of plant contact with 
the petroleum. Moderate to heavy color loss, which was 
generally followed by rapid decay of tissue, was most pro- 
nounced in 24 h exposures to unweathered and weathered 
diesel and unweathered IFO. Damage to the plant tissue in 
both diesel treatments and unweathered IFO was obvious 
immediately upon removal from the treatment containers 
after 24 h. Kelp damage observed in the field following the 
"Tenyo Maru" spill (i.e., intense, synchronous color loss 
in stipes and bulbs) was mimicked in our experiments. 
Thus, it is likely that the petroleum patties that floated 
within the kelp canopy caused tissue damage. 

Intense bleaching of kelp tissues was probably the re- 
sult of chemical constituents in the petroleum that act as 
solvents. Chemical fractions of petroleum including cyclo- 
alkanes and aromatics are effective solvents for chloro- 
phyll and other pigments (O'Brien and Dixon 1976). Fur- 

ther damage to the tissue may have resulted from disrup- 
tion of the kelp's mucus layer and subsequent drying, split- 
ting, and microbioal decay of the tissue. 

The photosynthetic-rate assays generally showed ef- 
fects similar to those noted in the whole-plant exposures. 
In unweathered diesel, blade photosynthesis was totally in- 
hibited and stipe photosynthesis was reduced by =75%. 
The reduction in NP:R caused by the petroleum treatments 
indicates a stressed condition during which less energy is 
available to the plant to balance its respiratory require- 
ments. Photosynthesis can be inhibited by direct inhibition 
of CO 2 diffusion into the plant caused by petroleum coat- 
ing the plant surface (Schramm 1972). We did observe 
small (= 1 cm diam) patches of IFO and crude oil adher- 
ing to the kelp after cleaning, which may have inhibited 
some gaseous diffusion. Nevertheless, the loss of color in 
kelp suggests that loss of photosynthetic pigments and sub- 
sequent disruption of cellular metabolism were involved 
in reduced photosynthetic rates (North et al. 1965; Vander- 
meulen and Ahem 1976). 

Based upon the photosynthetic-rate studies and whole- 
plant effects, the relative ranking of effect of petroleum 
treatments to kelp is weathered diesel > unweathered IFO 
unweathered diesel > weathered IFO > unweathered crude 
> weathered crude. The State of Washington has developed 
a formula for calculating the potential damaging effects of 
various types of petroleum products on habitats which uti- 
lizes a ranking of the relative toxicity of the various prod- 
ucts. The petroleum types and their relative ranks are: ker- 
osene type jet fuel = gasoline > No. 2 fuel oil (diesel) > bun- 
ker C=Prudhoe Bay crude (Washington Administrative 
Code 1991). Our studies, which include unweathered and 
weathered treatments of diesel, IFO, and crude oil, can be 
used to refine this ranking for kelp to assist in the determi- 
nation of potential damage from spilled petroleum. The 
studies clearly show that kelp forests can be damaged by 
spilled petroleum. Consequently, protection of the forests 
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using booms or skimming devices would be prudent to 
minimize or prevent potential damage to kelp. 

An unanticipated result of this study was that weath- 
ered diesel was more toxic than unweathered diesel. 
Weathering is generally thought to reduce the toxicity due 
to the loss of volatile compounds. However, Riley et al. 
(1980/1981) showed that weathering of Prudhoe Bay crude 
oil increased the amounts of high molecular weight com- 
pounds, and that these compounds may have higher poten- 
tial to harm organisms. Our protocol, which was designed 
to mimic calm sea-state conditions, weathered petroleum 
primarily through photochemical, evaporation and micro- 
bial mechanisms. In a review on the fate of spilled oil in 
the marine environment, Lee (1980) stated that (1) the sun 
can degrade certain components to polar surfactants which 
facilitate the dissolution of the petroleum; (2) refined pe- 
troleum products with no surfactants generally do not form 
water-petroleum emulsions; (3) aromatic compounds are 
degraded more rapidly by light than are aliphatic com- 
pounds; and (4) the products of photooxidation include car- 
bocylic acids, alcohols, ketones, and phenols. All these lat- 
ter compounds could quickly damage cells and dissolve 
plant pigments. 

In our exposures, the upper part of the stipe, the upper 
one-half of the bulb, and the base of the blades were in di- 
rect contact with the petroleum. Other portions of the plant 
were indirectly exposed through soluble fractions. There- 
fore, the posture of the plants in the exposure tanks is im- 
portant, and must be considered in conducting whole-plant 
experiments. In our experiments, stipe-tissue damage was 
more severe in Trial 1 than Trial 2 because stipes contacted 
petroleum at several places in the exposure tanks. Under 
natural conditions, Nereocystis luetkeana stipes typically 
lie below the water surface except during periods of ex- 
treme low tide and/or slack current. In our physiological 
experiment, blades showed a greater reduction in NP than 
stipes, indicating that blades may be more sensitive to oil 
exposure than stipes. 

What are the long-term effects of oil-spill damage to the 
Nereocystis luetkeana population? We tested only the mac- 
roscopic sporophyte stage of this annual plant, Reproduc- 
tive patches (sori) form on the blades of the sporophyte in 
mid-late summer and shed biflagellate zoospores that set- 
tle to the bottom and germinate to produce small, filamen- 
tous sexual plants. Following sexual reproduction, the 
macrophytic sporophyte grows rapidly from the filamen- 
tous stage to 10 m in length during spring and early sum- 
mer. 

Damage to the macroscopic plant has the potential to 
inhibit sporophyte growth and production of reproductive 
sori. We found that the most severe damage to the bull kelp 
was concentrated at the junction of bulb and stipe. This re- 
gion contains the most actively growing (meristematic) 
zone where new stipe, bulb and blade tissue are formed 
(Nicholson 1970). Inhibition of growth, as well as loss of 
blades, may affect the formation of reproductive sori. Thus, 
the gametophyte population could be affected if large por- 
tions of the sporophytic population were damaged. We did 
not, however, investigate the direct effects of petroleum on 

the gametophyte stage. Studies of Laminaria saccharina 
gametophytes indicated that dissolved fractions of fuel oil 
as low as 2 gg 1-1 inhibited fertilization and spore release 
(Steele and Hanisak 1979). Petroleum patties that sink to 
the bottom in areas of gametophyte recruitment could af- 
fect survival of the gametophytes and inhibit gamete for- 
mation and growth of the young sporophytes. 

Documented damage to giant kelp (Macrocystic pyrif- 
era) forests from petroleum spills has been minimal, pos- 
sibly because mucus produced by the plant provides tem- 
porary and effective protection from petroleum damage 
(Mitchell et al. 1970). Although Nereocystis luetkeana 
does produce mucus, our results show that exposure to pe- 
troleum may cause a reduction in mucus. Moreover, dif- 
ferences in life history between the two species may influ- 
ence differing susceptibility to damage from petroleum 
spills. M. pyrifera is a perennial plant that produces mul- 
tiple fronds (stipes with blades) from its holdfast located 
at the base of the plant. In addition, reproductive sori are 
contained on specialized blades (sporophylls) located at 
the base of plant. Hence, damaged stipes and blades in the 
canopy will be replaced by new stipes grown from the hold- 
fast. Recruitment of plant fronds does not depend solely 
on sexual production. N. luetkeana is an annual plant that 
is likely to be more susceptable to population-level effects 
of a petroleum spill. 

Investigations on the chemicals responsible for produc- 
ing the damage would help refine our understanding of the 
mechanisms of effects. Further studies should include con- 
trolled experiments on mucus production, tissue uptake, 
pigment degradation, cellular damage, reproductive cycle 
disruption, differing exposure times, and modeling of the 
total effect of a petroleum spill on populations in the re- 
gion of the spill. This model could help quantify the de- 
gree of damage to the population in terms of loss of indi- 
viduals, reproductive output and recruitment, and could be 
used to predict the long-term damage of a spill to the im- 
pacted kelp forest. 
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