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FOREWORD 

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL NATURE. 

WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE, AND FEDERAL 
LAWS AND REGULATIONS SHOULD BE REVIEWED. 

 
API IS NOT UNDERTAKING TO MEET DUTIES OF EMPLOYERS, MANUFACTURERS, 
OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR EMPLOYEES, 

AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY RISKS AND 
PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER LOCAL, STATE, 
OR FEDERAL LAWS. 

 
NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS 
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE 

MANUFACTURE, SALE. OR USE OF ANY METHOD, APPARATUS. OR PRODUCT 
COVERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN 
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABILITY 

FOR INFRINGEMENT OF LETTERS PATENT. 
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EXECUTIVE SUMMARY 

The primary object ive of this study was to evaluate the applicat ion of 

dispersant  to spilled oil as a means of reducing adverse environmental effects of 

oil spills in nearshore, t ropical waters. The results of numerous laboratory and 

field studies have suggested that  dispersants may play a useful role in reducing 

adverse impacts on sensit ive and valued environments such as mangroves, 

seagrasses, and corals. However, the use of dispersants has not  been allowed 

thus far in most  situat ions because of a lack of direct  experimental data on the 

various effects of dispersants and the environmental t rade-offs presum ed to occur 

as a result  of their applicat ion to crude oils. To accomplish this object ive, a 21/ 2-

year field experiment  was designed in which detailed, synopt ic measurements and 

assessm ents were m ade of representat ive intert idal and nearshore subt idal 

habitats and organisms (man-groves, seagrass beds, and coral reefs)  before, 

during, and after exposure to untreated crude oil and chemically dispersed oil. 

The results were in - tended to give guidance in m inim izing the ecological impacts 

of oil spills through evaluat ion of t rade-offs in the relat ive impacts of chemical 

dispersion to t ropical marine intert idal and subt idal habitats. 

 

METHODS 

The experimental design was intended to simulate a severe, but  realist ic, 

worst - case scenario of two large spills of fresh crude oil in nearshore waters, one 

t reated with chemical dispersant  and the other left  untreated. The experimental 

scenarios used in this project  were developed on the basis of the collect ive 

experience of the API  Task Force members and the project  scient ists, and the oil 

and dispersed oil volumes selected were uniform ly acknowledged as being very 

st rong tests of the potent ial impacts of each. This was part icularly t rue for the 

dispersed oil scenario since almost  all recommended dispersant  use st rategies call 

for t reatment  of oil slicks in deep water after a certain amount  of natural 

weathering has occurred. This is al-m ost  totally contrary to the experimental 

procedure used in this study, so it  must  be noted that  the dispersed oil scenario 

represents an ext reme case, such as m ight  occur if a large ( relat ive to the area of 

water) , fresh oil slick were chemically dispersed in the shallow waters of a slowly 

flushed, semi-enclosed bay. 
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Three sites were chosen for intensive study:  one site was t reated w ith 9 5 3  

l i t ers (L)  [ about  1 l i t e r / sq u ar e  met er  ( L/ m
2

)  j  Prudhoe Bay crude oil (Site 0 ) ;  a 

second sit e (Sit e D)  was t reat ed with 715 L Prudhoe Bay crude and a 

commercial dispersant  concent rate [ t o achieve a t arget  concent rat ion of  50 par t s 

per  mill ion (ppm)  ] ;  and a third sit e was used as an unt reated reference sit e 

(Site R) .  The st udy sit es chosen were t ypical of  nearshore,  m icrot idal t ropical 

mar ine habit at s.  The inter t idal por t ion of  each sit e consisted of well-developed 

red mangrove (Rhizophora  mangle)  f orest s.  The sub-t idal port ion consisted of  

t ur t le grass (Thalassia  t estudinum)  beds and coral reefs composed pr imar ily of  

Por it es por it es and Agaricia  tennuifolia. 

Each sit e was studied tw ice (8 months and 1 week)  pr ior  t o t reatment  t o 

determine baseline, prespill values of  chemical,  biological,  and physical pa-

rameters. Each site was then completely enclosed within an oil spill contain ment  

boom. Oil and oil plus dispersant  were released through Six  po iy e in y ien e¬  t ubes 

located at  var ious locat ions w ithin each study sit e.  A total of  715 L [ 4.5 barrels 

(bbl)  ]  of  dispersed oil was released over a 24-hour per iod at  Sit e D. Real-t ime 

measurement  of  pet roleum  hydrocarbons in t he water  column was used as 

feedback t o achieve a t arget  concent rat ion of  50 ppm. This scenar io simulated a 

worst -case scenario in which a large oil spill is dispersed in shallow, nearshore 

wat ers,  result ing in environmentally signif icant  concent rat ions of  dispersed oil 

for  an extended per iod.  This scenar io is sharply dif ferent  t han a more likely 

scenar io in which dispersion occurs far  away f rom sensit ive nearshore 

environment s,  r esu l t i n g  in reduced or  no exposure.  A t otal of  9 5 3  L (6 bbl)  of  

unt reated crude oil was released over several hours at  Sit e 0 and was allowed to 

remain within the boomed-in area for  two days.  This result ed in exposure of  t he 

ent ire sit e t o 1 L of  oil per  square meter .  Sit e R was t reated exact ly t he same 

as Sit es D and 0 except  no oil was released t here.  

Du r in g  sit e t reatment ,  and for  20 months af t erward,  detailed chemical and 

biological measurements were made at  each sit e using t he same methods used 

in the p r esp i l l  st udies.  These analyses are summar ized below.  

 

Chemist ry Studies 

Pet roleum hydrocarbon concent rat ions were measured in inter t idal and 

subt idal sediment s using gas chromat ography (GC)  and gas chromat ography/  

mass spect romet ry ( GC/ MS) .  The wat er  column was monit ored du r in g  sit e 
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t reatment  using UV fluorometry. Water was sampled from six locat ions, as 

duplicates from the subt idal port ions of the mangrove, seagrass, and coral 

habitats. Discrete water samples were taken at  regular intervals during site 

t reatm ent  for subsequent  GC analyses of low-molecular-weight  (LMW) hydro-

carbons, and spectrofluorometric analyses of high-molecular-weight  hydrocarbons. 

Large-volume water samples were taken using XAD filters for later GC analysis. 

Sam ples of m angrove leaves, seagrasses, and oysters were analyzed to determ ine 

uptake of oil.  

 

Biological Studies 

Intert idal Systems -  Mangrove Forests 

Survival, leaf canopy coverage and condit ion, leaf product ion rates, leaf 

length/ width rat ios, prop- root  growth, and lent icel product ion of adult  Rhizophora 

mangle were measured. Survival and colonizat ion rates of juvenile R. mangle also 

were determ ined. Surveys of mangrove t ree snails (Lit torina angulifera) were 

conducted to determ ine changes in abundance and distribut ion, and the survival of 

mangrove t ree oysters (mainly I sognom on alatus)  was m easured. 

 

Subt idal Systems -  Coral Reefs 

Detailed t ransects w ere conducted to measure the relat ive abundance of 

epifauna and epiflora living on the reef surface. This included measurem ents of 

the percent  coverage of four assessm ent  categories ( total organisms, total 

animals, corals, and total plants) . Growth rates of four coral species (Porites 

porites, Agaricia tennuifolia, Montast rea annularis, and Acropora cervicornis)  also 

were measured. 

 

Subt idal Systems -  Seagrass Beds 

The growth rate, total leaf area, and density of Thalassia testudinum  were 

measured. The relat ive abundance of the dominant epifauna ( the sea urchin 

species Echinometra lacunter and Lytechinus variegatus)  was deter-mined using 

t ransect  and quadrat  measurements. Density and diversity of infaur4al 

communit ies were determined. 



RESULTS Chemist ry 

Studies 

Prior to site t reatment , each site was found to be uncontam inated by 

pet roleum hydrocarbons. During t reatment , there was no cross-contam inat ion 

between any of the sites. 

During site t reatment , concentrat ions of dispersed oil in the water column at  

Site D ranged from 3 to over 80 ppm oil equivalents, averaging close to the 50-ppm 

target  concentrat ion. Because of nearshore water currents, it  was not  possible to 

maintain exact ly 50 ppm of dispersed oil during the 24-hour release. Figure A 

shows the measured concent rat ion of dispersed oil at  two sampling locat ions over 

the seagrass bed. Note that  the concent rat ions exceeded 80 ppm for a number of 

hours at  these locat ions ( the fluorom eter was unable to  resolve concent rat ions 

above 80 ppm ) .  Table  A presents the exposure concentrat ions in ppm -hours for 

each sampling lo - cat ion. Table A shows that  the dispersed oil target  exposure of 

1,200 ppm -hours (50 ppm  x 24 hours)  was exceeded at  the m angrove and 

seagrass sampling locat ions, and the overall average exposure for the ent ire site 

was about  1,470 ppm -hours, or about  20 percent  higher than the planned expo-

sure. LMW hydrocarbon concentrat ions were also high at  Site D, ranging between 

293 and 684 parts per billion (ppb) . 

Site 0 was exposed to thick oil slicks, and total oil in the water column ranged 

from 1 to 4 ppm oil equivalents. LMW hydrocarbon concent rat ions ranged from  33 

to 46 ppb. Total exposure to subt idal habitats ranged from 65  t o 165  ppm -hours. 

Three days after  site t reatment , 8.9 and 10.2 ppb total hydrocarbons 

(collected by large-volume sampler)  were measured in the water at  Sites D and 0, 

respect ively , and these concentrat ions slowly decreased through the end of the 

study. Concent rat ions of hydrocarbons in the water column were very low and 

comparable at  both sites through the 20-month postspill survey .  

After discharge, oil was found in the mangrove sediments at  both t reatm ent  

sites. Not  all of the chemically t reated oil was completely dispersed in the water. 

There was always some surface slick which moved into the man-grove forest . The 

oil coverage was not  uniform and was reflected in the very high variability between 

samples that  were analyzed for hydrocarbon content . I n general, more oil was 

found in the sediments at  Site 0 than at  

iv 
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TABLE A. Total hydrocarbon exposures in the water column expressed as ppm-
hours (area under the curves for the dispersed and untreated oil 
releases). 

 
DISPERSED 
OIL SITE 

UNTREATED 
OIL SITE 

Mangrove sample location 1 1 , 5 1 5  1 5 0  

Mangrove sample location 2 1 , 9 1 5  1 6 6  

Seagrass sample location 1 1 , 9 3 0  1 0 3  

Seagrass sample location 2  2 , 2 3 5  1 6 5  

Coral sample location 1 4 7 5  6 5  

Coral sample location 2  7 5 5  1 0 6  
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Site D (Fig. B) . Three days postspill (December 1984) , the oil content  measured 

at  Site D was 16 ppm. I n June 1985,  180 ppm was measured at  Site D. 

Thereafter, the sediment  content  appeared to remain constant . Postspill 

hydrocarbons at  Site 0, init ially about  95 ppm, likewise increased. Because more 

oil was not  added to the sites, the apparent  increases are due to redistribut ion of 

oil from areas that were not sampled init ially. More uniform distribut ion in the 

sediment s that  were sampled later resulted in the apparent higher oil content. 

However, it  is difficult  to draw conclusions because of the high variance and 

lim ited number of samples. 

Hydrocarbons in the seagrass sediments were very much lower than in the 

m angroves. At  3 postspill sample t imes (December 1984, March 1985,  and 

Decem ber 1985) , the concent rat ions ranged from  20 to 45 ppm  at  Site D and 

from 1 to 6 ppm at  Site O. Because of the lim ited number of samples and large 

variance, visual observat ions will be included in the following discussions of 

biological results. Hydrocarbons measured in mangrove leaves, seagrass leaves, 

and mangrove oysters will be discussed when those biological habitats are 

reviewed. 

 

Biological Studies 

Intert idal Systems -  Mangrove Studies 

The release of whole oil at  Site 0 resulted in heavy contaminat ion of the 

ent ire intert idal port ion of the site. Oil was deposited on exposed sediments 

during low t ide and moved throughout the site during high t ide. Westerly winds 

tended to push much of the oil toward the downwind (eastern)  half of the site. 

Visible contam inat ion of sediments and mangrove prop roots was evident  

throughout  the immediately postspill monitoring period, and the water surface 

was covered with sheen. During later site visit s, less oil was visible, but sheen 

and small black globules of oil were released from disturbed sediments during the 

remainder of the study (20 months postspill) . 

The effects of the untreated crude oil on adult  and juvenile mangroves at  

Site 0 were severe. Mortality and defoliat ion of adult  and juvenile man-groves 

were very evident  four months after site t reatment  (Fig. C) . Defoliat ion was 

especially pronounced in the eastern half of the site ( that  port ion receiving the 

greatest  quant ity of oil) . I n this area, 18 t rees were dead, and 34 t rees were 50-

100 percent  defoliated. The number of dead t rees increased to 25 by June 1985 

(7 months postspill) , after which no 
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addit ional mortality was detected. Part ial defoliat ion of living t rees was evident  

throughout  the site and averaged about  45 percent . Trees located in the outer 

fr inge next  to the water showed no observable effects, possibly  because they 

were rooted in sediments that  were always underwater, thereby reducing 

exposure to oil.  

The defoliated area with dead adult  t rees increased space and sunlight . A -

number of propagules (seeds)  entered but  did not  sprout  successfully until after 

June 1985.  The number of live juveniles increased from 18 in June 1985 to 175 in 

December 1985. This demonst rated the start  of colonizat ion of this severely 

damaged area, but  it  will require from 10 to 20 years for the seedlings to become 

adult  t rees. 

The relat ive abundance of the snails at  Site 0 was reduced by about  50 

percent following site t reatment. Snail numbers remained lower than prespill 

levels unt il about one year later. A significant shift  in the vert ical dist ribut ion of 

t ree snails was also measured at  Site 0, with more snails occur- ring in the upper 

levels of the forest  than before site t reatment . 

Mangrove oysters at  Site 0 were exposed to heavy concent rat ions of float ing 

slick oil, but  no measurable increase in mortality was observed. This occurred 

despite uptake of high levels of hydrocarbons ( to 678 ppm) during the early 

postspill period. Tissue levels eventually decreased to low levels after one year. 

The intert idal port ion of Site D was exposed to dispersed oil and small 

patches of whole, float ing oil. There was a light  coat ing of sheen on exposed 

sediments and prop roots, but  after a few days, the quant ity of oil had decreased, 

and after 4 months, it  was difficult  to detect  that  the site had been oiled. Only 

one small area that  had been exposed to a surface slick showed evidence of 

contam inat ion after 4 m onths. 

No measurable effects on adult  mangroves t rees occurred at  Site D. Short -

term  survival and growth of juvenile mangroves were reduced compared to 

prespill levels, and long- term  growth and survival were comparable to Site R. 

The abundance of t ree snails at  Site D also was reduced by about  50 

percent  after site t reatment , and recovery to pret reatment  levels occurred after 

one year. No changes in the dist r ibut ion of t ree snails was measured at  Site D. 
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Mangrove oysters at  Site D also had high survival rates following t reatment . 

Tissue levels of hydrocarbons were high ( 506 ppm) 3 days postspill and declined 

over the next  12 m onths to very low levels. 

 

Subt idal Systems -  Coral Studies 

The percent  coverage of coral reef substrate by epifauna and epiflora at  Site 

D declined abrupt ly following site t reatment. This decline cont inued through the 

12-month postspill survey, after which the decline in coverage appeared to have 

leveled off. The percent  coverage by all assessment  categories ( total organisms, 

total animals, corals, and total plants)  declined during the study period (Fig. D) . 

There was a slight , but  stat ist ically significant , decrease in coral coverage 

over t ime at  Site 0. The other three assessment  categories did not  exhibit  a 

decline over t ime at  this site. 

No significant  changes were measured in the growth rates of two coral 

species (Montast rea annularis and Acropora cervicornis)  at  Site D or Site 0. The 

effects of dispersed oil on Porites porites were not great, but a slight , significant 

reduct ion in 2 of 3 growth parameters was measured during the init ial postspill 

survey period. No effect  was seen at  Site 0 on P. porites. The coral species 

Agaricia tennuifolia showed clear evidence of reduced growth rates at  Site D. All 

three growth parameters were significant ly reduced during the durat ion of the 

study. No effects were seen on growth rates of this species at  Site 0. 

 

Subtidal System s -  Seagrass Studies 

No significant  effects on seagrass growth rates or blade areas were 

measured at  either Site D or 0 following t reatment . Seagrass density declined 

following site t reatment at  Site D but  returned to greater than prespill levels after 

7 months. Density of seagrasses at  Site 0 also declined after t reatment  but  did 

not  return to pret reatment  levels. 

The abundance of sea urchins was reduced drast ically at  Site D such that  no 

live urchins were present  four months after site t reatment . Sea urchin 

populat ions reappeared 12 months after site t reatment . At  Site 0, there was a 

slight  decrease in sea urchin abundance after site t reatment, followed by 

relat ively stable numbers unt il the 7-month postspill survey, at  wh! ch`  t ime large 

increases in abundance were recorded (Fig. E) . 
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The density and diversity of infauna were extremely variable at  all sites at  

all sampling periods. No discernible pat terns over t ime or between sites were 

seen. 

 

CONCLUSIONS 

The purpose of this study was to obtain experimental data to determ ine if 

the use of chemical dispersants will reduce or exacerbate adverse impacts of oil 

spills upon sensit ive and valued t ropical environments such as man-grove forests, 

seagrass beds, and coral reefs. 

The quest ion of possible t rade-offs in effects between intert idal and subt idal 

habitats was explored to determ ine if there was a net  benefit  to be gained, such 

as reduct ion in impacts to one or both habitats, or increase in recovery rates of 

affected habitats. This would allow evaluat ion of various available response 

opt ions based on different  spill scenarios. These opt ions are discussed below. 

 

Opt ion 1 -  No Act ion 

This opt ion was simulated by the untreated oil scenario (Site 0 ) .  The 

experimental data for Site 0 clearly show that  whole, unt reated crude oil has 

severe, long- term  effects on the intert idal components of the study site 

(mangroves and associated fauna)  and relat ively m inor effects on subt idal 

environments ( lim ited to a slight  decline in coral abundance). These results and 

the results of numerous other studies of oil spills have shown consistent ly that  

intert idal habitats are exposed to much higher concentrat ions of oil than subt idal 

habitats when no act ion is taken to prevent  st randing of oil or when mechanical 

collect ion or cont ainment  procedures are ineffect ive. I n those cases where the 

intert idal environment is highly sensit ive to oil pollut ion, the no-act ion response 

opt ion has a relat ively high probability of result ing in significant adverse 

environmental impacts, and therefore, the no-act ion opt ion is not  recommended 

in these cases. Some form of response is warranted, either chemical dispersion of 

the oil (within the framework out - lined below) or mechanical containment and 

recovery. I n situat ions where intert idal environments have low inherent  

sensit ivit ies, the no-act ion response opt ion may be an acceptable approach. 
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Opt ion 2 -  Apply Dispersants in Shallow, Nearshore 'waters  
Drect ly  Over or  Adjacent  to  oral and 
Seagrass Habitats 

An ext reme case of this opt ion was simulated by the dispersed oil scenario 

(Site D). The experimental data show that  the use of dispersants under this 

scenario had a posit ive effect  in reducing or prevent ing adverse impacts to the 

mangrove forest , but  this was accompanied by relat ively severe, long- term  effects 

on the coral and seagrass environments. I t  must  be noted that  the implementat ion 

of this scenario at  Site D resulted in an ext rem e, worst  case of Opt ion 2 because of 

the volume of oil used, the lack of weathering, and the durat ion of exposure. 

Under more likely condit ions in which the float ing, unt reated oil has 

weathered for several hours and is dispersed into the water column over a 

relat ively short  period of t ime, it  is reasonable to assume that  the magnitude of 

impacts to subt idal environments would be less than was measured in this study. 

Under less ext reme condit ions, one would expect  the balance in environmental 

t rade-offs to shift  in favor of Opt ion 2;  for example, m ore physical weathering of 

the oil and shorter exposure periods to the dispersed oil (such as would occur in 

more realist ic condit ions)  would probably result  in fewer impacts to nearshore, 

shallow-water coral reefs and seagrass beds and, at  the same t ime, reduce or 

prevent  impacts to mangrove forests, even if dispersants were applied direct ly over 

coral/ seagrass habitats. Therefore, the use of dispersants in shallow waters to 

protect  highly sensit ive intert idal habitats should be considered a viable opt ion, 

with the realizat ion that  significant  subt idal impacts may occur and that  overall 

environmental damages may not  necessarily be reduced. All efforts should be 

made to apply dispersants in water as deep as possible to promote dilut ion of 

dispersed oil.  
 

 
Opt ion 3 -  Apply Dispersants in Deep Water, Offshore from  

Mangrove, Seagrass, and Coral Environments 
 

This opt ion was not  direct ly tested during the study, but  the experimental 

data presented here indicate that  this opt ion is likely to result  in prevent ion or 

reduct ion of damages to mangroves without  significant  effects on seagrass or coral 

habitats. Any act ion taken to prevent  or reduce st randing of oil in mangrove forests 

is likely to have a posit ive effect  in reducing damages to mangroves. Chemical 

dispersion of oil in deep water, 2wcy from nearshore environments, is likely to 

allow dilut ion of dispersed oil 
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such that  exposure of sensit ive subt idal environments to toxic concentrat ions is 

not  likely to occur. The amount of dilut ion required or the threshold levels of 

exposure concent rat ion or durat ion are not  readily ident ifiable from the 

experimental data presented here. However, it  is reasonable to speculate that  any 

reduct ion in exposure of nearshore corals and seagrass habitats to dispersed oil 

would tend to reduce damages to them. Therefore, it  is recommended that  the 

use of dispersants be considered whenever highly sensit ive intert idal 

environments are threatened by spilled oil and that  dispersant applicat ion is 

conducted in water as deep as possible. 

Reduct ion in exposure of subt idal environments to dispersed oil is achieved 

through dilut ion into deep water or by high rates of m ixing with water currents. I t  

is possible to ident ify in advance areas where local physical processes would tend 

to promote rapid dilut ion of dispersed oil. Advance planning of this type would be 

similar to exist ing oil spit i I liapp; ng methods based on sensit ivity analyses and 

would provide spill response personnel with a pract ical guide in the decision-

m aking process. 
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INTRODUCTION 

This report  describes a 21/ 2-year field experiment  conducted by Research 

Planning Inst itute, Inc. (RPI )  and Bermuda Biological Stat ion, Inc. (BBS) to 

determ ine the relat ive effects of the undispersed and dispersed forms of a 

selected crude oil upon tropical intert idal and subt idal habitats dominated by 

mangroves, seagrasses, and corals. 

I n the t ropics, mangrove forests, seagrass beds, and coral reefs con- tribute 

significant ly to water quality, estuarine product ivity, and coastal stabilizat ion. 

These ecosystem s also are considered to be am ong the m ost  sensit ive to the 

effects of oil spills. A recent publicat ion by the American Petroleum Inst itute (API , 

1985)  indicated that  there are present ly no known effect ive mechanical means to 

clean them following impact. I n fact , all known, mechanical cleanup procedures in 

these habitats have the potent ial to render more harm than the oil itself. I t  is 

important , therefore, that  new means be examined to provide protect ion from oil 

spills which are threatening to impact  these habitats. 

A number of industry -  and government - sponsored field experiments have 

been conducted in recent  years to determ ine the effects of oil and disper san ts on 

arct ic, temperate, and t ropical ecosystems. A series of tests conducted by API  off 

New Jersey and southern California in 1978 and 1979 focused on evaluat ion of 

dispersant  effect iveness and measurement  of chem ical and natural dispersion of 

oil. McAuliffe et al. ( 1980,  1981)  present  a summary of these studies. The most  

significant findings were that chemical dispersion of oil great ly exceeded natural 

dispersion such that  concentrat ions up to 40 m illigrams per liter (mg/ L)  of crude 

oil were m easured at  1-meter (m)  depth under the best chemically -dispersed oil 

slicks, while naturally dispersed (untreated)  oil concentrat ions were generally less 

than 1 mg/ L. 

In 1980, the Baffin I sland Oil Spill (BIOS) project  was begun to invest igate 

arct ic marine oil spill fate, effects, and countermeasures, with part icular emphasis 

on the environmental consequences of dispersant  use. Sum maries of the results of 

this 4-year, mult idisciplinary study are given in Blackall and Sergy ( 1981,  1983)  

and in Sergy ( 1985) .  Their findings indicat e that  untreated oil persisted for several 

years in intert idal sediments, which acted as a source of contam inat ion to 

adjacent  nearshore subt idal habitats. Chemical dispersion of oil in nearshore 

waters resulted in short - term exposure of subt idal habitats and organisms to high 

levels of dispersed oil,  
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which was rapidly associated with sediments and accumulated by benthic or-

ganisms. This was accompanied by severe, acute behavioral and physiological 

effects. However, during the two years after the oil and dispersed oil releases, no 

large-scale mortality or significant  change in community structure was measured 

in benthic faunal communit ies. The researchers concluded that , as a result  of 

their findings, there were no ecological reasons why dispersants should not  be 

used on arct ic nearshore oil spills, in light  of the relat ively m inor acute effects 

seen and the long- term, heavy contaminat ion caused by untreated oil.  

The Tidal Area Dispersant  Experiment, conducted in Searsport , Maine, 

start ing in 1981, was sim ilar to the BIOS project  in that  detailed quant itat ive 

measurements of the chem ical fates and biological effects were made to compare 

the environmental consequences of chemically dispersed and untreated oil. 

Gilfillan et al. ( 1983,  1985)  and Page et  al. (1984)  present  detailed summaries of 

methods and results. I n this study, untreated oil was Incorporated into surface 

sediments, while chemically dispersed oil was not . Two species of bivalve 

molluscs showed rapid uptake and depurat ion of untreated oil;  no significant uptake 

was measured following exposure to dispersed oil. Uptake of unt reated oil was 

correlated with t ransient  alterat ions in enzyme act ivity. Untreated oil was found 

to reduce mollusc larval colonizat ion rates compared to chemically dispersed oil, 

and the density of opportunist ic oligochaete worm s was found to increase after 

exposure to untreated oil. The m ore severe and long- last ing effects from the 

untreated oil were believed to be due to its greater persistence in intertidal 

sediments, as compared to the relat ively m inor, t ransient  effects of the dispersed 

oil.  

In 1983,  a field experiment was conducted by RPI  in Laguna de Chiriqui, 

Panama, to determ ine the relat ive effects of unt reated and chemically dispersed 

o il on mangrove forests (Get ter and Ballou, 1985) .  This project  was part  of an 

ongoing research program on the effects of oil pollu t ion on t ropical marine 

ecosystems, which included studies of several oil spill sites (Get ter et  al., 1981)  

and various laboratory studies (Get ter et  al., 1984;  Ballou, 1986) . The m ost  

significant finding was that chemically dispersed oil caused very much less 

adverse effects on mangrove forests than did unt reated oil. There appeared to be 

potent ial for impacts to subt idal habitats from dispersed oil. These impacts were 

not  quant ified at  that  t ime, and this quest ion of t rade-offs in impacts formed part  

of the basis for the study described in the present  report . 
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Field and laboratory studies have been conducted by BBS on the effects of 

oil and dispersants (Knap et  al., 1983) . These studies indicated that  exposure to 

dispersed oil resulted in short- term, sublethal behavioral effects on corals. No 

changes in growth rate were detected. 

The need for more realist ic exposure condit ions, more detailed analyt ical 

chemistry data, and long- term  data on growth rates and other parameters led to 

the development of a mult idisciplinary program to determ ine the sublethal effects 

of dispersed oil on corals. The present  study was designed as a joint  effort  by RPI  

and BBS to examine in detail the environmental consequences of dispersant  use 

on t ropical marine environments. 
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PROJECT PLANNING 

The first  object ive was to select  an area where an oil/ dispersant  study would 

be perm it ted which contained mangrove, seagrass, and coral communit ies. A 

number of possible research areas were evaluated on the basis of suitability of 

coastal environments for the study, presence and availability of logist ical support , 

and the support  of local government  regulatory agencies. Of all the areas 

considered, the Republic of Panama offered the best  combinat ion of these factors. 

I t  is located in the t ropical region of this hemisphere and has large, undeveloped 

coastal areas with prist ine mangrove forests, seagrass beds, and coral reefs. The 

climate is moderate, undergoes regular seasonal changes in rainfall and winds, 

and is not  subject  to hurricanes which could destroy a field study such as the one 

described here. 

Petroterm inal de Panama (PTP) , a government -  and industry -operated 

pipeline company with facilit ies in the provinces of Chiriqui and Bocas del Toro, 

Panama, had been instrumental in providing logist ical support  during previous 

environmental surveys of this region conducted by RPI  for the start - up of PTP 

operat ions. RPI  had also conducted an industry - sponsored field experiment  on the 

effects of oil and dispersant  on mangroves with the direct  support  of PTP (Get ter 

and Ballou, 1985) .  Through this arrangement , we had access to air  and water 

t ransportat ion including pilot  boats, , launches, airplanes, and helicopters;  oil spill 

response equipment  such as a Marcos skimmer, curtain booms, sorbent  pads, and 

dispersants;  ground sup-port  from PTP personnel to assist  in logist ical 

arrangements;  supplies of Prudhoe Bay crude oil;  housing, food, and 

communicat ion facilit ies;  some office facilit ies;  diving equipment and 

compressors;  and building materials such as cement, wood,  nails, and tools. 

The Autoridad . Portuaria Nacional (APN) is charged with the responsibility of 

controlling oil pollut ion in Panama and has the authority to allow the release of oil 

into the marine environment for the purposes of scient ific invest igat ion. 

Within the framework of the law and their interest  in reducing the 

environmental effects of oil pollut ion, APN and PTP were very helpful and 

cooperat ive throughout  the course of this study. APN provided RPI  the opportunity 

to present  some of the findings of our study to interested 'groups in Panama City 

and also provided an observer during the actual spills in Decem ber 1984. 



5 

PTP provided unparalleled logist ical support  throughout the course of this 

study. Sr. Ricardo Brin, Captain Geoffrey Moss, Sr. David Jimenez, and the ent ire 

staff at  PTP consistent ly provided the most  complete support  possible and took a 

personal interest  in the successful complet ion of our studies. 
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REGIONAL CHARACTERIZATION 

CLIMATOLOGY AND METEOROLOGY 

General 

The geographical locat ion of Panama is between 7°N and 10°N lat itude, and 

the ent ire country experiences t ropical weather condit ions. The region is humid, 

with relat ively high average annual rainfall and frequency of thunderstorm s. 

 

Winds 

The prevailing wind direct ion in northwestern Panama is from the northeast  

(Cornthwaite, 1919) . While these t radewinds dominate, the area experiences 

diurnal wind changes related to the intense heat ing of - land areas daily. Wind 

squalls frequent ly accompany thunderstorms, and the wind may blow from any 

direct ion depending on the weather condit ions. These squalls often have maximum 

sustained velocit ies from  40 to 75 kilom eters (km )  per hour. 

 

Rainfall 

The mean annual rainfall at  Bocas del Toro is 287 cent imeters (cm)  (Gordon, 

1982)  and is somewhat  higher on the southeastern side of Laguna de Chiriqui. No 

clear wet  and dry seasons exist , but  rather, there are at  least  2 periods of reduced 

rainfall and 2 periods of heavy rainfall. Reduced rainfall occurs in March and again 

in September/ October, when monthly rain - fall averages about  15 cm . Heavy 

rainfall occurs in July and again in December, when monthly rainfall averages 35 

cm. Rainfall during the drier seasons usually consists of light  local showers, but  

heavy rains associated with frontal systems extending southward from North 

Am erica occur occasion-ally along the Caribbean coast. Rainfall in the Laguna de 

Chiriqui is fairly evenly distributed between dayt ime and nightt ime. 

 

Storm s 

Tropical storms and hurricanes rarely, if ever, affect  Panama. However, 

thunderstorms are relat ively numerous in Panama, averaging between 100 and 

140 per year (Cornthwaite, 1919) .  Thunderstorms usually t ravel across the 

I sthmus from the Caribbean to the Pacific coasts, which is the general 
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direct ion of prevailing air circulat ion patterns. Inland thunderstorms are usually 

an afternoon phenomenon in response to convect ive processes, while coastal 

thunderstorms are often night t ime and morning phenomena in response to 

cooling of air  masses. 

 

HYDROGRAPHIC REGIME 

The shoreline embayment of Bahia Alm irante and Laguna de Chiriqui (Fig. 1)  

occurs adjacent  to the Caribbean Sea, which in general is not  characterized by 

st rong, oceanic condit ions. Wave act ion is st rongest  outside the embayment  in 

open waters, and port ions of northwestern Panam a's coast - line are characterized 

by act ive marine erosion. At  the mouth of the estuary, wave act ion is reduced by 

fringing coral reefs and islands which shelter the embayment . Waves within the 

Laguna de Chiriqui range from 2 to 15 cm, while currents show lit t le direct ional 

order and are less than 40 cent imeters/ second (cm / sec) . 

The Laguna de Chiriqui is m icrot idal with a mean t idal range at Bocas del 

Toro of 24 cm  (Nat ional Ocean Survey, 1984) .  The actual fluctuat ion of water 

levels within the lagoon is influenced primarily by winds and wind-driven currents. 

The prevailing t radewinds blow into the embayment, but  frequent  thunderstorms 

often are accompanied by st rong winds which affect  water levels. 

The salinity at  the estuary mouth is approximately 35 parts per thou-sand 

(ppt)  but  may be significant ly less on the landward side of the lagoon because of 

freshwater input  from rivers. The water temperature is approximately 30° C, and 

the pH of the water is 7.5. 

 

GEOLOGIC SETTING 

Regional Geology 

Central America is characterized by complex terrain with rugged mountains, 

volcanic peaks, long serrate ridges, and narrow coastal plains. I n Panama, the 

Central Cordilleran mountain range extends almost  the length of the country, with 

their crests dividing the I sthmus into a series of At lant ic-and Pacific- facing slopes. 

The mountain ridges, which t rend roughly east-west  to southeast -northwest , are 

composed of both nonvolcanic crystalline rocks and ext inct  volcanic peaks. In 

western Panama, the mountains are 
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considerably larger than those to the east , reaching elevat ions in excess of 3,300 

m in the vicinity of ext inct  volcanoes. 

The youngest  volcanoes of the mountain ranges of western Panama be-cam e 

ext inct  during the Pleistocene (Terry, 1956) ,  while others became ext inct  

considerably earlier. Volcanic ash deposits exist  on Pacific- facing slopes where 

they have been weathered into fert ile soils, while volcanic ash deposits on 

Atlantic- facing slopes have been largely eroded by extensive rainfall runoff in the 

area (Gordon, 1982) . 

The relat ively regular coast line of northwestern Panama is interrupted by a 

large two-part  embayment (Fig. 1) , with Bahia Alm irante to the west  and Laguna 

de Chiriqui occupying the eastern port ion of the embayment . This embayment  is 

backed by forest - covered ridges to its landward side, while extensive coastal 

lowlands lie adjacent  to the embayment along the coast line, and the Caribbean 

Sea is to the northeast . Laguna de Chiriqui and Bahia Alm irante are separated by 

I sla Popa, Cayo de Agua, and an eastward-extending peninsula of the mainland 

(Fig. 1) . Laguna de Chiriqui is generally deeper and less protected from the sea 

than Alm irante Bay, as several large islands shelter the bay from open marine 

condit ions. Numerous small islands exist  within the embayment, while the 

seaward side is a relat ively shallow shelf that  is dot ted with small patches of coral 

reefs. 

The study area of this report  consists of two small islands:  Cayo Fresca and 

Cayo Ram irez ( see Fig. 4) . The substrate of these islands is an algae-covered, 

peaty marl with pockets of coral fragments. 

 

Coastal Geom orphology 

Extensive coastal lowlands occur to the northwest  and southeast  of 

Almirante Bay and Laguna de Chiriqui, respect ively, while elevated peaks of the 

Central Cordilleran Range foothills surround the embayment to the south and 

southwest . Coastal environments within the embayment include fine-grained 

beaches, coarse-grained beaches, marshes, vert ical bedrock, and mangrove 

habitats. 

Alm ost  no beaches exist  in Alm irante Bay as mangroves girdle much of the 

coast line and cover the lower elevat ions of the islands. Approximately half of the 

total shoreline of Laguna de Chiriqui is covered by mangrove habitats. The 

increased percentage of occurrence of mangroves in Alm irante Bay is probably 

due to shelter from oceanic condit ions. 
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Drainage Patterns 

No large st reams enter Alm irante Bay, as the relat ively large Rio Changuinola 

is deflected northwestward and reaches the coast  west  of the embayment . Five 

rivers drain into the Laguna de Chiriqui, with Rio  Cricamola being the largest  

st ream entering the embayment. Rio Guarumo is the next  largest , although it  and 

the other three rivers are considerably smaller. Freshwater/ saltwater m ixing 

occurs on the mainland side of the la-goon, as coral reefs near the estuary mouth 

are unaffected by any fresh-water influence. 

 

Sedimentology 

Continentally -derived clast ic sediments are introduced by rivers into Laguna 

de Chiriqui, and sedimentat ion on the mainland side of the lagoon is dominant ly 

terrigenous clast ic material. Extensive sandbars have developed at  the mouth of 

Rio Cricamola, and these sands have been reworked into broad beaches extending 

away from the river mouth in both direct ions. Transit ion from terrigenous clast ic 

to carbonate sedim ents occurs wit I ll the lagoon in a seaward direct ion, with the 

outer port ion of the lagoon dom inated by carbonate sedimentat ion. 
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SITE SELECTION AND EVALUATION 

The sites selected for the experiment  were in the northwestern Laguna de 

Chiriqui, located on the Caribbean coast  of Panama (Fig. 1) . This is a t ropical 

estuarine system which (at  its greatest  dimensions)  measures 54 km  long by 24 

km wide. The northwestern Laguna de Chiriqui is dominated by mangrove 

shorelines with associated seagrass beds and nearshore coral reefs. 

Since 1982, baseline physical, chemical, and biological data have been 

collected throughout  the estuary in preparat ion for the environmental assessm ent  

of the coastal impact  and a cont ingency plan for the tanker port  associated with 

the cross-Panama oil pipeline (RPI , 1984). In 1983-1984,  RPI  con-ducted an oil 

and dispersant  study on the mangroves in the region, which was sponsored by 

Exxon Product ion Research Com pany (Get ter et  al . ,  1984) . Am ong the data 

bases available from these studies for the Laguna de Chiriqui are:  

1)  Coastal m aps showing the dist r ibut ion of mangroves, seagrasses, 

and coral reefs with details on the shoreline and shallow-water 

dist r ibut ion of these communit ies. 

2)  A large-scale t rajectory model for the estuary with one year's data 

on winds, currents, and t ides. 

3)  Baseline, spill, and follow-up biological and chemical data from our 

1982 experimental spill in mangroves study. 

I n March 1984, a field survey was conducted to locate 3 sites for use in the 

present study. A large area in the northwestern Laguna de Chiriqui (Bahia de 

Alm irante)  was surveyed, and 12 candidate sites were selected. Each site was 

evaluated as to the suitability of the intert idal and subt idal habitats for use in the 

study. 

Evaluat ion of intert idal habitats during site select ion involved detailed 

st ructural analyses which allowed comparisons between mangrove forests to 

locate those which were comparable with regard to species composit ion, height , 

stand maturity, density, condit ion, and locat ion respect ive to the seagrass and 

coral habitats. Forest  characterist ics of mangroves of the Laguna de Chiriqui vary 

according to substrate, slope, wave height , and proxim ity to freshwater runoff. 

Sites were selected which contained dense stands of healthy, nonstressed adult  

t rees, saplings, and seedlings. 

Evaluat ion of subt idal habitats during site select ion involved comparisons 

between coral reefs and seagrass beds to locate those which had the 
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best  combinat ion of depth, density, condit ion, and locat ion respect ive to the 

intert idal components of the research project . Three sites were selected which 

contained dense stands of healthy seagrass plants (greater than 300 plants/ m 2 )  

and well- developed coral communit ies. Healthy condit ion was determ ined by the 

measurable presence of abundant  growth. Subt idal sites typically were dense 

seagrass beds between coral reefs and mangroves. These 2 types of subt idal 

habitats are m ost  representat ive of those which occur in the t ropics (Figs. 2 and 

3) . I n addit ion, considerat ion was given to the physical layout  of each site with 

respect  to proxim ity to other sites and human inhabitants, fetch, longshore 

currents, and relat ive locat ion of each habitat . 

The subt idal and intert idal habitats at  12 candidate sites were ranked on a 

scale of 1 to 10, with 1 being the best  score, and the best  sites were reevaluated 

for final considerat ion. The final three sites chosen were judged to possess the 

best  overall combinat ion of comparable mangrove, seagrass, and coral habitats 

and the best  available physical orientat ion and locat ion. 

After site select ion, three sites were marked and measured. Each site was 

30 m  x 30 m  and was approxim ately one-half covered by mangroves and one-half 

covered by coral and seagrasses. Water depths averaged 0.48 m  over the 

seagrasses and 0.63 m  over the corals. Addit ional corals were found on a steeply 

sloped drop-off extending from 3-  t o 10-m  water depths outside the outer edge of 

each plot . 

Two of the study sites were located on 1 island (Cayo Fresca) , approx-

imately 0.5 km apart , and the third site was located on a separate island (Cayo 

Ramirez)  about  5 km  to the east  (Fig. 4) . This lat ter site was designated as the 

reference site (Site R)  since its physical layout  was less suit - able for containment  

of oil and was unlikely to receive even very small levels of contaminat ion from the 

other sites. One of the sites on Cayo Fresca was found to have slight ly lower 

current  velocit ies than the other site and was therefore selected to be the 

dispersed oil site (Site D) because less dispersed oil would be required to 

maintain the target  water- colum n concentrat ion. The remaining site received the 

untreated oil (Site 0 ) .  
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SITE PREPARATION AND COLLECTION OF BASELINE DATA 

FOR EACH EXPERIMENTAL SITE 

After select ing the three experimental sites, a baseline, prespill study was 

conducted to determ ine the following:  

1)  Waves, t ides, currents, and small- scale circulat ion pat terns. 

2)  Geomorphic data, including grain size, sort ing, organic matter 

content , carbonate content , compact ion, and bathymetry t ied to  

onshore profiles. 

3)  Chemical and water-quality baseline data, including background 

petroleum and biogenic hydrocarbon levels, pH, temperature, and 

salinit ies. 

4)  Biological community and ecosystem data, including species 

composit ion, abundance, and distribut ion of resident plant  and 

animal communit ies. 

Prespill biological, chemical, and physical parameters were collected in 

March 1984 and again in late November and early December 1984. At  each t ime, 

the same measurements were repeated at  each site. Immediately following the 

Novem ber 1984 survey, preparat ions were begun for the t reatment  of each site 

according to a preestablished protocol described below. 

Prior to release of oil or dispersed oil, study Sites D and 0 were en-closed 

within a 45-cm -deep containm ent  boom  anchored at  6 points. The boom s were 

drawn through a channel cut  through the mangrove prop roots around the 

perimeter of the mangrove study area (Fig. 5) , extended across the edge of the 

seagrass and coral habitats, and joined in the m iddle at  a point  just  outside the 

seawardm ost  par t  of t he coral reef (Fig. 6) . This boom deployment  enclosed the 

area around the study site and helped rest rict  the movement  of untreated oil and 

dispersed oil to allow a controlled expo-sure to the habitats and organisms 

present  in the site (Fig. 7) . A second containm ent  boom  was posit ioned between 

the two study sites to prevent  cross-contam inat ion. This boom was a large, open-

water boom  1 m  deep and approxim ately 100 m  long. I t  was t ied to shore at  one 

end and anchored in deep water at  the other end, oriented perpendicular to 

shore. 

Immediately outside the enclosed area, a small, shallow-draft  barge was 

anchored perpendicular to shore. This barge served as a work plat form and as a 

storage area. All the oil, booms, and other spill control equipment  
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FIGURE 7. The sites were completely surrounded by booms that  helped contain 
the oil and dispersed oil and allow a relat ively con- t rolled exposure 
of the site. 
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were t ransported to the site on this barge, and it  funct ioned as the oil de- livery 

vessel during the spills. 

A large workboat  was posit ioned adjacent  to the barge. This vessel served as 

the main work area and observat ion area during the spills. Fluorometric analyses 

and water sampling were conducted from this vessel, and it  provided an area from  

which to observe, monitor, and document  the progress of site t reatment . The 

water sampling and hydrocarbon monitoring system was located on the stern of 

this vessel (Figs. 8 and 9) . 

Following placement  of the booms, barge, and workboat , the oil delivery and 

monitoring systems were set  up. The oil delivery system consisted of a bat tery -

powered elect r ic pump with six out let  valves. Each valve was connected to a 

length of 0.5 - inch polyethylene tubing that  was connected at  the other end to a 

float ing oil- release apparatus. This apparatus consisted of a 1.0 -m  sect ion of 0.75-

inch PVC pipe with a row of small holes drilled into it . This tube was fastened to a 

sect ion of wooden board that  was loosely anchored to the bot tom  with a short  

sect ion of cord. This allowed the board to float  at  the surface. Two of these oil-

release devices were located in the coral area, 2 in the seagrass area, and 2 in the 

outer fr inge of the man-grove area (Figs. 10 and 11) . The release rate was 10 

liters/ m inute (L/ m in)  (0.167 L/ sec) . 

The oil monitoring system consisted of a Turner Designs field fluorometer, a 

bat tery -powered elect ric pump, a 6-way gang valve, and 6 lengths of 0.5 - inch 

polyethylene tubing (Figs. 12 and 13) . The ends of the tubing were located at  6 

points in the study site and were anchored approxim ately 10 cm  above the 

bot tom. The oil monitoring points were located within approxim ately 3 to 5 m  of 

the oil release points. These tubes were connected to a 6-way gang valve which 

then led to an electric pump and then through the field fluorom eter. Between the 

pump and the fluorometer was a separate valve from which discrete water 

samples could be drawn. This apparatus al- lowed water to be sam pled from  six 

different  locat ions within the study site for analysis by the fluorometer or for 

analysis of discrete water samples. These were subsequent ly analyzed for volat ile 

hydrocarbons (Cl t o  C1 0 )  and for intermediate- range carbon number hydrocarbons 

by GC or GC/ MS in the laboratory. 

The oil used during the site t reatments was Prudhoe Bay crude oil. I t  is of 

medium viscosity and density and is frequent ly t ransported through t ropical 

coastal waters. Prudhoe Bay crude is one of the most  important  
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FIGURE 12. A Turner Designs field fluorometer was used to monitor oil 
concentrations. It  was used to sample water from six locations 
within the study site. 

 

FIGURE 13. Polyethylene tub ing was used to take water samples from six 
locations in each study site dur ing treatment. 
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crude oils in terms of volume t ransported in U.S. coastal waters. Table 1 

presents a summary of physical and chemical characterist ics of this oil. The 

dispersant  used in this study was a commercial nonionic glycol ether-based 

dispersant  concentrate. I t  is stockpiled by PTP and is recommended for use on 

offshore oil spills. I t  is a highly effect ive dispersant  concentrate. 

All of the oil used in the study was obtained direct ly from the PTP pipeline 

and placed into clean, metal drums. Forty- two gallons of Prudhoe Bay crude oil 

was placed into each of 10 metal 55-gallon drums. 

Dispersant  was added direct ly to each barrel in a 20: 1 oil- to -dispersant 

rat io. I n addit ion, hexadecane was added as a chemical label to aid in the 

ident ificat ion and quant ificat ion of the dispersed oil. Octadecane was added as a 

chemical label to the untreated oil. At  each site, the chemical label and dispersant 

were added to each barrel and then thoroughly m ixed by physical agitat ion for 

several m inutes. 

 

GENERAL SCENARIO DEVELOPMENT 

The volume and discharge rates of crude oil used in this study were based 

on calculat ions derived from accidental oil spills and from the experimental oil 

spills previously described. This study was intended to simulate an unusually high 

exposure level of chemically dispersed oil and a moderate exposure level of 

untreated oil. This level of dispersed oil would be approached only if fresh oil were 

dispersed direct ly adjacent  to coral and seagrass habitats in shallow, nearshore 

waters. The exposure level chosen for the untreated oil was based on field 

observat ions of est imated amounts that  caused mangrove t ree mortalit ies. 

Emphasis was placed on ensuring that  the chemically -dispersed oil scenario was a 

severe test  of dispersed oil's toxicological effects so that  the subsequent analysis 

of data would be based on a worst - case scenario for dispersant  use. 

I t  has been shown that  oil slicks rapidly spread to thicknesses of 0.1 to 0.01 

m illimeters (mm) (API , 1986;  McAuliffe, 1986) .  For 0.1 -m m - thick oil slicks, the 

maximum oil concentrat ion in the top 1 m  of water would be 100 ppm if the slick 

was completely dispersed and uniform ly m ixed. I f uniform ly m ixed in 10 m, there 

would be 10 ppm. Under actual condit ions, the concentrat ion at  10 m  m ay be 1 

ppm or less (Mackey and Wells, 1983) . 

The target  concentrat ion of dispersed oil in this study was to simulate the 

chemical dispersion of an oil slick with an average thickness of 0.1 mm. 
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TABLE 1. Physical and chemical characterist ics of Prudhoe Bay crude oil.  

 

API  Gravity ( 20° C)  27 . 8°  API 

Specific Gravity (15°C)  0 . 89  g/ m L 

Pour point  - 10° C 

Viscosity ( 38° C)  14.0 cst  

Yield:  

Arom at ics 25 . 3% vo l ume  

Paraffins 27 . 3% volume 

Naphthenes 36 . 8% volume 

Others 10.6% volume 

Com posit ion:  

Sulfur 0 . 94% weight  

Nit rogen 0 . 23% weight  

Vanadium  18 ppm  

Nickel 10 ppm  

Data from  Thom pson et  al. ( 1971)  and Coleman et  al. ( 1973) .  
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The slick was to be large relat ive to the surface area of the receiving waters, 

which in turn were to be slowly flushed. The slick was to be dispersed before 

st randing;  therefore, the dispersed oil was subject  to dilut ion by intervening 

water. Thus, the concentrat ion that  reached shore would be diluted to about  15 

ppm or less, last ing for 3 days. However, because of manpower and budget  

lim itat ions, it  was not  technically feasible to release dispersed oil at  this 

concentrat ion for such a long period. Thus, a target  concentrat ion of 50 ppm 

released over 24 hours was selected, producing an exposure of 1,200 ppm -hours. 

Under normal condit ions, this would occur only in very shallow, slowly flushed 

waters and, therefore, is a very vigorous test  for chemically dispersed oil (Fig. 

14) . 

The dispersed oil was released over a 24-hour period start ing at  1430 hours 

on 28 Novem ber 1984 and ending at  1445 hours on 29 Novem ber 1984. A total of 

4.5 barrels (715 L)  of oil was released. The release of oil was governed by 

cont inuous measurements from  the fluorometer monitoring system. The actual, 

measured concentrat ions fluctuated considerably, primarily as a result  of 

different ial water flow rates within the enclosed area and the relat ive locat ion of 

oil release points and water intake points. 

The untreated oil was released into the study site at  an applicat ion rate of 1 

liter/ square meter (L/ m 2 ) . This would represent  the amount  of oil that  would 

st rand from a 100-  t o 1,000-barrel spill, depending on wind and cur- rent  

condit ions. This concent rat ion was based on levels known to have caused adverse 

effects on mangroves (Get ter et  al . , 1981;  Get ter and Ballou, 1985) . 

Four barrels of unt reated oil were released from  1250 hours to 1700 hours 

on 1 December 1984. On 2 December 1984, an addit ional 2 barrels were added 

between 1245 and 1500 hours, making a total of 953 L released into the 900-m 2  

site. 

The whole, unt reated oil was allowed to remain within the area enclosed by 

booms unt il 1630 hours on 3 December 1984, at  which t ime the free, float ing oil 

was removed with sorbents. This allowed sufficient  t ime for t ides and winds to 

dist ribute the oil throughout the site. 
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FIGURE 14. The dispersed oil formed large clouds underwater and some small 
slicks of undispersed oil on the surface. Dispersed oil moved slowly 
through the site under the influence of nearshore currents, and the 
slick oil collected in the intert idal area and in downwind sect ions of 
the boom ed area. 
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PHYSICAL CHARACTERIZATION 

Detailed measurements of the hydrology, geology, and water quality were 

conducted at  each site to establish the baseline characterist ics of each site and to 

assist  in the design and implementat ion of the site t reatments. Parameters 

measured included current  velocit ies, water depths, t idal regime, waves, sediment 

characterist ics, and various water-quality parameters. 

 

METHODS 

The speeds and direct ions of nearshore water currents were m easured by 

t im ing the movement  of a neutrally buoyant  float  over a premeasured distance. 

Water depths were measured at  various points with a 1.5 -m profile rod. Tidal 

regime was determ ined from published t ide tables for the nearest  stat ion (Bocas 

del Toro, Panam a)  and from  on-site observat ions. Wave height  and direct ion were 

determ ined from daily observat ions at  each site. 

Within each study site, sediment  samples from mangrove, seagrass, and coral 

habitats were collected to determ ine grain -size dist ribut ion, percentages of peat  

(organics)  and calcium carbonate, and compact ion. A 3- inch diameter aluminum 

coring pipe was inserted into the sediments and withdrawn. The contents were then 

placed in a plast ic bag and shipped to the RPI  laboratory. Grain  size was 

determ ined by sort ing of sediments into three size classes (gravels, sands, and 

muds)  and measuring the percentage of each size class by weight . Percentage of 

peat  and other organics and calcium carbonates was determ ined by visual 

observat ion and by acidificat ion of the samples with nit ric acid to dissolve any 

carbonates present . 

Water-quality parameters were measured using a Hydrolab to determ ine 

water temperature, pH, conduct ivity, and dissolved oxygen. 

 

RESULTS 

Wave and Tidal Regime 

 

 Surface water movement  at  each site was dom inated by wind-driven longshore 
currents that  ranged from  0.35 to 1.0 m eters/ m inute (m / m in) .  Close to shore at  the 

edge of the m angrove prop roots, a very weak countercurrent  of less than 0.05 m / m in 

was m easured. 

 

 



 

 
 

30 

Wave height  depended on local weather condit ions. Under typical condit ions, 

wave height  ranged from  less than 0.5 cm  to 4.0 cm . During thunderstorm s, wave 

height  reached a maximum of about  10.0 cm . 

Water depth at  each site changed with distance from shore. Maximum depth 

within the sites was less than 3 m  and was usually less than 1 m  throughout  most  

of the site. At  the crest  of the coral habitat  and in most  of the seagrass habitat , 

water depths were as lit t le as 10 cm, depending one the t ide and local weather 

condit ions. 

The t idal regime in this area is m icrot idal diurnal with a mean range of 0.84 

feet . The actual height  and t ime of the t ides is highly variable de-pending on local 

weather condit ions. 

 

Sediment Analyses 

The sedim ent  types of the study sites consisted of two categories;  calcium 

carbonate sediments derived from coral and calcareous algae, and organic peats 

derived from mangrove root  and leaf material. The study sites were located on 

small islands formed by mangrove t rees growing on top of coral rubble fragments. 

A thick deposit  of peat  formed on top of the coral rubble, form ing a dist inct  

t ransit ion zone located at  the edge of the man-grove prop roots. Seaward of this 

area, the sediments are almost  exclusively coral fragments, and landward, the 

sediments are fibrous peat . 

 

Coral Bed Sediments 

The sediments collected at the 3 coral experiment sites were very similar in both 

composition (Table 2) and size distribution. The samples are composed of coral fragments (Porites 

porites) with a mean clast size of 50.4 mm. All of the sediments sampled fell into the gravel size 

class (greater than 2 mm). An occasional piece of Halimeda also was present in the samples. These 

sediments were very loosely compacted. 

Seagrass Bed Sediments 

The composit ion of the sediments at  the seagrass experiment  sites were 

predominant ly calcium carbonate with only 1 to 2 percent  of the samples being 

organic material (Table 2) . Size dist ribut ion of the samples ranged from gravel to 

mud. Gravel- size coral fragments of Porites porites were m ost  com m on, 

comprising an average of 57 percent  for the 3 samples. The mean 
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TABLE 2 .  Size d ist r i b u t ion  an d  com p osi t i on  o f  sed im en t s f r om  cor a l ,  seag r ass,  
an d  m an g r ov e  com p on en t s o f  t est  s i t es.  

CORAL SEAGRASS MANGROVE 

TEXTURAL SI Z E 

CLASSES 

Gr av el 

( g r ea t e r  t h an  2 . 0  mm)  100.0%  5 6 . 7 %  0 . 0 %  

San d  

( 0 . 0625- 2 . 0  mm)  0 . 0% 41 . 6% 0 . 0% 

Mu d  

( l ess t h an  0 . 0625  mm)  0 . 0 %  1 . 7 %  1 . 9 %  

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

COMPOSI TI ON  

 

Peat /  organics 

 

Calcium  Carbonate 

0 . 0 %  1 . 3 %  9 8 . 1 %  

1 0 0 . 0 %  9 8 . 6 %  1 . 9 %  
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size for the coral fragm ents was 43.6 m m . An average of 42 percent  of each sam ple 

was sand-size coral fragments with grain sizes ranging from 0.088 m m  t o 0.25 m m  

(very fine-  to medium -grained sand) . The remaining port ion of the sediments was 

either organics or calcium carbonate mud. The sediments in the seagrass habitats 

were loosely com pacted. 

 

Mangrove Forest  Sam ples 

Sediments sampled from the mangrove experim ent  sites were predom inantly 

peat  (97 percent  organic material;  see Table 2) . One to 2 percent  of each sample 

was calcium carbonate mud. The peat  was of a fibric grade, being spongy, elast ic, 

and compact  with plant  residues well preserved ( root-mat) . These sediments were 

very dense and form ed a coherent  plug of root-mat  when removed by the sediment  

corer. 

 

Water Quality 

Temperature, pH, and salinity were very uniform throughout  the study area. 

Water temperature averaged 28.5° C, pH averaged 7.4, and salinity averaged 32.0 

ppt . 
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CHEMICAL SAMPLING AND ANALYSES 

An intensive analyt ical survey was conducted at  each site prior to t reatment , 

during t reatment , and following t reatment  to determ ine the chemical 

characterist ics with reference to pet roleum hydrocarbons. 

This analyt ical program had a number of specific object ives, the first  of 

which was to evaluate the suitability of the sites selected for t reatment . This was 

done to detect  any evidence of previous exposure to pet roleum hy drocarbons, to 

allow a com parison to be m ade between the sites based on organic chemistry, and 

to establish prespill baseline levels of naturally occur- ring hydrocarbons. 

A second m ajor object ive was to determ ine real- t ime concent rat ions of 

pet roleum hydrocarbons during the site t reatment  periods, both to determ ine the 

m agnitude of the spills and to provide a feedback mechanism for cont rol- ling the 

dose of oil at  each site. 

The third major object ive was to conduct  postspill analyses of the water, 

sediments, and biota to determ ine exposure levels and uptake that  could be 

related later to any measured biological effects and to determ ine the long- term  

changes in hydrocarbon chemist ry at  the sites. 

 

METHODS 

Water Sampling Large-

Volume Samples 

Hydrocarbons were adsorbed from  water onto Amberlite XAD-2 resin in glass 

columns. Columns were placed in areas within the sites connected with Tygon 

tubing leading to Masterflex pumps placed in a small boat  at  the edge of the site. 

Water was pumped through each column for approximately 5 hours at  a flow rate 

of 250 m L/ m in for a total sam ple of about  75 L. The colum ns were t reated with 

saturated mercuric chloride solut ion to prevent  biodegradat ion of hydrocarbons 

sealed and t ransported to Bermuda for analysis. 

 

Spill Monitoring 

At  each of the 2 experimental sites (D and 0) , sample tubes were led into 6 

areas of the site (Figs. 10 and 11) .  Tube inlets were placed 
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approxim ately 10 cm  off the bot t om  at tached to galvanized reinforcing bars 

driven into the sediments at  locat ions represent ing coral, seagrass, and man-

grove areas within sites. The tubes led to a 6-port  sampling manifold, through the 

flow-cell of a Turner portable fluorometer t o a 12-volt  impeller pump. By 

select ively opening a valve, water could be drawn from each sampling locat ion 

through the fluorometer to obtain a real- t ime reading of fluorescence. The 

inst rument  had been calibrated to convert  fluorescence intensity to the 

concent rat ion of physically and chemically dispersed oil. Calibrat ion produced a 

standard curve of fluorescence versus oil concentrat ion, and all fluorescence 

readings taken in the field were compared to this standard curve. The oil 

concent rat ions derived from the standard curve are known as oil equivalents since 

they are est imated from the curve rather than gravimetrically or volumetrically 

quant ified. The out let  tube was used to collect  discrete water samples that  were 

collected at  t ime intervals tnrougnout  the 24-hour dosing period as well as 24 

hours after the addit ion of oil. I n addit ion to measuring hydrocarbon 

concentrat ions, the readings from the fluorometer provided feedback to cont rol 

the addit ion of oil.  

Water samples were collected in 1-L separatory funnels and ext racted twice 

with 50-mL dichloromethane. The ext racts were sealed in glass ampoules that  

had been precleaned with chromic acid, washed with dist illed water, and then 

solvent - r insed. These were t ransported to BBS for total ext ractable organic 

m at ter analysis. Throughout  the dosing period, samples also were collected and 

sealed in crown top glass bot t les for the analysis of LMW hydrocarbons (C1 -C1 0 ) . 

 

Sediment Sampling 

Sediments were collected in the intert idal area using 10-cm -diameter x 30-

cm - long alum inum corers. Once above water, cores taken in the seagrass area 

were t ransferred to glass jars. Three replicates were taken at  each sampling point  

and stored separately. The large amounts of coral rubble made coring ext remely 

difficult , so in many cases, coral rubble was collected by hand using plast ic gloves 

and placed in glass jars. Mangrove and inter- t idal areas were sampled by coring 

in areas within the site at  low t ide. These samples were ext ruded from the corer 

into glass jars. Other sam ples were taken using a stainless-steel knife to cut  the 

peaty material to a depth of 0.5 cm. These are called "surface scrapes." One 

sample is made up by 
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combining 5 scrapes from an area within a 1-m radius from a central sampling 

point . All samples were t reated with saturated mercuric chloride solu t ion to prevent  

sample biodegradat ion during t ransport . 

 

Sampling of Biota 

Mangrove leaves'  and seagrass leaves were collected by hand, placed in 

plast ic bags at  the site, and then t ransferred to glass jars. Leaves were collected 

from each site in t riplicate and then later pooled at  the BBS laboratory to create 

fewer sam ples. 

The coral t issue was sampled with an air -pik (Knap and Sleeter, 1984) . The 

t issue was dissociated from the carbonate matrix using a st ream of air, blown into 

a clean beaker, and then t ransferred to a glass jar. Mercuric chloride was added to 

prevent  sample degradat ion. 

 

Analyt ical Techniques 

Samples of water, sediment , and biota were t reated by sim ilar techniques 

once they arrived at  the BBS laboratories. All the solvents and other chemicals 

used were of high purity, confirmed in our laboratory by raniltary GC. 

The dichloromethane ext racts of the water samples ext racted in the field were 

dried over anhydrous sodium sulfate, adjusted to an appropriate volume to prevent  

quenching, and analyzed by scanning and fixed wavelength UV fluorometry on a 

Perkin-Elmer 650 10S scanning spect rofluorom eter. A synchronous scan of the 

excitat ion and em ission wavelengths was carr ied out  from  250 to 500 nanom eters 

(nm) with an excitat ion wavelength 25 nm shorter than the em ission wavelength. 

The spect ra were com pared to those generated using Prudhoe Bay crude oil. The 

extracts were calibrated with whole oil and whole oil plus 5 percent  dispersant . 

Selected samples were analyzed further by capillary GC and capillary GC/ MS 

after further purificat ion and separat ion. The extract  was evaporated to 

approxim ately 100 m icroliters, and 1-3 m icroliters were injected into a Hewlet t -

Packard 5840 gas chromatograph equipped with a capillary injector and flame 

ionizat ion detector. Aliphat ic hydrocarbons were analyzed using a 30-m  x 0.25-m m  

fused silica capillary column coated with SE-30 (J&W Scient ific) . The GC condit ions 

were tem perature program m ing from  55°  to 250° C at  4 degreesC/ m in, and 

hydrogen at  a head pressure of 10 pounds per square inch 
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(psi)  which gave a column flow rate of 1 mL/ m in. The same condit ions were used 

for aromat ic hydrocarbons, but  a m ore polar column (SE-52)  colum n was used. 

Aliphat ic fract ions were recorded by integrator and interpreted ac-cording to their 

retent ion index. Peaks in the aromat ic fract ion were qualitat ively identified using 

authent ic standards as well as by using the system developed by Lee et  al. (1979)  

which indexes the aromat ic hydrocarbons on the basis of naphthalene, 

phenanthrene, chrysene, and picene. Quant itat ioo was carried out  using peak area 

of the unknown relat ive to authent ic hydro-carbon standards and using an internal 

standard as a measurement  of method efficiency. Full procedural and sample 

blanks were carried out  with every sample set . 

 

Water Sample Analysis 

The XAD-2 resin was removed from  the column and ext racted c_  hours with 

aqueous acetone (1 : 1 ) . This process was repeated for a further 24 hours with 

fresh solvent  and the 2 ext racts combined. The acetone was removed by rotary 

evaporat ion under vacuum, and the aqueous phase was ext racted twice with n-

hexane. The hexane ext racts were evaporated to approximately 0.5 mL and 

applied to a 1 -cm -diameter x 5 -cm - long column of Florisil that  had been 

deact ivated with 2.5 percent  water. Two fract ions were eluted from the column 

using hexane alone for the first  fract ion containing the aliphat ic hydrocarbons and 

a 10 percent  diethyl ether in hexane solut ion for the second fract ion which 

contained the aromat ic hydrocarbons. These fract ions were then analyzed by GC 

and GC/ MS. The results are ex-pressed in m icrograms per liter (ug/ L) by dividing 

the hydrocarbon concent rat ion by the amount  of water that  passed through the 

resin. 

 

Sediment Analyses 

Sediment  samples were sieved to remove all debris over 1 mm in order to 

remove coarse material. Three replicates from each site were pooled to give 1 

sample from each habitat  (mangrove, seagrass, and coral) . The sedim ents were 

alkaline-digested for 8 hours using 0.5 -N potassium hydroxide in methanol. The 

nonsaponifiable lipids were part it ioned into n-hexane (3 t im es with 20-mL aliquots 

o f  n-hexane) , evaporated to 0.5 mL, subjected to Florisil cleanup, and separated 

and analyzed as described above. The results were 
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reported as hydrocarbon per unit  wet  weight  of sediment . I nternal and external 

standards were added to correct  for m ethod losses. 

 

Tissue Analyses 

Plant  and animal samples were homogenized, subjected to alkaline digest ion, 

and analyzed for hydrocarbons as described above for sediments. 

 

Gas Chrom atography/ Mass Spect rom et ry 

Verificat ion of compound ident ificat ion in sample extracts was carried out  

using a Hewlet t -Packard 5970 quadrupole mass select ive detector with a capillary 

direct  interface. This was coupled with a 5790 Hewlet t -Packard capillary gas 

chromatograph, and a Hewlet t -Packard 59970A data system  with the NBS 

Reference Library. Unknown peaks that  did not  correspond with known samples 

were ident ified by interpretat ion of their mass spectra as well as by library data 

searches. 

 

RESULTS 

Baseline Characterizat ion 

Analysis of the samples collected during the first  sampling t r ip (March 1984)  

indicated that  the sites were free of pet roleum hydrocarbons and, therefore, were 

suitable for the experiment  (Table 3) . Hydrocarbons present  in water samples 

taken from  the 3 sites ranged from  0.1 to 0.2 ug/ L. The GC pat tern of 

hydrocarbons indicated a biogenic origin. There was no evident  unresolved 

complex m ixture in the chromatograms, thus indicat ing that  the area was free of 

oil inputs. Sediment and t issue samples also were free of oil hydrocarbons, and 

there was lit t le difference between sites. Site R, the reference site, had less 

variability between replicates, but  we cannot  determ ine the reason for this. 

 

Monitoring During Site Treatments 

Tables 4 and 5 summarize the water sampling data obtained during site 

t reatment . The concentrat ions of oil were taken at  arbit rary t ime intervals by 

switching sampling ports and reading the concentrat ions in terms of fluorescence 

intensity. These readings then were converted to ppm  oil using a calibrat ion 

graph.  The concentrat ions achieved were t ime-averaged at  
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TABLE 3. Analysis of baseline samples taken in March 1984 (mean of samples) showed 
very low levels of biogenic hydrocarbons only. 

 
SITE D SITE 0 SITE R 

Water samples (ppb) 0.14 +/- 0.11 0.20 t 0.14 0.18 +/- 0.06- 

Sediment samples (ppm 

wet weight) 

Mangrove 2.04 ± 0.53 1.44 +/- 0.51 0.97 t 0.39 

Seagrass 1.85 t 1.14 1.02 +/- 0.16 0.69 ± 0.07 

Plant tissue (ppm 
wet weight) 
 

Mangrove 0.90* 0.69* 1.02* 

 
Seagrass 0.61* 1.94* 1.93* 

*Results of pooled samples consisting of at least 10 mangrove and 30 seagrass leaves. 
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TABLE 4 .  Flu or om et r y  r ead in gs as o i l  equ iv a len t s ( in  ppm )  du r in g  dosin g  per iod  at  t h e 

d i sp er sed  o i l  s i t e  ( Si t e  D ) .  Con cen t r a t i on s o f  d i s p er sed  o i l  w er e 

som ew h a t  v a r i ab le  ov er  t h e  s i t e ,  w i t h  h i g h est  con cen t r a t i on s p r esen t  

ov er  t h e  seag r ass a r eas.  

Hou r s AREA 1  AREA 2  AREA 3 AREA 4 AREA 5 AREA 6 
A f t e r  ( Cor al )  ( Cor a l )  ( Seag r ass)  ( Seag r ass)  ( Man g r ov e)  ( Man g r ov e)  Dosin g  

0  -  3 . 0 -  4  -  -  

1  5 . 3 2 . 0 4 . 3 5 . 5 4 . 2 4 . 5 

2  5 . 0 4 . 5 6 . 0 8 . 5 8 . 0 1 0 . 5 

3  2 7 . 5 2 1 . 0 3 9 . 0 2 6 . 3 4 8 . 0 2 4 . 0 

4  2 7 . 0 3 5 . 3 6 3 . 3 4 8 . 5 5 8 . 3 3 6 . 0 

5  3 3 . 7 2 6 . 0 4 0 . 7 5 6 . 7 6 7 . 3 4 9 . 3 

6  1 3 . 0 2 7 . 7 4 9 . 3 6 2 . 0 3 4 . 7 5 4 . 0 

7  7 . 0 1 9 . 7 7 3 . 3 6 3 . 3 2 8 . 0 4 4 . 7 

8  4 . 0 1 3 . 0 7 0 . 0 6 0 . 0 5 4 . 0 3 2 . 5 

9  7 . 1 1 9 . 0 2 9 . 8 3 9 . 3 -  -  

10  4 . 3 2 1 . 0 7 6 . 7 80 . 0+  2 0 . 0 5 5 . 0 

11  1 1 . 3 3 3 . 0 4 0 . 5 80 . 0+  -  -  

12  9 . 7 3 5 . 3 80 . 0+  80 . 0+  -  -  

13  6 . 5 3 1 . 0 80 . 0+  7 0 . 0 -  -  

 7 . 1 1 6 . 8 80 . 0+  80 . 0+  -  -  

15  1 2 . 6 1 0 . 6 80 . 0+  80 . 0+  2 0 . 5 4 2 . 0 

16  2 0 . 0 1 0 . 0 80 . 0+  80 . 0+  4 9 . 3 4 3 . 3 

i7  1 0 . 8 1 1 . 2 80 . 0+  80 . 0+  2 3 . 5 3 4 . 0 

18  1 8 . 2 5 . 0 6 5 . 0 80 . 0+  6 7 . 0 3 5 . 7 

19  2 2 . 0 2 4 . 8 7 0 . 0 80 . 0+  2 7 . 5 5 0 . 0 

20  6 . 3 2 1 . 3 80 . 0+  80 . 0+  1 5 . 0 5 3 . 3 

21  5 . 0 1 9 . 3 80 . 0+  7 0 . 0 2 3 . 3 6 5 . 0 

22  7 . 5 1 8 . 5 4 8 . 0 4 9 . 0 4 0 . 0 4 7 . 3 

23  6 . 8 2 8 . 5 6 5 . 0 4 4 . 0 5 2 . 7 7 0 . 0 

24  1 2 . 3 1 9 . 0 3 9 . 5 3 3 . 5 5 2 . 5 6 4 . 0 

48  3 . 0 4 . 6 7 . 7 8 . 0 5 . 3 8 . 4 

For 
0 - 24  

      

h r :  

Mean  1 2 . 1 1 9 . 1 5 9 . 0 5 7 . 6 3 6 . 5 4 2 . 9 
( SD)  ( 8 . 3 )  ( 9 . 7 )  ( 2 3 . 0 )  ( 2 5 . 0 )  ( 1 8 . 9 )  ( 1 6 . 7 )  
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TABLE 5 .  Flu or om et r y  r ead in gs as o i l  equ iv a len t s ( in  ppm )  du r in g  dosin g  per iod  

a t  t h e  o i l  s i t e  ( Si t e  0 ) .  Oi l  con cen t r a t i on s w er e  m u ch  low er  an d  

m or e u n i f o r m  at  t h is si t e .  

Hours  
AREA 1 AREA 2 AREA 3 AREA 4 AREA 5  AREA 6  

A f t e r  

Dosing  

( Cor al )  ( Cor al )  ( Seag r ass)  ( Seag r ass)  ( Man g r ov e)  ( Man g r ov e)  

0  1 . 6 -  -  -  -  -  

1  1 . 9 3 . 0 2 . 2 1 . 8 2 . 5 2 . 5 

2  1 . 8 2 . 9 2 . 7 2 . 0 3 . 0 3 . 5 

3  1 . 5 4 . 0 3 . 1 2 . 7 3 . 6 3 . 3 

4  1 . 5 4 . 0 3 . 1 2 . 7 3 . 6 3 . 3 

5  -  2 . 0 2 . 2 2 . 5 3 . 5 3 . 4 

23  1 . 3 1 . 4 1 . 9 -  2 . 3 2 . 5 

24  1 . 3 1 . 8 -  -  -  -  

26  1 . 0 2 . 1 1 . 8 1 . 3 2 . 0 2 . 6 

27  1 . 2 2 . 1 1 . 9 1 . 8 2 . 3 3 . 1 

28  -  -  -  -  2 . 3 3 . 4 

148  1 . 1 2 . 1 1 . 9 1 . 3 2 . 1 2 . 8 

49  -  1 . 9 1 . 7 1 . 2 2 . 0 2 . 8  

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

Mean 1 . 4 2 . 5 2 . 3 1 . 9 2 . 6 3 . 0 
( SD)  ( 0 . 3 )  ( 0 . 9 )  ( 0 . 5 )  ( 0 . 6 )  ( 0 . 6 )  ( 0 . 4 )  
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one-hour intervals. The results in Table 4 show variability, and generally, the 

concentrat ions at  Site D were lower over the coral area and higher over the 

seagrass area. The readings listed as 80 ppm are actually higher as the fluorometer 

quenched at  this reading;  thus, these readings are 80 ppm plus. Concentrat ions of 

oil in the mangrove area were a lit t le lower than the sea-grass area, but generally, 

an oil dose exceeding that  desired for seagrasses was achieved. Table 5 shows the 

hourly averaged concentrat ions under the oil slick at  Site O. Concentrat ions are less 

than 3 ppm and are fairly uniform . These low concent rat ions were expected because 

the oil would be more in the dissolved phase than present as an oil dispersio n as 

was the case for Site D. 

Samples taken during the dosing period and analyzed by GC and GC/ MS are 

expressed as oil equivalents in Table 6. These also show some variability but 

indicate that  the measurements reached concentrat ions as high as 222 ppm. 

Qualitat ive analysis shows a full range of oil hydrocarbons present  in the extracts. 

The dichloromethane ext racts of- the water samples taken during the introduct ion of 

chemically dispersed oil show the hexadecane (C16 )  spike, as well as a clear 

definit ion between C1 7 / pristane and C1 8 / phytane. Discrete water samples taken 

during the oiling of Site 0 are shown in Table 

7 . Chrom atogram s of dichlorom ethane ext racts from Site 0 show the larger 

octadecane peak from the addit ion of this hydrocarbon to the oil as an in ternal 

standard prior to oil discharge. The qualitat ive analysis indicated no cross-

contam inat ion between sites. 

Water samples taken during the dispersed and untreated crude oil re- leases 

were analyzed for LMW hydrocarbons. The results are given in Table 

8 . The table is self - explanatory except  for the term  "octanes or cyclo -

hexanes" which refers to hydrocarbon peaks of specific chromatographic retent ion 

t im e. 

The results indicate that , as expected, the water column concentrat ions of 

pet roleum hydrocarbons at  Site D were much higher than at  Site O. The coral area 

of Site D averaged 293 ppb during the period of dosing, while the corals at  Site 0 

averaged 33 ppb. The seagrass area had the highest  concentrat ions with an 

average total LMW hydrocarbons of 684 ppb, while at  Site 0, seagrasses received 

44 ppb. The mangrove area of Site D was exposed to an average of 367 ppb, while 

Site 0 averaged 56 ppb. The aromat ic hy drocarbons benzene, toluene, the xylenes, 

and the t rimethyl benzenes had the highest  concentrat ions at  Site D. The 

cycloalkanes were next  which fits 
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T A B L E 6 .  An a ly sis o f  o i l  h y d r ocar b on s as o i l  eq u iv a len t s ( i n  p p m )  in  d i scr e t e  

ex t r act s o f  t h e  d i sp er sed  o i l  s i t e  ( Si t e  D)  sh ow  t h e  h ig h er  v a r i ab i l i t y  

an d  ex p osu r e  l ev e l  a t  t h i s s i t e .  

Hours  
AREA 1 AREA 2 AREA 3 AREA 4 AREA 5 AREA 6 

D  o  s   i   n   g 
 

( Cor al )  ( Cor al )  ( Seag r ass)  ( Seag r ass)  ( Man g r ov e)  ( Man g r ov e)  

5  -  5 . 8 
    

6  -  -  3 . 9 9  2 . 2 0  

7  -  4 . 9  2 8 . 4 4 . 2  

8  -  1 . 5  8 . 9 -  1 8 9 . 4 

9  0 . 2 2  -  3 2 . 2    

11  -  1 4 . 9     

12  3 . 1 -  7 0 . 1 1 0 . 9   

13  -  5 . 6     

14  2 . 0 -  3 1 . 5    

16  1 1 . 7 -   0 . 2 4  2 2 2 . 0  

20  -  -   1 1 . 0 -  2 0 . 0 

21  -  5 . 1     

22  -  -  3 5 . 7 1 4 . 1   

24  -  -  7 . 5 -    
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TABLE 7 .  An a ly sis o f  o i l  h y d r ocar bon s as o i l  equ iv a len t s ( in  ppm )  in  d is c r e t e  

ex t r act s a t  t h e  o i l  s i t e  ( Si t e  0 )  i n d i ca t e  l ow er ,  m or e  u n i form  

ex p osu r e.  

Hours  
AREA 1 AREA 2 AREA 3 AREA 4 AREA 5 AREA 6 

A f t e r  

Dosing  

( Cor al )  ( Cor al )  ( Seag r ass)  ( Seag r ass)  ( Man g r ov e)  ( Man g r ov e)  

1  0 . 7 -  -  0 . 0 7  -  -  

2  -  0 . 0 3  -  0 . 0 4  -  0 . 0 7  

3  0 . 0 2  -  0 . 0 7  -  -  -  

4  -  0 . 0 2  -  0 . 0 6  0 . 0 6  -  

24  0 . 0 3  -  -  -  -  -  

25  -  -  0 . 0 4  0 . 0 2  0 . 0 2  0 . 0 3  

26  0 . 0 1  0 . 0 5  0 . 0 4  0 . 0 9  -  -  

27  0 . 0 2  -  0 . 0 6  -  -  -  
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well with expected solubility data. As with the higher-molecular-weight hydrocarbons, it is 

obvious that the chemical dispersant significantly increased the concentration of oil 

hydrocarbons for the whole molecular-weight range to which the organisms were exposed. 

 

Sediment Analysis 

The hydrocarbon concentration in the sediments of the 3 areas are low (less than 1 ppm) 

prior to the addition of oil (Table 9). A few days after site treatment, Site D showed higher 

concentrations in the seagrass sediments (45 ppm) than in the mangrove sediments (16 ppm) 

However, at Site 0, the mangrove sediments averaged 92 ppm, while the seagrass sediments 

were relatively uncontaminated and were slightly higher than the baseline hydrocarbon 

concentrations. At both sites, the petroleum hydrocarbon concentrations were highly variable, 

as indicated by the high standard deviation in these measurements (Table 9). This high 

variability was more evident at Site D than at Site O. At Site D, there were pockets of slick oil 

that re-formed on the water surface during treatment and resulted in a very patchy coating of 

oil, while at Site O, the slick oil formed a relatively even coating over the entire site. 

Two days after site treatment, the highest concentrations of whole oil at Site 0 were 

measured in the high intertidal portion of the mangrove forest 

(Fig. 15) . Lower oil concentrations were measured in the midintertidal and subtidal areas of the 

mangrove forest. The distribution of oil at Site D was almost reversed, with the highest 

concentrations measured in the subtidal sediments. 

The concentration of petroleum hydrocarbons in the subtidal mangrove sediments at 

Sites D and 0 were about the same (Fig. 15), possibly because the water depth in both sites 

was about 10-20 cm, and with such a high concentration of oil, the hydrocarbons transferred 

quickly to these subtidal sediments. The sediments in the seagrass area of Site D were 

similarly affected. After a few days, the mean concentration of these subtidal sediments in Site 

D (20- to 40-cm water depth) was 44.7 ppm. 

Four months after site treatment, there were still high concentrations of oil in the 

mangrove and seagrass sediments at Sites D and O. Figure 15 illustrates an increase in the 

concentrations of oil in the high intertidal and midintertidal mangrove sediments. This was more 

evident at Site 0 than at 
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TABLE 9. Petroleum hydrocarbon results for sediment samples (ppm wet we igh t ) .  

SITE D SITE 0 SITE R 

PRESPILLL 
(November 1984) 

 
Mangrove sediments  0.6 +/- 0.3 0.9 ± 0.6 0.6 ± 0.6 
Seagrass sediments  0.3 ± 0.1 0.4 ± 0.3 0.3 ± 0.0 
Coral sediments  - - 0.9 ± 0.7 

 
 
3 DAYS POSTSPILL 

(December 1984) 
 

Mangrove sediments 16 ± 27 93 ± 47 0.5 ± 0.2 
Seagrass sediments 45 ± 33 1.2 ± 0.7 0.5 ± 0.2 

 
 
4 MONTHS POSTSPILL 

(March 1985) 
 

Mangrove sediments 89 ± 77 140 ± 136 0.8 +/- 0.4 
Seagrass sediments 21 ± 10 6 ± 4 0.4 ± 0.1 

 
 
7 MONTHS POSTSPILL 

(June 1985) 
 

Mangrove sediments  179 ± 263 229 ± 281   - 
 
 
12 MONTHS POSTSPILL 

(December 1985) 
 

Mangrove sediments  125 ± 66 552 ± 713   - 
Seagrass sediments 27 ± 4 2 +/- 1   - 
Coral sediments  7 +/- 2 0.4    - 

 
 
20 MONTHS POSTSPILL 

(August 1986) 
 

Mangrove sediments  185 ± 88 254 ± 307   - 
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Site D and is presumably at t ributable to the redistribut ion of oil around the sites 

due to t idal and current  act ion. The subt idal sediments were not  affected to the 

sam e degree with mean concent rat ions of 31 ppm and 123 ppm, respect ively. The 

hydrocarbon levels in the seagrass sediments were 21 ppm at  Site D and also 

slight ly elevated in Site 0 at 6  ppm  (Fig. 16) . 

At  7 months after the spill (June 1985) ,  there was evidence of even greater 

redistribut ion of oil. The means of all mangrove sediments at  Sites D and 0 

increased to 179 ±  263 ppm  and 229 ±  282 ppm, respect ively. Due to sampling 

bias in t rying to gain more informat ion on the intert idal area, we obtained only a 

few samples from this high in tert idal area and, therefore, appeared to sample only 

patches that  were not  severely contam inated. How-ever, in the midintert idal area, 

7 full sets of intert idal surface scrapes were sampled;  the means were 232 ±  302 

ppm  and 420 ±  317 ppm  for Sites D and 0, respect ively. The subt idal sediments 

were higher at  Site D than at  Site 0, although this result  was biased by one sample 

with a high hydrocarbon content  at  Site D. Unfortunately, the seagrass samples 

were damaged in t ransit  so it  was not  possible to obtain data at  this t ime period. 

At  the 12-month sampling period (December 1985) ,  sampling was concen-

t rated in Site 0 where there was severe adult  mangrove damage. The mean of 

hydrocarbon concent rat ions in Site 0 was 552 ±  713 ppm, the high standard 

deviatio n indicat ing the high variability. At Site D, the levels were only 125 ±  66 

ppm. The high intert idal sediments were again an area of high hydrocarbon 

concentrat ion. Whole liquid oil was st ill present  in areas of both sites even one year 

after the dosing indicat ing the long- term nature of a spill in these ecosystems. Also, 

the concentrat ion of oil in the seagrass sediments of Site D was st ill elevated, which 

may indicate a long- term build-up of these com pounds in these sediments because 

of the chemical dispersion of oil and subsequent  incorporat ion into the coral- rubble 

substrate. Figure 16 illust rates the pat tern of hydrocarbon buildup over the 12 

months in the seagrass sediments. There is no data point  for the 20-month visit  

since sampling was concentrated in the areas that  showed biological damage ( the 

m angroves) . 

After 20 months (August  1986) , the oil in the surface mangrove sedim ents 

was st ill high and extremely variable, with the greatest variability in the sediments 

of Site O. Concent rat ions were 185 ± 88 ppm  for Site D and 254 ±  307 ppm  for 

Site O. There was st ill a great  deal of whole oil locked up in the porous, peaty 

sediment  material. GC analysis of the samples 
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indicated that  although some degradat ion occurs, it  is very slow. The presence of 

whole oil after 20 m onths in som e areas of both sites confirmed this. 

 

Analysis of Sediment  Cores 

Sediment  cores were taken to determ ine if oil penetrated further into the 

sediments from dispersant  addit ion. The first  cores were taken at  the 7-m onth 

sampling period (June 1985) .  At  7 months, a core taken at  the high- t ide area of 

Site D indicated slight  hydrocarbon contaminat ion (16 ppm) of the surface 

sediments and no contam inat ion at  8-10 cm depth (Table 10) . The subt idal core 

had higher oil concentrat ions at  the surface but  no oil contam inat ion at  8-10 cm . 

At  the 12-month sampling period, there was significant oil penetrat ion of the high 

intert idal and midintert idal sediments at Site D, but none in the subt idal area. At 

Site 0, there was no 

change of hydrocarbon concentrat ion with depth in the high intert idal and subt idal 

area sediments. There was penetrat ion in the m idintert idal sediments. The oil 

penetrat ion of the high and midintert idal sediments of Site D and midintert idal of 

Site 0 is presumably caused by the hydraulic mot ion of the t ide as well as the 

presence of holes caused by burrowing organisms. 

The subt idal core taken at  Site D at  the 20-month t ime period indicates low 

surface concentrat ions with higher concentrat ions at  depth. This anomaly may be 

caused by the presence of a bore hole. One core was sampled 20 months after the 

spill in the high intert idal area of Site D, and no contam inat ion was found at  the 

33-cm level.  

A more detailed analysis of one core from the high- t ide area of Site 0 where 

mangrove death was evident  indicated a surface sediment  oil content  of 109 ppm 

at  0-2 cm depth. There was then a large increase in concentrat ion to 902 ppm  at  

3-5 cm followed by a tailing off of 55 ppm at  6-10 cm depth. Background levels 

existed below 10 cm . 

Unfortunately, there was high variability in petroleum hydrocarbon con-

centrat ions, and only a lim ited amount  of samples could be taken. To draw 

conclusions on this small and highly variable data set  is difficult . However, there 

did not  appear to be much difference in sediment  accumulat ion of pet roleum 

hydrocarbons whether the oil was chemically dispersed or not . 
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TABLE 10. Analysis of sediment cores taken in the mangrove area at Sites D ,  0 ,  
and R. All results reported as ppm wet-weight hydro-carbon. Depth of 
sample ( in  cm) given in parentheses. 

SITE D SITE 0 SITE R 

HIGH- INTERTIDAL AREA 
 

7 Months Postspill  16 ( 0- 2) 
(June 1985)  5 ( 8-10) 

 
12 Months Postspill  208 ( 0- 2)  357 ( 0- 2) 

(December 1985) 33 ( 8-10)  4 ( 8-10) 
 

20 Months Postspill  252 ( 0- 2)  109 ( 0- 2) 
(August 1986)  5 (33-35) 902 ( 3- 5) 

55 ( 6-10) 
8 (11-17) 6 
(18-21) 5 
(22-24) 

 
 
MIDINTERTIDAL AREA 
 

7 Months Postspill  210 ( 0- 2) 
(June 1985)  32 ( 8-10) 

 
Months Postspill  78 ( 0- 2)  133 ( 0- 2) 

(December 1985) 87 ( 8-10)  43 ( 8-10) 
 

20 Months Postspill  101 ( 0- 2)  173 ( 0- 2) 
(August 1986)  77 (15-18)  9 (10-12) 

 
 

SUBTIDAL AREA 
 

7 Months Postspill  421 ( 0- 2) 
(June 1985)  8 ( 8-10) 

 
12 Months Postspill  68 ( 0- 2)  1612 ( 0- 2) 

(December 1985) 5 ( 8-10)  6 ( 8-10) 
 

20 Months Postspill  2 ( 0- 2) 
(August 1986)  61 ( 8-10) 

0.5 (0- 2) 0.5 
(8-10) 
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Seawater Analysis 

Water samples were passed through XAD-2 resin columns at  each sampling 

period. The results are given in Table 11 and Figure 17. During the prespill 

sampling (November 1984) , the blanks were somewhat  higher than normal, and 

this is reflected in the higher concentrat ions. However, each sample could be 

compared to the value of Site R at  each sampling period as the XAD-2 resin 

columns are prepared in batches and are handled sim ilarly at  each t ime period. 

Also, care was taken to ensure that  the samples were taken prior to any other 

work being carried out  at  each site. This prevented oil release caused by human 

act ivity in the site;  therefore, we believe that  these data are a t rue reflect ion of 

the concent rat ion of hydrocarbons emanat ing from the sites. 

In the immediate postspill period, the levels were sim ilar at  Site D (8.9 ppb) 

and Site 0 (10.2 ppb) . After 4 months, hydrocarbons were st ill being leached out  

of bo th sites with indicat ions of higher concentrat ions present  at  Site D (5.4 ppb) . 

As was the case in the sediments, there was a high degree of variability. At  month 

7, the levels had decreased to 0.6 and 0.7 ppb for Sites D and 0, respect ively. At  

m onths 12 and 20, there were st ill t races of hydrocarbons emanat ing from Site D. 

As discussed in the previous sect ion, there appeared to be such a large amount  of 

residual hydrocarbons remaining in the sediments of the sites that  even after 

m onth 20, there were detectable levels of hydrocarbons in water at  the prop roots 

of the m an-groves at  Site D. The concentrat ions at  Sites D and R were 

background, and the water was essent ially clean. 

 

Plant Tissue Analysis 

The analyses of leaf samples from mangroves and seagrasses are shown in 

Table 12. Soon after site t reatment , the seagrass leaves at  Site D were coated 

with oil. This appeared not  to be a t issue uptake mechanism as after the 4-m onth 

sampling period, the hydrocarbon concent rat ion of samples had reduced to 

baseline levels. Unfortunately, the seagrass samples from Site 0 did not  survive 

the t ransport  to the BBS laboratory;  therefore, there are no data on the seagrass 

concentrat ions at  Site 0 soon after oiling. The elevated levels reported in the Site 

0 seagrasses at  the 12-month period are natural lipids and not petroleum 

hydrocarbons. No explanat ion was found for why this is three t imes higher than 

Site R. 
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T A B L E 1 1 . .  An a ly si s o f  XAD- 2  r esin  co lu m n s o f  w at er  sam p les.  Al l  con cen t r a t i on s 
r ep o r t ed  as p p b  ± 1  st an d ar d  d ev ia t i on .  

 
SI TE D SI TE 0 SI TE R 

Pr esp i l l  

( Nov em ber  1 9 8 4 )  0 . 7  ±  0 . 2 0 . 6 ±  0 . 0 0 . 6  ±  0 . 2 

3  Day s Post sp i l l  

( Decem ber  1 9 8 4 )  8 . 9  t  2 . 1 1 0 . 2 ±  6 . 0 0 . 8  t  0 . 5 

4  Mon t h s Post sp i l l  

( Mar ch  1 9 8 5 )  5 . 4  ±  3 . 8 -  1 . 5 ±  0 . 3 0 . 9  ±  0 . 2 

7  Mon t h s Post sp i l l  

( Ju n e 1 9 8 5 )  0 . 6  ±  0 . 2 0 . 7 ±  0 . 3 0.1 ± 0.0 

1 2  Mon t h s Post sp i l l  

( Decem ber  1 9 8 5 )  0 . 4  ±  0 . 2 0 . 1 ±  0 . 0 0.1 ± 0.0 

2 0  Mon t h s Post sp i l l  

( Au g u st  1 9 8 6 )  0 . 4  ±  0 . 5 0 . 1 ±  0 . 0 0.1 ± 0.0 



5 4  
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TABLE 12. Analysis of plant tissue samples. All concentrations are 
reported as ppm wet-weight equivalents ±1 standard deviation. 
[* = Combined group of 30 seagrass leaves. ** = Combined 
group of 10 mangrove leaves.] 

SITE D SITE 0 SITE R 

PRESPILL 
(November 1984) 

     

Mangrove leaves 0.4 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 

Seagrass leaves 0.7 +/- 0.1 0.1 ± 0.0 0.2 ± 0.2 

3 DAYS POSTSPILL 
(December 1984) 

Mangrove leaves 0.6 ± 0.5 0.5 ± 0.5 0.4 ± 0.3 
   (5,851.4)   

Seagrass leaves 6,465 ± 512   0.4* 

4 MONTHS POSTSPILL 
(March 1985) 

Mangrove leaves 0.2 ±
 0.

3** 0.8 ± 0.1 
Seagrass leaves 0.9 ±

 0.
2 +/- 0.7 0.8 +/- 0.3 

7 MONTHS POSTSPILL 
(June 1985) 

     

Mangrove leaves 3 +/-
 0.

0.5 ± 0.6 0.5 ± 0.3 
Seagrass leaves 3 ± 1 2 +/- 3 0.3 ± 0.3 

12 MONTHS POSTSPILL 
(December 1985) 

Mangrove leaves 2 ± 0.9 3 # 2 

 

2**. 
Seagrass leaves  5* 11 t 2  4* 

20 MONTHS POSTSPILL 
(August 1986) 

Mangrove leaves 4** 3** 
Seagrass leaves 0.2* 2* 
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The mangrove leaves (Table 12)  did not  take up oil, although 1 sample at  

Site 0 was ext remely high a few days after the t reatment  (5,851 ppm) . GC 

analysis indicated this was whole oil and was probably inadvertent  contaminat ion. 

The concent rat ions over t ime were not  significant ly higher than the control. I t  was 

concluded that  the mangrove leaves did not  significant ly take up hydrocarbons 

from  the seawater or sedim ents. 

 

Oyster Tissue Analysis 

Samples of Crassost rea rhizophorae were taken to determ ine uptake and 

depurat ion of hydrocarbons. Groups of 100 oysters were taken during each t ime 

period up to 12 months from each site. The results of the analysis are given in 

Table 13 and Figure 18. The results show a rapid t issue uptake of 506 and 679 

ppm for oyster t issues in Sites D and 0, respect ively. At  the 4-month postspill 

period, there is a reduct ion to 161 and 134 ppm, respect ively. However, after 12 

months, most  of the oil hydrocarbons were no longer present  in the t issue of 

oysters from  both sites. 

The byssal threads exhibit  a sim ilar pat tern, with a rapid uptake to 4,015 

and 5,303 ppm, respect ively (Table 13) . This increase in concent rat ion is most  

probably due to surface adsorpt ion rather than t issue uptake. After 4 months, the 

levels were reduced to 422 and 1,182 ppm, respect ively. I t  is interest ing to note 

that  at  Site 0, the levels were significant ly higher than at  Site D. This may have 

been due to a sampling bias or to a greater exposure of oysters to float ing oil 

from  Site O. The small sample size could not  resolve this difference. However, the 

loss of oil from  the threads was greater than in the t issue which is due t o the 

m ore rapid removal of the ad-sorbed hydrocarbons than t issue-accumulated 

hydrocarbons. 
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TABLE 13. Analysis of oyster t issue and byssal threads. All values re-ported as 
ppm hydrocarbon wet  weight . Prespill concentrat ions are the mean 
from the reference Site R. All analyses were made from 100 
individual oysters and the standard deviat ion of replicate analyses 
was ± 18 percent . 

SITE D SITE 0 SITE R 

Tissue Threads          Tissue Threads        Tissue Threads 

Prespill 
(Novem ber 1984)  34 21 

3 Days Postspill 
(December 1984 507 4,015 679 5,303 

4 Months Postspill 
(March 1985) 161 422 134 1,182 

7 Months Postspill 
(.June 1985) 120 122 114 66 

12 Months Postspill 
(December 1985) 31 246 17 281 
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INTERTIDAL SYSTEMS 

The intert idal ecosystem of the study sites was dom inated by moderately 

developed mangrove forests typical of sheltered coastal areas throughout  the 

Caribbean Sea. The mangrove communit ies were dom inated by red mangroves 

(Rhizophora mangle) . A few white m angroves (Laguncularia racem osa)  also were 

present  atone of the sites. The area within each site was intert idal and was 

completely inundated during all high t ides and almost  completely exposed during 

low t ides, except  for the outer fr inge of the forest . 

Molluscs, echinoderms, and crustaceans dominated the fauna of the man-grove 

forest .  Prop roots of R. mangle were colonized by several species of oysters. Sea 

urchins, snails, brit t le stars, and other mobile animals also were com m on.  Within 

the forest , the mangrove t ree snail (Lit torina 

angulifera) was the dominant  macrofaunal species. Tree crabs (Aratus pisonii)  and 

land crabs (Cardisom a guanhumi and Gecarcinus lateralis)  also were relat ively 

com m on. Many species of fish were found am ong the m an-grove prop roots, 

especially snapper, barracuda, and anchovies. Larval shrimp (Penaeus sp.)  also 

were abundant . 

 

METHODS AND MATERIALS -  MANGROVE STUDIES 

Determ inat ion of Macrost ructural Characterist ics 

The parameters used to describe the st ructural characterist ics of the 

mangrove communit ies were individual t ree locat ion, species composit ion, di-

ameter at  breast  height  (DB H) , t ree height , leaf area index (LAI ) , and canopy 

density. I n addit ion, a photographic record of each site was made showing canopy 

closure, forest  density, and other points of interest . 

The sites were measured with fiberglass measuring tapes and a Suunto sit ing 

compass. The four corners were permanent ly marked with stakes and surveyors' 

flagging. 

Within the mangrove forest  at  each site, 3 t ransects were established 

running perpendicular to the water's edge, each incorporat ing 3 sample stat ions. 

The t ransects were used for m easurem ents of canopy density, LAI , phenology, 

sediment sampling, soil water salinity, and other measurem ents. 

All t rees within the study sites were ident ified as to species and num bered;  

their locat ion, t runk diameter, and total height  were determ ined and re.: crded 

(Fig. 19) . Locat ion was found by measuring the X-Y coordinates 
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FI GURE 19 .  Each mangrove t ree within the study sites was l o ca t ed ,  l a - be l led ,  and 
m easured to det er m in e the structural characterist ics of the 
m angrove forest . 
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of each t ree from a known datum. The distances were determ ined with a 

fiberglass tape and opt ical distance measurer (Opt i-Meter, Ranging, Inc., 

Rochester, N.Y.) . Tree height  was determ ined with either the above- referenced 

opt ical distance measurer or a telescoping fiberglass measuring pole (Forestry 

Supplies, I nc., Jackson, Miss.) . Height  was measured in meters from  the surface 

of the subst rate to the highest  point  on the t ree. The diameter of the t ree bole 

(DBH)  was measured in cent imeters at  1.3 m  above the substrate surface. DBH is 

measured with a special tape which is graduated in pi (3.1 1 4) units. The tape is 

wrapped around the t runk (bole)  of the t ree and is read as t ree diameter. Because 

of the unusual growth forms of some mangrove t rees, the determ inat ion of bole 

diameter and number of boles is somet imes difficult . To standardize these 

measurements, the recommendat ions of Cint ron and Schaeffer-Novelli (1984)  

were used. They are as follows:  

1)  I f the t ree has mult iple boles and these boles fork or sprout  from  a 

com m on base below breast  height  (1.3 m ) , each is m easured as a 

separate bole. 

2)  I f the t ree has mult iple boles and they fork above or at  breast  

height , determ ine the DBH at  1.3 m or just  below the swelling 

caused by the fork ( i.e., if the fork is at  or above breast  height , it  

is considered as only one bole) . 

3)  I f the bole has a fluted t runk or prop roots at  breast  height , 

the diameter is measured above them at  a locat ion where the 

flut ing and/ or prop roots do not  bias the measurements. 

4)  I f the bole has swellings, branches, or abnormalit ies at  breast  

height , the DBH should be measured either above or below the 

irregularity where it  stops affect ing normal form. 

LAI  was determ ined using a modificat ion of the plumb-bob method, in which 

a rod was inserted through the forest  canopy and the number of leaves touching 

the rod was counted. The number of leaves touching the rod is the LAI . Forest  

canopy density measurements were determ ined with a spherical densiometer 

(Lem m on, 1956, 1957) . This pocket - type inst rument  employs a spherical convex 

m irror for the reflect ion of the overhead forest  canopy. The m irror is scribed with 

a grid system used to est imate percent -age of coverage and equipped with a 

bubble level so the unit  can be held level during use. All readings were taken at  

1.3 m  above the forest  floor. 
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LAI  and canopy density were collected along three t ransects within each 

study site. Three locat ions along each study t ransect  were permanent ly marked. 

At  these stat ions, 3 canopy density and 5 LAI  measurements were taken. 

Basal area is the space occupied by a t ree bole at  the point  where the DBH is 

measured. Basal area is usually reported as surface area of bole (m 2 )  per hectare. 

The equat ion to calculate basal area is as follows when DBH is in meters:  basal 

area (m 2 )  = (DBH/ 2) 2  x pi. Density is the number of individuals per unit  surface 

area (usually reported as individuals per hectare) . Mean stand diameter is the 

diameter of the bole of mean basal area. This is not  the same as the arithmet ic 

mean of the DBH measurements for the forest  stand. Bole volume is a funct ion of 

DBH and height  and is a measure of the area occupied by the t ree bole. The 

equat ion for volume is as follows when DBH and height  are measured in meters:  

bole volum e (m 3 )  -  0.333 x pi x (DBH/ 2) 2  x h. 

The structural characterist ics of each site were determ ined during the first  

baseline survey in March 1984. These measurements included t ree lo - cat ion, 

species composit ion, DBH, and t ree height . All stat ist ical comparisons of data 

were accomplished using analysis of variance (ANOVA) with p =  0.05 set  as the 

level of significance. 

 

Determ inat ion of Microstructural Characterist ics 

The funct ional and m icrostructural characterist ics of individual t rees were 

determ ined for each of the three study sites. Three t rees along the center study 

t ransect  were chosen for these determ inat ions. The t rees were located near the 

water's edge, in the center, and at  the rear of the study site. Each t ree was 

evaluated for leaf product ion rates, leaf length and width, the incidence of 

herbivory and deform it ies, and growth of respiratory organs. 

Three branches from each t ree were selected to measure new leaf pro-

duct ion. Each branch was tagged with an ident ificat ion number, and the leaves 

were marked in reference to their posit ions on the branch. The leaf marking was 

done by punching a series of small holes in the leaf, the num ber corresponding to 

its posit ion on the branch (Fig. 20) . The branches, leaf num bers, and posit ions 

were monitored for the durat ion of the study. 



 

 

FIGURE 20. Nine branches on adult mangrove trees were tagged and monitored at 
each site to determine longevity of leaves and to measure new leaf 
production. Small holes were punched into each leaf, the number of 
holes corresponding to the location of the leaf on the branch. 
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Three branches from each t ree were chosen to determ ine the st ructural 

characterist ics of the leaves. The length, width, and incidence of herbivory and 

deform it ies were recorded. Herbivory (consumpt ion of leaf material by herbivores, 

especially insects)  and leaf deform it ies (abnormal shape)  were determ ined by 

visual inspect ion. 

Several aerial roots were tagged and measured in each site. These organs 

were m onitored for growth rate (cm/ day)  and density of lent icels (gas exchange 

organs present  on the roots) . I t  has been proposed that  when mangroves are 

exposed to respiratory st ress (e.g., coat ing with oil) , one response of the plant  is 

to rapidly generate new lent icels. 

Microst ructural characterist ics of the intensively monitored t rees were 

measured during both baseline surveys and through the 20-month postspill 

survey. These measurements included leaf phenology, leaf st ructure, LAI , canopy 

density, seedling density, and seedling growth rates. Certain param eters (prop-

root  growth and lent icel growth)  were monitored only through the 7 -month revisit . 

 

Propagules 

At  each site, 3 groups of 25 red mangrove propagules were planted during 

the March 1984 baseline survey and 1 week after the sit e t reatments in December 

1984. These propagules were monitored for sprout ing success, height , leaf 

number, phenology, and leaf st ructure at  each site survey peri- od. 

 

Fauna 

Detailed t ransect  surveys of the density and dist ribut ion of L. angulifera 

were conducted during each survey period. Observat ions were made at  9 

permanent  stat ions established on the 3 t ransects previously de-scribed. At  each 

stat ion, the number of snails present  in 6 vert ical compartm ents from  the 

sedim ent  surface to the canopy was counted. All snails present within a 5-m  

radius of the stat ion were counted. This allowed a de- term inat ion of the density 

and horizontal and vert ical distribut ion of t ree snails within each site. 

At  each site, five separate prop roots were permanent ly marked, and the 

number of each species of mangrove oyster present  was counted. The 
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survival of these groups of oysters was monitored throughout  the study period. 

 

Interst it ial Water Quality 

Measurements of interst it ial water salinity and pH were conducted at  each 

site. Three PVC pipes of different  lengths were driven into the sedim ents to depths 

of 20 cm , 60 cm , and 150 cm. Water samples were obtained from  each depth 

during each sampling period through the 7 -month revisit . 

 

RESULTS AND DISCUSSION 

The three sites can be classified as overwash forests (Snedaker and Lugo, 

1973;  Lugo and Snedaker, 1974) . The forests exhibited the typical st ructural, 

topographical, and hydrographical characterist ics of this forest  type. The study 

sites are inundated during each t idal cycle, thus result ing in the removal of most 

of the accumulated lit ter fall and organic material. The tree architectural 

characterist ics, moderately sized t rees dominated by red mangroves with 

extensive prop- root  development , were sim ilar to over-wash forests located on 

the west  coast  of southern Florida. Study Sites D and R contained only red 

mangroves. Site 0 contained red mangroves and one white mangrove. 

Table 14 presents the st ructural characterist ics of the 3 study sites. I  he m ost  

obvious difference among the sites was in regard to density. Site 0 had a higher 

density of individual t rees than the two other sites. This difference in density was 

within the range of densit ies reported for other sim ilar mangrove forests in the 

Caribbean (Table 15) . 

 

General Observat ions of the Intert idal Study 

Sites During and After Site Treatment  

Dispersed Oil Site (Site D)  

The release of the premixed oil and dispersant  caused the format ion of large 

clouds of dispersed oil and some small slicks of undispersed oil, both of which 

entered the mangrove forest  with the rising t ide. The intert idal surface of the 

mangrove prop roots and the substrate surface received a light  coat ing of oil that  

appeared as a dull, greasy sheen. In a few areas, especially in depressions on the 

substrate, small quant it ies of undispersed, 
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TABLE 1 4 .  St r u ct u r a l  ch a r act e r i s t i cs  o f  m an g r o v e  f o r est s  a t  each  st u d y  s i t e  
m easu r ed  in  Mar ch  1 9 8 4 .  

 
SI TE D 

( Disper sed  Oi l )  

SI TE 0 

( Oi l)  

SI TE R 

( Ref e r en ce)  

Su r f ace  a r ea  ( m2 )  462  479  533  

Den si t y  ( in d iv idu a ls) *  

Pe r  s i t e 72  149  108  

Per  h ect a r e  1 , 5 5 5  3 , 1 0 9  2 , 0 2 8  

Basa l  a r ea  ( m2 ) *  

Pe r  s i t e 0 . 6 7  0 . 6 5  0 . 7 2  

Per  h ect a r e  1 4 . 4 5  1 3 . 4 8  1 3 . 5 8  

Volu m e ( m3 ) * +  

Pe r  s i t e 0 . 9 8  1 . 0 5  1 . 0 8  

Per  h ect a r e  2 1 . 1 0  2 1 . 9 5  2 0 . 3 6  

Mean  st an d  d iam et er  ( cm ) *  1 0 . 8 8  7 . 4 3  9 . 2 4  

Mean  heigh t  ( m )  4 . 9 4 . 2 4 . 3 

* Al l  t r ees.  

+ Vo lu m e ca lcu la t ed  a t  1 . 3  m  ab ov e g r ou n d  su r f ace.  
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T A B L E 1 5 .  Com p ar i son  o f  se lect ed  st r u ct u r a l  com p on en t s f o r  m an g r ov e 

o v e r w ash  f o r est s .  Th e  s t r u ct u r a l  ch a r act e r i s t i cs  o f  t h e  m an -  

g r ov e  f o r est s u sed  i n  t h i s st u d y  a r e  very sim i la r  t o  t h ese o t h er 

f o r es t s .  

BASAL AREA    S T A N D  DENSI TY COMPLEXI TY 

                   HEI GHT  I NDEX 

( m2 / h ec t a r e )  (m)  ( # / h ect a r e )  ( > 2.5  cm  DBH)  

FLORI DA*  

PUERTO RI CO*  

Job os Bay  1 5 . 5  4 . 8  1 1 , 6 5 0  2 6 . 0 

MEXI CO*  

I sla  Roscel l  2 8 . 5  8 . 0  1 , 4 8 0  1 0 . 1 

PANAMA 

Si t e  D  1 4 . 4  8 . 7  1 , 5 5 5  1 . 9 

S i t e  0 1 3 . 5  8 . 9  3 , 1 0 9  3 . 6 

Si t e  R 1 3 . 6  9 . 5  2 , 0 2 8  2 . 6 

*  Da t a  f r om  Poo l  e t  a l . ,  1977 .  

LOCATI ON 

Ten  Th o u san d  

I slan ds 1 5 . 0 6 . 3 1,000 3 . 4 
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slick oil had collected. With each t idal cycle, the quant ity of oil within the forest  

was reduced unt il by day 4 postspill, lit t le or no slick oil remained. The surface of 

the pr op roots retained a very light  coat ing of oil that  was detectable by touch 

and smell.  

Observat ions taken 48 hours after dosing showed that  the m angrove forest  

floor had been completely covered with a thin layer of oil. A layer of oil that  was 

not  dispersed had moved into the mangrove forest  and covered the subst rate and 

prop roots. The prop roots were coated with a light  film  of oil to the level of the 

high t ide. Small quant it ies of oil were observed to a height  of 2 m  on some of the 

t rees. This oil was most  probably t ransported by animals ( t ree crabs and snails) . 

At  low t ide, the substrate was covered with a thin film  of oil, and in low areas, 

small pools of standing oil had accumulated. The air was pungent with the smell 

of the oil. Act ive lent icels which were covered with the oil film  showed a black 

o b t a i n e d  center¬ . All t ree crabs and many t ree snails observed were covered in 

oil. Crabs were occupying a lower- than-usual vert ical posit ion within the forest  

and exhibited m inimum or no escape response. Several dead crabs were ob-

served. 

Three days after the spill, an oil sheen was observed throughout  the site. 

Along the fringing edge of the mangroves, within their prop- root  zone, an oil slick 

was observed. All t ree crabs and snails observed were coated with oil.  Som e dead 

t ree crabs were observed ( total of 4) . The air was pungent  with the smell of oil, 

and the smell of dead animals was also not iceable. Sea anemones at tached within 

the mangrove forest  were coated with oil and fully extended, although they st ill 

responded when touched. 

Six days after the spill, a light  oil sheen was present  on the mangrove forest  

subst rate and surface waters. The amount  of oil on the subst rate appeared to 

have decreased. An oil coat ing was st ill observed on the prop roots, although the 

amount  was less than previously observed. Sea anemones had returned to 

normal, and all t ree crabs observed were st ill oiled and showed no escape or 

defense response. Oiled' snails were st ill observed. 

During the March 1985 survey (4 months postspill)  of Site D, it  was difficult  

to detect  it  had been oiled at  all. No oil was observed on the prop roots or 

sediment surface. Tree crabs behaved normally, and crabs and snails were 

evident  throughout  the site. One t ree located in the outer fr inge was in seed. The 

only oil detected was in the pocket  area (described 
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above)  in which oil had accumulated during site t reatment. Walking on the peat 

substrate in this area resulted in the release of an oil sheen, and further 

com pact ion of the substrate would release small oil droplets. This was the only 

area in Site D where this was observed. 

The condit ion of Site D remained this way through the final site survey in 

August 1986.,  The appearance of the adult  and juvenile mangroves appeared 

unchanged compared to the prespill condit ion, and the abundance and behavior of 

resident  fauna appeared unchanged as well. The sediments at  Site D cont inued to 

release very small quant it ies of sheen when disturbed. 

 

Oil Site (Site 0)  

During site t reatment, large quant it ies of black oil entered the man-grove 

forest  and tended to collect  in the upper port ion of the site toward the downwind, 

eastern corner. Oil was very thick in this area and coated all intert idal surfaces. 

The oil was deposited direct ly on the substrate surface during low t ides and 

moved throughout  the site when the t ide was high. 

Following the 48-hour post release exposure period, most  of the float ing slick 

oil was removed using sorbent  materials. The oil had part ially weathered by this 

t ime and appeared to be slight ly more viscous and had less of an odor than during 

the spill.  

Seventy- two hours after the spill,  prop roots were covered with oil to the 

height  of high water, although the amount  of oil adhering to the roots was much 

less than that  observed at  oil spills in which the oil has weathered more before 

com ing ashore. The thickness of oil on the prop roots appeared to be much 

greater than in the dispersed oil site. The substrate was covered with oil, and 

heaviest  oiling was observed in the eastern port ion of the study area. I n this area, 

the ground was completely covered wit h oil. Many of the snails and t ree crabs 

were covered with oil,  and the crabs showed no escape or defense response when 

approached. The pungent  smell of oil was not iceable throughout  the site. 

Five days after the spill, the amount  of oil present  was reduced, al- though a 

heavy coat ing of oil was st ill on the prop roots, and oil droplets and small pools of 

oil were st ill present . The water surface was covered with an oil sheen. All t ree 

crabs observed were coated with oil and exhibit ed no escape or defense response. 
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During the 4-month postspill survey, oil was visibly evident  in most  of the 

site. Small patches of oil could be found in depressions on the subst rate, and the 

ent ire forest  floor was blackened and had an oily texture. Sheen was released 

wherever the substrate was disturbed even slight ly. No oil was found absorbed on 

the m angrove prop roots. 

The adult  mangroves had experienced severe effects by 4 months. De-

foliat ion of adult  t rees was evident  throughout  much of the site and was especially 

pronounced in the area receiving the greatest  quant ity of oil. This defoliated area 

covered about  25 percent  of the mangrove area. Eighteen t rees were dead, and 34 

t rees were 50 t o 100 percent  defoliated. Many of the t rees that  had not  lost  all their 

leaves retained only the two leaves of the first  whorl and the juvenile bud. 

Adult  t rees cont inued to show severe effects from oiling during the 7- ,  12- , 

and 20-month postspill surveys. The number of dead t rees increased to 25 by June 

1985,  after which no addit ional mortality of adults was detected. Part ial defoliat ion 

of living t rees was evident  throughout  the site, and the defoliat ion of each t ree 

averaged about  45 percent . 

The t rees located in the outer fr inge of the forest  showed no observ able 

effects, possibly because they were rooted in sediments that  were al-ways 

underwater, thereby reducing exposure to the oil. Only 18 t rees (12 percent)  

showed no signs of defoliat ion by August  1986. 

During this period of increasing impacts to the adult  t rees, there was a large 

increase in the number of mangrove propagules in the areas opened by the death 

of the adult  t rees. The appearance of large numbers of sprout ing mangroves was 

delayed unt il after June 1985 when the numbers of live juveniles increased from  18 

to 175 in Decem ber 1985. 

The sediments at  Site 0 also cont inued to release large amounts of sheen 

when disturbed;  this effect  was observable through the final visit . I n a few places, 

black oil was released. The odor of oil was also not iceable. 

 

Reference Site (Site R)  

This site appeared completely normal and unchanged, and there were no 

signs of any lethal or sublethal effects result ing from the site preparat ion methods 

used. As previously ment ioned, a path approximately 0.6 m  wide was cut  through 

the prop roots around the perimeter of the site to allow the 
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curtain booms to be placed. This procedure caused no observable effects on any 

of the t rees in or near the cut  area. 

 

Effects on Adult  Mangroves 

Table 16 presents a summary of the LAI  and canopy coverage data for the 3 

sites, and Figure 21 presents the canopy coverage data. Canopy coverage proved 

to be a much more sensit ive measure of defoliat ion than LAI  measurements, and 

only this parameter will be discussed here. 

I nspect ion of the data presented in Table 16 shows that  the canopy 

coverage at  Site D did not  change appreciably during the ent ire study period. The 

means and standard deviat ions fluctuated slight ly above and below prespill 

values, and these measurements supported on-site observat ions of the forest  

canopy, which remained dense, with no observable changes between prespill and 

postspill condit ions (Fig. 22) . 

The canopy coverage measurements at  Site 0 increased dramat ically fol-

lowing site t reatment, but  the dist r ibut ion of affected t rees within the site was not  

uniform. This is reflected in the decrease in mean canopy coverage and the 

increase in standard deviat ion of the means. Visual inspect ion of Site 0 showed 

that  most  of the observable defoliat ion occurred in the eastern half of the site 

behind the outer fr inge t rees, where much of the oil accumulated during site 

t reatment . All of the t rees in this area were completely defoliated (Fig. 23) . 

I ndividual t rees scat tered throughout the remainder of the site also were 

defoliated, but  there were a substant ial number of t rees (especially in the outer 

fr inge and the extreme western edge of the site)  that  were only slight ly defoliated 

and st ill contributed to the overall canopy coverage. The level of defoliat ion and 

the dist ribut ion of affected t rees resulted in an overall increase in the mean 

percentage of open canopy accom panied by an increase in the standard deviat ion 

since certain areas (especially the outer fringe t rees)  were relat ively unaffected. 

Est imates of the percentage of defoliat ion of each t ree were made at  Site 0  

during each postspill survey. Most  of the observed defoliat ion occurred during the 

4-month period after oiling, during which t ime 18 t rees were completely 

defoliated. The average defoliat ion for the ent ire site was 43.1 per- cent  after 4 

months. The number of dead t rees increased slight ly during the following year 

and a half, to 25, and the average defoliat ion increased to 47.5 percent  by the 

end of the study at  20 months postspill. The canopy at  
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TABLE 16. Leaf area index and canopy coverage of study sites indicate a large 
increase in the open canopy at Site 0 following treatment. 

CANOPY 
COVERAGE* 

Mean (SD) Mean (SD) 

SITE D 
    

March 1984 (8 months p resp i l l )  5.6 (4.6) 3.3 (1.4) 
November 1984 (1 week prespill) 6.4 (5.4) 2.8 (1.2) 
March 1985 (4 months postspill) 5.7 (3.2) 2.3 (1.1) 
June 1985 (7 months postspill) 9.5 (4.1) 2.7 (1.5) 
December 1985 (12 months postspill) 7.5 (3.9) 3.5 (1.2) 

August 1986 (20 months postspill) 7.3 (4.5) 3.0 (0.8) 

SITE 0 

March 1984 (8 months p resp i l l )  15.8 (17.2) 2.7 (1.8) 

November 1984 (1 week p resp i l l )  13.6 (11.6) 2.7 (1.5) 
March 1985 (4 months postspill) 24.1 (24.2) 1.7 (1.5) 
June 1985 (7 months postspill) 17.0 (12.5) 2.0 (1.8) 
December 1985 (12 months postspill) 23.1 (28.6) 2.1 (1.8) 
August 1986 (20 months postspill) 27.4 (29.3) 1.7 (1 .4  

SITE R 

March 1984 (8 months p resp i l l )  10.5 (8.0) 2.2 (1.6) 

November 1984 (1 week prespill) 13.7 (5.7) 2.5 (1.7) 
March 1985 (4 months postspill) 8.7 (3.2) 2.0 (1.4) 
June 1985 (7 months postspill) 13.1 (9.7) 2.5 (1.9) 
December 1985 (12 months postspill) 12.3 (6.6) 2.4 (1.3) 
August 1986 (20 months postspill) 10.6 (6.7) 2.1 (1.1) 

* Percentage of open canopy. 

LAI 
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FIGURE 22. The canopy of the mangrove forest at Site D showed no observable 
defoliation 4 months after treatment. 

 

FIGURE 23. Defoliation was widespread throughout Site 0 4 months after 
treatment. 



 

 

75 

Site 0 became much more open, and many dead t rees were evident  through-out  

the site. The canopy in the eastern port ion of the site was completely lost , and 

the overall canopy coverage for the whole site was great ly reduced. 

The relat ionship between the analyt ical chemistry data on sediment hy -

drocarbon concentrat ions (presented in Table 9)  and the effects seen on adult  

mangroves at  Sites D and 0 were somewhat  unusual. The sediment  hydrocarbon 

concentrat ions at  Site 0 were at  all t imes higher compared to those' at  Site D, but  

when different  sampling periods are compared, this relat ionship was somet imes 

reversed ( for exam ple, 7-month postspill levels at  Site D were higher on average 

than 4-month levels at  Site 0 ) .  Also, the high standard deviat ions of the chemical 

data in Table 9 would suggest  that  there was considerable overlap in the 

hydrocarbon concentrat ions of individual samples from dif ferent sites. While Site 

0 levels were consistent ly higher than at  Site D, the difference in measured 

hydrocarbon concent rat ions is less than the measured differences in biological 

effects, especially in mortality and defoliat ion of adult  mangroves. This would 

suggest  that  the dispersant  may in some way reduce the toxicity of crude oil to 

m angroves. 

Table 17 presents a summary of leaf product ion rates (new leaves/  month)  

of adult  mangroves at  each study site. No significant  differences in leaf 

product ion rates over t ime were measured at  any of the sites. This result  may be 

biased in part  by the uneven distribut ion of impacts within Site 0.  The three t rees 

used to determ ine leaf product ion rates were not  located in the area of greatest  

impact, in which lit t le or no new leaf product ion occurred following defoliat ion of 

the t rees. That  part ially affected t rees cont inued to produce new leaves at  a 

normal rate is an interesting and unusual finding. 

The lengths, widths, and length/ width rat ios of leaves from  selected adult  

t rees were m easured at  each sampling period. Alterat ions in these param eters 

have been shown to occur in m angroves when subjected to st ress from  oil 

pollut ion, high salinity, and other factors. A summary of these data is presented 

in Table 18, and each site is discussed below. 

At Site D, significant decreases in leaf length were measured in June and 

December 1985,  compared to the baseline measurements of March and No-

vember 1984. No significant  changes in leaf width occurred during the course of 

the study, and a significant  decrease in the length/ width rat io of adult  lleaves was 

measured in August 1986. 
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TABLE 17. New leaf production rates (leaves/month) of adult mangroves at Sites 
D, 0 ,  and R. (NM = not measured) 

SITE D SITE 0 SITE R 

November 1984 
(1 week prespill) 
 
March 1985 
(4 months postspill) 
 
July 1985 
(7 months postspill) 
 
December 1985 
(12 months postspill) 
 
August 1986 
(20 months postspill) 

 0.67 (0.17) 0.64 (0.053) 0.78 (0.36) 

 0.62 (0.23) 0.86 (0.49)  0.86 (0.26) 

 0.687 (0.35) NM 0.75 (0.38) 

 0.50 (0.33) 0.57 (0.34)  0.67 (0.24) 

 0.44 (0.32) 0.48 (0.27)  0.63 (0.18) 
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TABLE 1 8 .  Len g t h s,  w id t h s,  an d  l en g t h / w id t h  r a t i os o f  l eav es f r om  ad u l t  t r ees a t  

Si t es D ,  0 ,  an d  R.  ( NM =  n ot  m easu r ed )  

LENGTH WI D TH L/ W 

SI TE D 

Mar ch  1984  ( 8  m on t hs p r esp i l l )  1 2 . 4 6  5 . 7 1  2 . 1 9  

Nov em ber  1 9 8 4  ( 1  w eek  p r esp i l l)  1 2 . 2 1  5 . 3 4  2 . 2 9  

Mar ch  1985  ( 4  m on t hs post sp i l l )  1 2 . 2 0  5 . 6 4  2 . 1 5  

June 1985  ( 7  m on t hs post sp i l l )  1 1 . 8 5 *  5 . 3 5  2 . 1 9  

Decem ber  1985  ( 12  m on t hs post sp i l l )  1 1 . 3 1 *  5 . 2 3  2 . 1 1  

August  1986  ( 20  m on t hs post sp i l l )  1 2 . 0 7  5 . 8 4  2 . 0 6 *  

SI TE 0 

Mar ch  1 9 8 4  ( 8  m on t hs p r esp i l l )  1 3 . 8 1  6 . 2 9  2 . 2 1  

Nov em ber  1984  ( 1  w eek  p r esp i l l )  1 3 . 0 6  6 . 0 2  2 . 1 8  

Mar ch  1985  ( 4  m on t hs post sp i l l )  1 2 . 9 6  5 . 9 9  2 . 1 1  

Ju n e 1 9 8 5  ( 7  m on t h s post sp i l l )  NM NM NM 

Decem ber  1985  ( 12  m on t hs post sp i l l )  9 . 4 9 *  4 . 4 6 *  1 . 9 7 *  

Au gu st  1 9 8 6  ( 2 0  m on t h s post sp i l l )  

 

SI TE R 1 1 . 1 5 *  5 . 2 9 *  2 . 1 1  

Mar ch  1984  ( 8  m on t hs p r esp i l l )  1 3 . 6 3  6 . 1 3  2 . 3 7  

Nov em ber  1984  ( 1  w eek  p r esp i l l )  1 2 . 9 9  5 . 8 5  2 . 2 3  

Mar ch  1985  ( 4  m on t hs post sp i l l )  1 3 . 0 9  5 . 8 8  2 . 2 4  

June 1985  ( 7  m on t hs post sp i l l )  1 2 . 5 9  5 . 6 7  2 . 1 8  

Decem ber  1985  ( 12  m on t hs post sp i l l )  1 2 . 2 3 *  5 . 4 9 *  2 . 1 6  

Au g u st  1986  ( 20  m on t hs post sp i l l )  1 3 . 0 6  5 . 9 1  2 . 2 2  

*  Sig n i f i can t l y  d i f f e r en t  ( p  less t h an  0 . 0 5 )  f r om  Mar ch  1 9 8 4  ( 8  m on t h s pre - sp i l l )  or  

Nov em ber  1 9 8 4  ( 1  w eek  p r esp i l l ) .  
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At Site 0, leaf length decreased in December 1985 and August  1986, as did 

leaf width. Significant changes in length/ width rat ios occurred only in December 

1985. No m easurem ents were taken in June 1985 of Site 0 since the leaves 

m arked for  this purpose were lost  as a result  of the almost  complete defoliat ion of 

the adult  t ree. Leaf lengths and widths at  Site R remained unchanged during all 

surveys except  in December 1985, and the length/ width rat ios remained 

unchanged during the ent ire course of the study. 

Previous studies (Get ter et  al., 1984)  have measured significant reduct ions 

in leaf length and width in Rhizophora mangle juveniles exposed to whole and 

dispersed oils, but  the net  effect  was to increase the length/ width rat io. The 

opposite effect  was measured in the present  study. 

The t im ing of the effects on leaf length and width at  Sites D and 0 may be 

indicat ive of a delayed, sublethal response that  does not  appear i!n* H i 7  
t o 12 

months after exposure to oil.  

The rate of prop- root  elongat ion was monitored at  all sites during the 

prespill baseline period and through the 7-month postspill survey. The rate of 

elongat ion for the collect ion period is shown in Table 19. No significant  difference 

in prop- root  growth rates (cm / day)  of adult  t rees was measured at  any site. 

There were also no significant  changes in the density of lent icels at  any of the 

study sites (Table 20) . 

Table 21 lists the pH and salinity results for the interst it ial and surface 

waters. The interst it ial salinity values, in most  cases, were less than or equal to 

that  of the surface waters, indicat ing that  the water exchange with- in the 

subst rate was good and that  buildup of high salt  concentrat ions was not  a 

problem. The pH values at  Site D t racked those of the surface waters ( low-high-

low) . At  Site 0, the pH values followed an opposite pat tern from that  of the 

surface waters. The pH values dropped 5 days after the oiling and were st ill below 

their init ial values 90 days after the oiling. This reduct ion in pH may indicate an 

alterat ion in the m icrobial act ivity and/ or decomposit ion rates. 

 

Effects on Juvenile Mangroves 

The survival of propagules planted at  each site was highly variable. Average 

sprout ing success of propagules planted at  the first  baseline survey in March 1984 

ranged from 0 to 77 percent . None of the propagules planted 
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TABLE 1 9 .  Pr op - r oo t  g r ow t h  r a t es ( cm / d ay )  o f  ad u l t  m an g r ov es a t  Si t es D .  0 ,  an d  

R.  Mean s an d  st an d ar d  d ev ia t i on s ( i n  p ar en t h eses)  a r e  p r esen t ed .  

 
SI TE D SI TE 0 SI TE R 

Nov em ber  1984  

( 8  m on t hs p r esp i l l )  0 . 2 4  ( 0 . 0 4 )  0 . 2 6  ( 0 . 0 9 )  0 . 2 9 (0.19)  

Decem ber  1984  

( 1  m on t h  post sp i l l )  0 . 2 4  ( 0 . 1 4 )  0 . 2 7  ( 0 . 0 7 )  

 

NM 

Mar ch  1985  

( 4  m on t h s post sp i l l )  0 . 1 9  ( 0 . 1 1 )  0 . 2 7  ( 0 . 1 8 )  0. 30 ( 0 . 1 3 )

Ju n e 1985  

      

( 7  m on t h s post sp i l l )  0 . 2 6  ( 0 . 1 4 )  0 . 3 4  ( 0 . 3 1 )  0. 31 ( 0 . 2 1 )

 

 r  
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TABLE 20. Lenticels/cm2 on prop roots of adult mangroves at Sites D, 0 ,  and R. 
Means and standard deviations ( in  parentheses) are presented. 

SITE D SITE 0 SITE R 

November 1984 
(1 week prespill) 
 
 
March 1985 
(4 months postspill) 
 
 
June 1985 
(7 months postspill 

0.37 (0.16) 

0.43 (0.16) 

0.37 (0.11) 

0.44 (0.27) 

0.46 (0.14) 

0.46 (0.19) 

0.42 (0.19) 

0.38 (0.16) 

0.54 (0.17) 
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TABLE 2 1 .  Su r f ace an d  i n t e r st i t i a l  w a t er  p H w as r ed u ced  a t  Si t e  0  an d  r em a in ed  
u n ch an g ed  a t  Si t es D  an d  R.  Sa l i n i t y  w as n o t  a f f ect ed  a t  an y  o f  t h e  
s i t es .  

POST SPI LL 

PRESPI LL 

SI TE .  D EPTH 5  d ay s 1 1 2  d ay s 

p H S° / oo  p H S° / oo  p H S° / oo  

OI L AND DI SPERSANT SI TE 

 1  su r f a ce 7 . 2 31  7 . 8  31  7 . 2 33  

 1  2 0  c m 6 . 7 30  7 . 0  27  6 . 8 32  

 1  6 0  c m 6 . 7 31  7 . 1  29  6 . 5 32  

 1  1 5 0  c m 6 . 8 32  6 . 9  32  6 . 5 32  

 

OI L SI TE 

 5  su r f a ce 7 . 8 32  7 . 9  31  7 . 5 34  

 5  2 0  c m 7 . 4 29  7 . 1  31  6 . 7 32  

 5  60  c m  6 . 9 30  6 . 3  32  6 . 7 32  

 5  1 5 0  c m 7 . 1 28  6 . 7  30  6 . 5 32  

 

REFERENCE SI TE 

 12  su r f a ce 7 . 2 23 *  -  -  7 . 2 32  

 12  20  c m  6 . 8 32  -  -  6 . 7 32  

 12  6 0  c m 6 . 9 32  -  -  6 . 6 32  

 12  1 5 0  c m 6 . 8 32  -  -  6 . 6 32  

*  Measu r em en t  t ak en  d u r in g  h eav y  r ain fal l .  



82 

at  Site 0 in the March 1984 baseline survey were found during the November 

1984 baseline survey. Naturally colonizing propagules were present  at  Site 0, and 

the survival of planted propagules at  the other sites was quite high (76 percent  

at  Site D and 77 percent  at  Site R) . 

Following site t reatments in December 1984,  3 addit ional groups of 25 

propagules each were planted at  each site. The sprout ing success of these 

propagules after four months was also quite variable. Sprout ing success at  Site R 

was lower than during the baseline period. Sprout ing success was also much 

lower at  Site D, where only 32 percent  of propagules planted 1 week after site 

t reatment  had sprouted within 4 months. At  Site 0, survival of planted 

propagules also was very poor. Only 24 propagules were found, and none of 

these had sprouted 4 months after site t reatment . 

The long- term survival of the planted propagules was monitored through 

the remainder of the study. By August  1986 (20 months postspill) , only  8  percent  

of the propagules planted at  Site D were alive, 11 percent  survived at  Site 0, and 

30 percent  survived at  Site R. These propagules were in - tended originally for 

measurements of leaf product ion, but  the v er y  low survival rates made this 

impossible. 

Figures 24-26 show some of the seedlings planted at  Sites R, D, and 0, 

respect ively, 4 months after site t reatment , showing the relat ive condit ion of 

some of the juvenile mangroves at  each site. Figure 24 shows seedlings at  Site R. 

They were healthy and producing a normal complement of leaves. Seedlings at  

Site D (Fig. 25)  appeared to be st ressed compared to those at  Site R. Sprout ing 

had occurred, but  there were fewer live seedlings present , and they were shorter 

and had fewer leaves than those at  Site R. Seedlings at  Site 0 (Fig. 26)  were 

highly st ressed and were either dead or had not  sprouted during the 4-m onth 

postspill period. 

In addit ion to the planted propagules, there were many naturally colo nizing 

propagules present  at  each site. These were counted during each site visit  to 

determ ine the survival rates of those propagules that  successfully sprouted within 

each site. Mangrove propagules typically have very high sprout ing rates in 

intert idal habitats ( in contrast  to those planted at  Site 0) , but  their long- term  

survival is dependent on their ability to compete with larger t rees for light . I n 

mature mangrove forests, propagules usually survive only in areas where adults 

have been removed by fire, cut t ing, or some other cause. 
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FIGURE 24. Red mangrove seedlings at Site R appeared healthy and were 
growing well dur ing the Month 4 follow-up v is i t .  

 

FIGURE 25. At Site D, seedlings had sprouted and were growing, but many had 
died shortly after sprou t ing ;  deformities were common. 
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FIGURE 26. No propagules at Site 0 had sprouted 4 months after site treatment. 
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The number of live and dead seedlings at  each site is presented in Table 22. 

The total number of seedlings increased at  each site during the period from 

Novem ber 1984 to August  1986,  with most  of the increase occurring after June 

1985.  The reason for this increase is unknown but  may be a result  of seasonal or 

yearly variat ions in propagule product ion in the study area. The most st riking 

feature of the data presented in Table 22 was the very large increase in live 

seedlings at  Site 0 seen in December 1985 and August 1986 (12 and 20 m onths 

postspill, respect ively ) . This increase rep- resented an almost  tenfold increase in 

the number of live seedlings at  Site 0. Most  of the seedlings were growing in the 

area of greatest  impact  to adult  t rees. The defoliated adults opened up a large 

area within Site 0 that  became suitable for colonizat ion by mangrove propagules. 

Significant reduct ion in canopy cover had occurred as early as March 1985 ( 4 

months postspill) , but  contam inat ion of the sediments by whole oil possibly 

prevent ed successful colonizat ion unt il after June 1985 (7 months postspill) . The 

v er y  low percentage of dead seedlings present  after June 1985 suggested that  the 

condit ions at  Site 0 are suitable for seedling growth and the process of recovery 

has started there, despite the relat ively high concentrat ions of hydrocarbons 

present  in the sediments at  Site O. 

As ment ioned above, increases in seedlings were measured at  Sites D and R, 

but  the magnitude of increase was much less than at  Site 0, and the rat io of live 

to dead seedlings also was much lower. A low live/ dead rat io indicated that  long-

term survival of seedlings was not  very high. A rat io at  or near 1.0 indicated that  

mortality of seedlings was about  equal to successful sprout ing of new propagules. 

Site D appeared to be near this equilibrium, with lit t le or no net  increase in new 

mangroves;  Site R appeared to be increasing slight ly;  Site 0 was increasing very 

rapidly in terms of new man-groves filling in areas opened by the death of adults. 

 

Effects on Mangrove Fauna 

Tree snail (Lit torina angulifera) surveys indicated that  the site t reatm ents 

had a significant  effect  on both the density of t ree snails and their vert ical 

distribut ion within each site. Treatment of Site D with oil and dispersant  was 

followed by a 48 percent reduct ion in the snail populat io n 14 days later (Table 23) . 

When this site was resurveyed 4 months later, the snail populat ion within the site 

had increased but  was st ill 23 percent  below 
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TABLE 2 2 .  Nu m ber  o f  l i v e an d  dead  r ed  m an g r ov e seed l in gs a t  Si t es D,  0 ,  and R.  

TOTAL 

PROPAGULES LI VE/ DEAD 

RATI O 

LI VE DEAD 

SI TE D 
   

Nov em ber  1 9 8 4  ( 1  w eek  p r esp i l l )  33  59  0 . 5 6  
Mar ch  1 9 8 5  ( 4  m on t h s post sp i l l )  1 5  57  0 .26  

Ju n e 1 9 8 5  ( 7  m on t h s post sp i l l )  55  34  1 . 6 2  

Decem ber  1 9 8 5  ( 1 2  m on t h s post sp i l l )  72  62  1 . 1 6  

Au gu st  1 9 8 6  ( 2 0  m on t h s post sp i l l )  72  53  1 . 3 6  

SI TE 0 

Nov em ber  1 9 8 4  ( 1  w eek  p r esp i l l )  13  38  0 . 3 4  

Mar ch  1 9 8 5  ( 4  m on t h s post sp i l l )  11  46  0 . 2 4  

Ju n e 1 9 8 5  ( 7  m on t h s post sp i l l )  18  44  0 . 4 1  

Decem ber  1 9 8 5  ( 1 2  m on t h s post sp i l l )  175 15  1 1 . 7 0  

Au gu st  1 9 8 6  ( 2 0  m on t h s post sp i l l )  212 15  1 4 . 1 0  

SI TE R 

Mar ch  1 9 8 4  ( 8  m on t h s p r esp i l l )  26  16  1 . 6 3  

Mar ch  1 9 8 5  ( 4  m on t h s post sp i l l )  24  21  1 . 1 4  

Ju n e 1 9 8 5  ( 7  m on t h s post sp i l l )  26  12  2 . 1 6  

Decem ber  1 9 8 5  ( 1 2  m on t h s post sp i l l )  92  25  3 . 6 8  

Au g u st  1 9 8 6  ( 2 0  m on t h s post sp i l l )  115 6 0  1 . 9 1  
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the prespill level. For the durat ion of the study, the number of Lit torina within Site 

D remained approximately equal to or greater than during the prespill period. An 

increase in Lit torina abundance was seen during December 1985 ( 12 m onths 

postspill)  at  all study sites, followed by a decrease the following August . A 

significant change in the distribut ion of Lit torina over t ime at  Site D was measured 

only during the December 1985 survey (1 year postspill)  (Table 24) . This change 

was manifested by an increase in snail density at  the m iddle level of the forest . 

At  Site 0, t reatment with oil was followed by a significant  reduct ion in the 

t ree snail populat ion (Table 25) . Snail density dropped 51 percent  during the 4 

days after site t reatment . Unlike Site D, however, snail density remained highly 

reduced after 4 months when snail density had increased by only 19 percent . By 

June 1985 and December 1985,  t ree snail abundance had increased substant ially 

and was only slight ly below prespill levels 

A sharp drop in snail abundance was measured at  Site 0 in August  1986.  The 

reason for this drop is unknown, and it  follows a sim ilar de-crease in Lit torina 

abundance that occurred at  Sites D and R. In addit ion, the vert ical distribut ion of 

t ree snails changed at  Site 0 following site t reatment. The relat ive abundance of 

t ree snails was significant ly increased (p less than 0.05)  in the upper levels of the 

m angrove forest  and reduced in the lower levels (Table 26) . This upward shift  in 

the remaining populat ion persisted through the 20-month postspill visit . 

At  Site R, no significant change in t ree snail density was measured until 

December 1985 when snail abundance increased sharply (Tables 27 and 28) , 

followed by an even greater decline the following August . The cause of this 

sudden rise and fall is unknown. A shift  in t ree snail distribut ion was noted also at  

Site R after 4 months, but  it  was a bidirect ional shift  with snail abundance 

increasing in the lower and upper levels of the forest , rather than only in the 

upper levels as at  Site 0 .  I n June 1985 and December 1985,  other shifts in 

Lit torina distribut ion were noted at  Site R, when the abundance of snails increased 

at  higher elevat ions and then at  lower elevat ions, respect ively. 

Survival of the mangrove oysters was very high at  all sites and at  all 

sampling t imes (Table 29) . Very high short - term  survival rates were observed at  

Sites 0 and D 4 days after site t reatment. Survival of Crassost rea rhizophorae at  

Site D was 96.9 percent , and 100 percent  for I sognom on alatus and Pinctada 

imbricata for the period from the beginning of 
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TABLE 2 1 4.  Two-way analysis of variance of t ree snail density and distribut ion 
data at  Site D shows that  snail density was affected by site 
t reatment  over t ime, but  there was no effect  on the dist r ibut ion of 
snails within the forest  over t ime ( interact ion) . 

FACTOR DEGREES OF F PROBABILITY 
 FREEDOM   

Time 5 9.23 p less than 0.05 

Elevat ion 5 38.26 p less than 0.05 

Interact ion 25 2.63 p greater than 0.05 

Error 72 
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TABLE 26 .  Two-way analysis of variance of t ree snail density and distribut ion data 
at  Site 0 indicates a significant reduct ion in snail density over t ime 
and a significant change in their distribut ion over t ime ( interact ion) . 

FACTOR DEGREES OF 
FREEDOM 

F PROBABILITY 

Time 5 7 . 81  p  less than 0.05 

 Elevat ion 5  24 . 84  p  less than 0 . 05  

 I nteract ion 25  3 . 24  p  less than 0 . 05  

Error 72  
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TABLE 28 .  Two-way analysis of variance of t ree snail density and distribut ion 
data at Site R indicate a significant alterat ion in distribut ion over 
t ime ( interact ion) , but  the change was toward the canopy and 
forest  floor, rather than away from  the forest  floor, at  Site O. 

FACTOR DEGREES OF F PROBABILITY 
 FREEDOM   

Time 5 6 . 49  p less than 0 . 05  

Elevat ion 5 27 . 72  p less than 0 . 05  

I nteract ion 25  3 . 67  p less than 0 . 05  

Error 72  
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TABLE 29. Survival of mangrove oysters was very high at each site, indicating no 
acute or chronic effects on these species. Presented below are the 
total numbers of live oysters of each species at each site present on 
five prop roots monitored dur ing the s tudy .  

C. rhizophorae I . alatus P. imbricata 

SITE D 
   

December 1984    
(1 day prespill) 33 48 2 
(4 days postspill) 32 48 2 

March 1985 
(4 months postspill) 21 46 1 

June 1985    
(7 months postspill) 21 41 2 

December 1985 
(12 months postspill) 37 45 

 

August 1986 

(20 months postspill) 52 39 1 

SITE 0 

December 1984 
(1 day prespill) 16 53 3 
(4 days postspill) 14 53 3 

March 1985 
(4 months postspill) 13 67 3 

June 1985    
(7 months postspill) 20 72 2 

December 1985 
(12 months postspill) 8 88 2 

August 1986 

(20 months postspill) 11 111 3 

SITE R 

December 1984 
(1 day prespill) 23 61 3 
(4 days postspill) 23 61 3 

March 1985 
(4 months postspill) 23 54 2 

June 1985    
(7 months postspill) 17 48 3 

December 1985 
(12 months postspill) 11 54 5 

August 1986 

(20 months postspill) 41 34 1 
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site t reatment  to 4 days later. Survival of oysters at  Site 0 for the same period 

also was very high. C. rhizophorae was the only species to have any reduct ion in 

survival (87.5 percent  survival) . All oysters at  Site R had 100 percent  survival for 

this period. 

When these oysters were examined during the 4-month postspill revisit , 

som e changes in populat ion had occurred. Overall survival st ill was quite high. At 

Site D, survival of C. Rhizophorae was 60.9 percent;  I . alatus, 95.8 percent ;  and 

P. imbricata, 50.0 percent . The survival rates of P. imbricata are based on a 

change from 2 individuals to 1 individual present on the marked roots. At  Site 0, 

the numbers of I . alatus had increased 26.4 percent  ( from 53 to 67 individuals) . 

C. rhizophorae had 81.2 percent  survival and P. imbricata had 100.0 percent  

survival. At Site R, C. rhizophorae had 100.0 percent survival, I . alatus had 88.5 

percent survival, and P. imbricata had 66.6 percent  survival after 4 months. 

These data suggest  that  the mangrove oyster species are quite resistant  to the 

short -  and long- term toxic effects of exposure to fresh oil and dispersed oil.  

The high survival rates of oysters at  Sites D and 0 occurred in spite of the 

high levels of petroleum hydrocarbons present  in the oyster t issues (see Table 

13) . This would indicate a relat ively high resistance to the toxic effects of whole 

and dispersed oil. The addit ion of dispersant  appeared to make no difference in 

the uptake of oil. Other researchers (Gilfillan et  al., 1985)  have found that  uptake 

of dispersed oil was reduced in two bivalve species (Mya arenaria and Mytilus 

edulis) compared to untreated oil.  

I n addit ion to the t ree snails and oysters, a survey was conducted of other 

macrofauna present  at  each site. A species of brown, intert idal anemone was 

present  at  Site D. Ten individual anemones were located within the study area 

during the November 1984 prespill survey. During site treatm ent , they were 

exposed to dispersed oil and some slick oil within the man-grove forest . Despite 

this direct  exposure, none of the anemones had died 4 days or 4 months after site 

t reatm ent . No anem ones of this species were present  at  Site 0 or R. 
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SUBTIDAL SYSTEMS 

The subt idal ecosystem of the study sites is composed of fr inging sea-grass 

beds and coral reefs that  parallel the outer mangrove fr inge. The most  common 

seagrass species is Thalassia testudinum  ( turt le grass)  (Fig. 27) . I t  is the 

dominant  angiosperm in t ropical subt idal zones and is considered the most  

important  seagrass in the Caribbean Sea. I t  provides habitat  to m any 

economically and ecologically important  fish and shellfish, and seagrass beds 

contribute significant ly to the primary product ivity to near- shore t ropical areas. 

Associated with the seagrass beds are fr inging, nearshore coral reefs. Coral 

reefs are uniquely significant  to the world's oceans. They are ext remely 

product ive ecosystems in oligot rophic seas and are regarded as the most  diverse 

and complex of marine communit ies. The basis for the existence of the coral reef 

ecosystem is the hermatypic ( reef-building) coral which, in addit ion to their 

st ructural role, provide shelter, substrate, and a source of nutrients for a wide 

variety of organisms. 

Fringing reefs are commonly situated very close to mangrove stands and 

may be interspersed with individual seagrass plants or with well- developed 

seagrass beds. The seagrass beds are most  dense within the small lagoonal area 

between the mangrove fr inge and the reef crest . 

The reef crest  is typically in water of 1 m  or less. At  the crest  is a 

predominately rubble zone composed primarily of Porites porites fragments. 

Living corals occur on the crest  and landward reef port ions, consist ing pre-

dominant ly of P. porites, Millepora alicicornis, and Siderastrea spp., with lesser 

abundance of Agaricia spp., Porites ast reoides, and occasional Oculina spp. 

Within the lagoonal seagrass beds, P. porites is a com m on coral com ponent. The 

ext reme landward port ion where m angrove prop roots enter the water contains 

few corals (Fig. 28) . Som e species encrust  these roots (Millepora alicicornis, 

Agaricia) , and Agaricia in flat tened growth form may be found within the 

m angrove prop root  as m ay be Siderastrea siderea, occasionally in large colonies 

up to 1 m in diameter. 

At  the seaward reef crest , the coral species Porites porites dom inates with a 

coverage of approximately 30 percent . Seaward from  the crest , the reef slopes 

abrupt ly to depths of 10-15 m. Typically, the reef slope is densely covered by 

hard corals. I n the shallower port ions, species composit ion is dominated by 

Porites porites and Agaricia tennuifolia. Below 2 -3 m , 
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FIGURE 27. Tur t le  grass (Thallasia testudinum) was the dominant seagrass 
species in the study area. It  formed dense beds in the sub-tidal 
zone and was also present scattered throughout much of the coral 
reefs. 
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FI GURE 28. Prop roots of the red m angrove (Rhizophora mangle)  merged with 
turt le grass and various species of corals (Porites, Agaricia, 
Millepora, and others)  in the subt idal zone of the study sites. 
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Agaricia is dominant . On some reefs in depths greater than approximately 2 m, 

patches of Acropora cervicornis occur. The branching species Madracis mirabilis 

also may be locally abundant . At  the deeper and basal port ions of the reef, more 

massive corals of the species Montast rea annularis, Montast rea cavernosa, and 

Colpophyllia natans may occur. Branching forms at  depth include Oculina spp., 

Agaricia agaricites, Porites porites, and A. tennuifolia. 

Due to the low current  and wave energy at  the crest , P. porites colonies are 

fragile, delicate, and poorly cemented. I n addit ion, the upper 1.5 m of the water 

column appears to be subject  to lenses of lowered salinity from the frequent rains 

and surface runoff from the mangrove forest . This effect  possibly acts to exclude 

many species from the crest  region and may contribute also to the fragility of 

specimens. 

The seagrass-  and coral-associated fauna and flora are very div erse and 

abundant . The most  common organism is the colonial anthozoan, Zooanthus 

pulchellus. I t  forms dense colonies throughout  the subt idal zone. Sponges, 

anemones, sabellid worms, starfish, urchins, and sea cucumbers are also 

com m on. These areas support  large populat ions of fish, especially parrot  fish, 

snapper, gobies, barracuda, and other species commonly associated with 

seagrass and coral habitats. 

I n addit ion to the large faunal assemblage, many species of algae are 

present  in these areas. Halimeda, Dictyota, Caulerpa, Acanthophora, Penicillus, 

Udotea, and various blue-green algae are found throughout  the nearshore zone 

from  the m angrove prop roots to the outer slope of the coral reef. 

There have been few studies of the effect  of oil and dispersed oil on turt le 

grass and other seagrasses. Most  field studies are the result  of observat ions of 

accidental oil spills. Laboratory studies of turt le grass by RPI  in the last  2 years 

have provided some informat ion on the toxicity of oil and dispersed oil (Baca and 

Get ter, 1984) . I t  was determ ined that  dispersants enhanced the uptake of 

hydrocarbons by turt le grass. More recent  work has indicated that  the water-

accommodated fract ion (WAF)  was more toxic than dispersed oil when actual 

hydrocarbon concent rat ions were compared and that  turt le grass was relat ively 

resistant  to dispersed oil in short - term  doses. 
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Oil pollut ion from any of a variety of sources holds the potent ial for serious 

impact  on corals. This is largely a perceived threat  because only a few reports 

refer specifically to corals. Experiments have shown effects ranging from none at  

all to growth suppression and mortality. These studies have been accomplished in 

a wide variety of areas and have used a variety of different  coral species and 

different  assessment techniques, with widely varying oil concentrat ions and 

t reatm ent  procedures. 

 

METHODS AND MATERIALS -  CORAL STUDIES 

Floral/ Faunal Assessment  -  Transects 

To evaluate ecological parameters of the coral reefs in the shallow zone (0-2 

m)  where impact  was expected to be greatest  from  experimental t reatm ent ,  the 

point  plot less line t ransect  method was chosen. Reef assessment  methods, 

including plot less line methods, are described in Loya (1978) . The point  plot less 

line method is described in detail in Dodge et  al. (1982) . 

At  each site, 4 locat ions for sem ipermanent  line t ransects were established 

by marking end points with metal rods 1.0 -1.5 m in length driven into the reef 

substrate. Each t ransect  line was 10 m in length. Two t ransect  lines were laid 

parallel to the reef crest  and were established in water depths of approximately 1 

m. Two other lines were laid parallel to the first  in depths of approximately 1.3 m. 

Data were collected from the t ransect  lines by a diver swimming over the line and 

recording the ident ity of the substrate which lay beneath points established at  10-

cm intervals. There- fore, for each t ransect , 100 data points were collected. For 

each site, major parameters were averaged over t ransects for a mean 

representat ion. 

The substrate was ident ified as either bare substrate or as one of several 

categories of living organisms. I n essent ially all cases, bare substrate consisted of 

rubble formed by dead Porites porites or other coral species. Organisms were 

further subcategorized into epifaunal and epifloral groups. Stony corals were 

ident ified to species. Other animals were classified to phylum or order. The 

anthozoan Zooanthus pulchellus was ident ified to species. I n terms of plants, 

fleshy and calcareous algae were dist inguished. In addit ion, seagrass was 

ident ified when present. 

Four assessm ent  categories were created:  corals, total animals 

( including corals) , total plants, and total organisms. Changes in coverage 
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of reef subst rate by each category were used as a measure of relat ive abundance. 

Reduct ions in coverage of reef substrate by sessile organisms such as coral is the 

result  of mortality, unless an increase in the coverage of other organisms such as 

algae occurs. 

During the init ial survey in March 1984,  4 t ransects at  each site were 

accomplished. I n November 1985,  the t ransect  m arker rods of m ost  sites could not  

be relocated. Consequent ly, new markers were established and four t ransects were 

resurveyed on all subsequent  assessments. Each t ransect  line was assessed in 

duplicate during each site survey. Consequent ly, the data set  of the init ial survey 

(March 1984)  is not  direct ly comparable to that  of later surveys in terms of precise 

t ransect  locat ions. Stat ist ical analyses were conducted appropriately to reflect  

fixed or variable t ransect lo - cat ions. 

 

Coral Growth Assessment  

General 

The coral species Montast rea annularis, Agaricia tennuifolia, Porites porites, 

and Acropora cervicornis were chosen for growth assessm ent  follow- t reatm ent  

by oil or dispersed oil.  

During the init ial survey period (March 1984)  at  each of the 3 main sites 

(Sites D, 0, and R) , approximately 5 specimens of each species were fixed to 

cement  blocks with underwater quick-set t ing cement . Cemented specimens were 

placed at  1-2 m depth in the central port ion of each site. The coral species 

Montast rea annularis and Acropora cervicornis did not  occur naturally at this 

shallow depth and were t ransplanted at  the same reef from approximately 4 and 3 

m , respect ively. The other two species (Porites porites and Agaricia tennuifolia)  

were collected from the same shallow depths in which they were cemented. 

I mmediately prior to the November 1984 t reatment  period, coral specim ens 

were surveyed for survival and retent ion on the cement  blocks. Approximately 60 

percent  were intact . The others had apparent ly becom e loosened from  the cem ent  

and had toppled onto the reef substrate. Missing specimens were replaced (see 

following discussion)  by fresh corals as in the above cement ing procedure. No 

specimens of Montast rea annularis had to be replaced. 
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A second reference site (Site R-2)  for growth assessm ent  was located m idway 

between Sites D and O. This was established for confidence in the reference nature 

of Site R. At  this second reference site, corals of the species Porites porites, Agaricia 

tennuifolia, and Acropora cervicornis were stained and cem ented onto cem ent  blocks 

at  1 -2 m depth using the procedures as above. 

After specimen select ion and at  least  7 days prior to t reatment  with oil 

dispersed oil, specimens at  each site were stained with alizarin red S dye (Lamberts, 

1978)  for approximately 5 hours. Staining was accomplished by securing a clear 

plast ic bag around cemented corals, inject ing a m ixture of alizarin red S dye and 

dist illed water at  sufficient  concentrat ion to bring the alizarin concentrat ion to 

between 10 and 15 ppm, and closing the bag opening securely around the coral base. 

For  not- yet - cemented specimens, plast ic zip - lock bags were used. Bags were 

removed after approximately 3 hhvui s .  Several days after staining, any nonsecured 

specimens were cemented to blocks where appropriate. 

I n growth assessm ents m ade from  Novem ber 1984 through Decem ber 1985, 

staining was accomplished exclusively in zip - lock bags. After an approximately one-

day recovery period, specim ens were cem ented onto cem ent  blocks. The corals were 

inspected to ensure proper staining and secure at tachm ent  to the cem ent  base 

blocks. 

At  the start  of the following survey, coral specimens were then collected, air -

dried, labeled, and packaged for shipment  to the laboratory at  Nova University 

(Dania, Fla.) . The period between staining and collect ion was variable, depending 

primarily on the length of t ime between site visits. 

The growth periods for each species were as follows:  

M. annularis 126 days (Novem ber 1984 -  March 1985)  

A. cervicornis 122-128 days (Novem ber 1984 -  March 1985)  

A. tennuifolia 122-128 days (Novem ber 1984 -  March 1985)  
 

162-164 days ( June 1985 -  Decem ber 1985)  

 234-235 days (Decem ber 1985 -  July 1986)  

P. porites 122-127 days (Novem ber 1984 -  March 1985)  
 

89-  91 days (March 1985 -  June 1985)  

 162-164 days ( June 1985 -  Decem ber 1985)  

 234-235 days (Decem ber 1985 -  July 1986)  
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In the laboratory, specimens were bleached in a dilute solut ion of Clorox to 

remove remaining coral t issue and to bet ter expose the alizarin stain line. 

Specimens of Montast rea annularis were not  bleached because remaining t issue 

was needed to locate certain skeletal st ructures. 

 

Remarks on the Nature of Coral Colonies 

There was no ambiguity about  the diserete nature of coral colonies for the 

species Montast rea annularis. This is a hemispherical- type coral forming individual 

heads. The species Porites porites, however, is a branehed coral (Fig. 29) . I n 

small specimens, it  is simple to t race individual branches to a common base and 

therefore ident ify several branches which are of the same genotype. I n larger 

clumps, breakage from handling and/ or prior breakage from  bioerosion often 

obscures these relat ionships. Therefore, for this species, the operat ional unit  was 

a well- defined branch. In general, each staining unit  ( i.e., each cluster of P. 

porites which was stained)  was composed of several branches, som e of which 

were probably of the sam e genotype. 

Colony considerat ions for the species Agaricia tennuifolia were sim ilar to that  

of Porites porites. I n this case, however, A. tennuifolia forms blade- like growths 

(Fig. 29) . The operat ional unit  of measurement  was a blade w h i ch  w  generally 

dist inct  from other colony parts. As with P. porites, each stained cluster was 

composed of several blades, most  of which were probably a sim ilar genotype. 

For  Acropora cervicornis, t ransplantat ion was conducted by breaking branch 

t ips (greater than 10 cm in length)  from in situ living colonies, staining, and 

cement ing branches to blocks. Transplanted branches were, in general, from 

different  genotypes and so each block contained several branches from a different  

original genotype. 

 

Growth Measurem ent  Procedures Montast rea annularis 

Measurement procedures for this species are described in more detail in 

Dodge (1982) . Each specimen was t r immed to obtain several slabs which were 

from 3 to 4 cm thick. These slabs were dried under low heat  and subsequent ly 

embedded in clear cast ing polyester resin. Upon hardening, resin slabs were 

sect ioned with a rock saw along surfaces parallel to corallite 
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FIGURE 29. The shallow subtidal zone was heavily colonized by Porites  porites  (1) 
and Agaricia tennuifolia (2). These species and others were 
analyzed to determine growth rates and percentage of coverage. 
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growth axes. Embedded cut  surfaces were sequent ially polished using lapidary 

sandpaper and grit  to a clear surface suitable for viewing under low-power 

m icroscopy. 

Specimens were surveyed for stain uptake. Septa increase was measured 

along well cross-sect ioned septa which revealed the alizarin stain line and current 

septa top. In addit ion, fossa length was measured as the distance from  the top of 

the current  septa to the current  colurnella. The parameter is an index of calical 

relief. Unfortunately, the stain was not  well revealed in the columella of colonies. 

This precluded quant itat ive analysis of the fossa length in the predosed condit ion 

of the corals. 

 

Agaricia tennuifolia 

When possible, individual blades were ident ified on each stained cluster. 

Five measurements per blade were made with calipers from the stain lines to the 

blade distal surface. Observat ion of the stain line was made by holding the blade 

in front  of a st rong back light . The thickness of the blade at  the stain line also 

was measured with calipers. 

For analysis, blade length (extension)  was converted to an annual basis 

(cm/ yr) . Because blade thickness (width)  appeared relat ively constant , this 

param eter was not norm alized to yearly growth. Cross-sect ional blade area 

( cm 2 / yr)  was calculated as the product  of blade width and extension rate. 

 

Porites porites 

Where possible, at  least  five branch t ips were ident ified from each staining 

unit . These were cut  from  the branch (below the stain line)  using a dent ist  saw. 

Each t ip was labeled and its basal thickness measured at  the stain line using 

calipers. 

Each t ip was then cut  or ground to produce a medial surface suitable for 

stain- line observat ion. The linear growth (extension)  from the stain line top to 

the branch t ip top was recorded as length. The width of the t ip at  the top of the 

stain line also was recorded. Length (normalized to yearly growth rate in cm/ yr)  

and width (cm)  measurements were used to calculate t ip growth volum e (cm /yr)  

by the formula of a cylinder. 
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Acropora cervicornis 

Stained t ips of individual branches were cut  from the main branch body 

using a dent ist  saw. Each t ip was labeled by site and staining unit . Tips were 

sect ioned medially, and a length measurement was taken by caliper from the 

uppermost  stain line to the new t ip growth surface. Branch width also was 

measured at  the stain line. This measurement is considered to be less precise 

because of the irregular growth surface of A. cervicornis. 

 

RESULTS OF CORAL STUDIES 

Floral/ Faunal Assessment  -  Transects of Coral Reefs 

Tables 30-32 summarize the results for all survey periods obtained from each 

of the 4 plot less line t ransects at  Sites D, 0, and R, giving the means and standard 

deviat ions of each assessm ent  category for each site. The following discussion will 

be concerned only with the init ial survey period. 

I nit ial Survey (March 1984)  

Figure 30 is a bar graph presentat ion for total coral coverage, total animal 

coverage, total plant  coverage, and total organism  coverage at  each of the 3 

sites during the March 1984 survey. 

Reference Site R exhibits slight ly lower total coral coverage in comparison t o 

Sites D and 0. This difference is compensated by a slight  increase in zooanthid 

coverage at  Site R which causes total animal coverage to be sim ilar between the 

three sites. 

Algal coverage is sim ilar between the sites;  however, Site R has much 

greater plant  coverage because of its relat ively high seagrass cover. For total 

organism coverage, Site R is higher than the other two sites. 

To quant ify site differences, a one-way ANOVA ( fixed m odel)  was con-ducted 

on the parameters total coral coverage, total animal coverage, total plant  

coverage, and total organism  coverage. 

There were no stat ist ical differences between sites in total corals and total 

animals at  the p- less- than-0.05 level. For total plants and total organisms, 

ANOVA indicated significant  site differences at  the p- less- than-0.0005 and p- less-

than-0.01 levels, respect ively. Test ing with the Student -Neuman-Keuls (SNK) 

test  revealed that  Site R was significant ly different  than both Sites D and 0 in 

total plant  coverage (at  the p- less- than-0.01 
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level) . I n addit ion, Site R was stat ist ically different than Site 0 in total organism 

coverage (at  the p- less- than-0.05 level) . 

 

Pret reatment  Survey (Novem ber 1984)  

Tables 30-32 include summaries of t ransect  results for Sites D, 0, and R for 

each formal assessment period. The following discussion will be lim ited to 

between-site comparisons during the pret reatment  survey assessment  period. 

Figure 31 presents a bar graph depict ing total coral, total animal, total plant , 

and total organism coverage for each of the 3 sites in the November 1984 baseline 

survey. 

Sites D and 0 had sim ilar total coral coverage. This parameter at  Site R was 

relat ively lower. Total other animal coverage was greater at  Site R because of 

relat ively high coverage by zooanthids (Zooanthus sociatus)  in comparison to Sites 

D and 0. Total animal coverage was sim ilar between all three sites. 

Algal coverage was sim ilar between Sites 0 and R and relat ively lower at  Site 

D. Seagrass coverage was markedly higher at  Site R. Total organism  coverage was 

greatest  at  Site R (83 percent ) , moderate at  Site 0 (69 percent ) , and lowest  at  

Site D (56 percent ) . 

To assess and quant ify specific site differences, a one-w ay ANOVA ( fixed 

model)  was employed to test  the parameters total coral, total animal, total plant , 

and total organism coverage between the three sites. ANOVA revealed no site 

differences (p less than 0.01)  in the parameters total coral and total animal 

coverage. Total plant  coverage was revealed to be different  (p less than 0.0005)  

between the 3 sites. SNK test ing indicated that  all sites were different  from each. 

other (p less than 0.05) . Site differences were revealed also for total organism 

coverage (p less than 0.005) . SNK test ing revealed that  all sites were significant ly 

different  from each other (p- less- than-0.05 level)  for this parameter. 

 

I nit ial Survey and Pretreatment Survey Differences 
Between Sites Before Treatment  

For bo th the init ial survey in March 1984 and the pretreatment survey in 

November 1984, significant  preexist ing differences in sites were 
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discovered. Sites were most  sim ilar in total coral and total animal coverage. Sites 

were stat ist ically different  in total plant  and total organism coverage. Site R was 

most  different  than other sites because of lower coral coverage and higher algal, 

plant , and organism  coverage. 

 

Comparisons Within Sites 

The previous results of between-site comparisons for both the init ial survey 

and the pretreatment  assessment indicated significant  site differences for most  

parameters. Therefore, it  was apparent  that  each site had unique characterist ics 

which would preclude using any one site as a "control"  for changes in another 

caused by experimental perturbat ion. I t  was decided to evaluate changes caused 

by t reatments in the following ways. 

Two-way ANOVA was used on data from  each site for each of the four 

parameters ( total coral, total animal, total plant , and total organism cover-age) . 

A fixed-model ANOVA was employed. This stat ist ical analysis evaluates 

differences between the six assessment  periods and accounts for the variance 

component  of t ransects within each site and replicat ion of each t ransect . 

Consequent ly, the November 1984 prespill period may be considered as an 

experimental cont rol or reference period for comparison to the postspill periods. 

The March 1984 data are not  included in this stat ist ical analysis because t ransect  

locat ions had to be changed after that  assessment  
period 

Unless otherwise noted, the significance level for the analyses is the p- less-

than-0.01 level. This 99 percent  probability level was chosen for higher stat ist ical 

confidence in the results. Where appropriate, the p- lessthan-0.05 level of test ing 

was used occasionally and is noted in the text . I f the ANOVA test  indicated a 

significant period difference was present , further test ing was conducted using the 

SNK test  to isolate specifically those periods which were significant ly different  

from  each other. 

Site R has been designated as a reference site. Between-site comparisons in 

the pret reatment  periods had indicated that  Site R could not  be used as a 

"control"  site in the st rict  sense. This site was designated as the "reference" site 

to be used primarily for monitoring any seasonal or other changes in the floral 

and faunal composit ion. Site R data were subjected therefore to the sam e 

stat ist ical analyses as described above. 
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Site D: __ Dispersed Oil Treatment  

The mean values (+ / -1 standard deviat ion)  of each of the m ajor assess-

ment  categories ( total coral, total organism, total plant , total animal cover-age)  

for each assessment  period are graphed in Figures 32 and 33. The data for the 

init ial survey are graphed for reference. 

Table 30 provides a summary of these data, including means and standard 

deviat ions for individual assessment  categories and totals for corals, animals, 

plants, and organisms. Nearly all major assessment  categories declined abruptly 

in the first  post t reatment  assessment  period and cont inued to decline through 

December 1985 (12 m onths postspill) . 

Total coral coverage declined over the ent ire postspill study period. Two-

way ANOVA for total coral coverage indicated a significant  difference between 

assessment  periods (p less than 0.05) . SNK test ing (Table 33)  revealed that  the 

Novem ber 1984 pret reatment period was significant ly greater than the December 

1985 and August 1986 per iods (12 and 20 m onths post - spill, respect ively) . This 

decrease in total coral coverage was the result  of a 67 percent  decrease in P. 

porites coverage, and the complete elim inat ion-  of A. tennuifolia from  the 

t ransect  locat ions. 

For total animals, ANOVA indicated significant  period differences at  the p-

less- than-0.01 level. SNK test ing revealed that  the prespill period was 

significant ly greater than all other periods. Total anim al coverage was affected 

primarily by the loss of sponges during the immediate postspill period. Sponge 

coverage declined by 40 percent  during this t ime. On-site observat ions indicated 

that  sponges were severely affected by dispersed oil;  sponges in the t reatm ent  

area were covered by a white, fungus- like layer and were very friable. As 

ment ioned above, P. porites coverage also declined, contribut ing to the overall 

decrease in total animal coverage. 

For total plants, ANOVA did not  reveal any significant  period effects. For 

total organisms, ANOVA revealed significant period differences. SNK indicated the 

prespill period was significant ly greater than all postspill periods. In addit ion, the 

December 1984 (5 days postspill)  period was greater than all other postspill 

periods. Total organism coverage declined by almost  50 percent  between 

November 1984 and August  1986 (3 days prespill and 20 months postspill, 

respect ively) , accompanied by a 40 percent  increase in bare substrate. 
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FI GURE 32. The percentage of reef subst rate coverage of total organisms ( top)  and 
total animals (bot tom) at  Site D. Error bars are ± 1 standard 
deviat ion. 
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TABLE 33. Results of SNK test ing for dispersed oil Site D for period dif -  
' ferences for each of the parameters total coral, total animal, total 

plant , and total organism coverage. Equality or inequality of means 
determ ined at  p less than 0.01, except  for coral coverage where p is 
less than 0.05. 

PARAMETERS 

Coral Animal Plant  Total 
Coverage Coverage Coverage Organism 

Coverage 

 

PERIOD 
COMPARISON 
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In each ANOVA, the factor "t ransects" was highly significant indicat ing that  

individual t ransects differed from each other. This was an expected result  because 

of the spat ial heterogeneity of the reefs assessed. 

 

Site 0: __ Oil Only Treatment  

The mean values (± 1 standard deviat ion)  of each of the major assessm ent  

categories ( total coral, total organism, total plant , and total animal coverage)  for 

each assessm ent period are graphed in Figures 34 and 35. The data for the init ial 

survey are graphed for reference. All data are present ed in Table 31, and SNK 

results appear in Table 34. 

I n general, while there appears to be a slight  decline for some parameters 

follo wing site t reatment, the overall impression is one of fair ly stable condit ions 

over t ime. Total plant  coverage appears to decline;  however, this organism 

category was scarce and, consequent ly, is represented by relat ively few data 

points. 

No significant differences in total coral coverage between sampling periods 

were detected using ANOVA. Inspect ion of the data in Table 31 indicates that  

coral coverage appears to decline gradually over the ent ire study period, but  

none of the between-period means are significant ly different. Therefore, within 

the range of measured variability at  Site 0, it  is not  possible to detect  (using 

ANOVA) any overall effect  on corals. 

Significant  ANOVA differences in total animal coverage were detected at  Site 

0, but  these differences involved increases in animal coverage during the March 

1985 to August  1986 period (4-20 months postspill) . No significant  reduct ion was 

detected in animal coverage during the postspill period. The increase in total 

animal coverage appeared to be the result  of a 63 per- cent  increase in zooanthid 

coverage between Novem ber 1984 and August  1986 (3 days prespill and 20 

months postspill, respect ively) . 

For total plants, ANOVA revealed significant  period effects. SNK test ing 

revealed the prespill period was significant ly greater than all the post- spill periods 

from  March 1985 to August  1986 (4 to 20 months postspill) . I n addit ion, the 

December 1984 (4 days postspill)  period was significant ly greater than all other 

postspill periods. 

For total organism coverage, ANOVA revealed significant  period effects. SNK 

test ing revealed that  only the March 1985 period was significant ly less than the 

prespill period. This appears to be the result  of small,  
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FI GURE 34.  The percent age of  reef  subst rat e coverage of  t ot al  organ ism s ( t op)  and t ot al  

an im als ( bot t om )  at  Si t e O.  Er ror  bar s are ± 1 st andard dev iat ion .  Ar row  

ind icat es dat e of  si t e t reat m ent .  
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FI GURE 35. The percentage of reef subst rate coverage of corals ( top)  and total 
plants (bot tom)  at  Site O. Error bars are ± 1  standard deviat ion. 
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TABLE 34. Results of SNK test ing for oil only Site 0 for period differences for each 
of the parameters total coral, total animal, total plant , and total 
organism coverage. Equality or inequality of means determ ined at  p 
less than 0.01, except  coral coverage where p is less than 0.05. 

 



122 

nonsignificant  decreases in corals, zooanthids, and algae combining to cause an 

overall reduct ion in total organism coverage at  that  t ime. Four months later, 

however, total organism coverage had increased to prespill levels, indicat ing that 

the effects of site t reatment  on this parameter were relat ively short - lived. 

I n each ANOVA except  for total plants, the factor " t ransects" was highly 

significant indicat ing that individual t ransects differed from each other. This was 

an expected result  because of the spat ial heterogeneity of the reefs assessed. For 

total plants, t ransects were sim ilar because of the very low numbers found on 

each. 

 

Reference Site R 

The mean values (± 1 standard deviat ion)  of each of the major assessm ent  

categories ( total coral, total organism, total plant , and total all animal coverage)  

for each assessment  period are graphed in Figures 36 and 37. The data for the 

init ial survey are included for reference. All data are presented in Table 32. 

In general, parameters for Site R show relat iv ely uniform values over 

assessment period t imes. Variability is high, and there are some apparent  period 

differences. As previously discussed, this site was the most  different  from  the 

other two t reatm ent  sites. This was m ost  evident  for the param eters total corals 

and total plants which are relat ively lower and higher, respect ively. With the 

except ion of the December 1985 (12 months postspill)  data, there appears to be a 

gradual increase in total plant  coverage with a corresponding decline in total coral 

coverage. This is probably explained by an overgrowth phenomenon whereby 

either fleshy algae or seagrass were covering corals during the assessment . These 

results do not  necessarily im ply coral death. 

For total coral coverage, ANOVA indicated significant  period differences. SNK 

test ing, however, did not  resolve any part icular period as significantly different 

from another. For total animal coverage, ANOVA indicated significant period 

differences. SNK indicated that  the November 1984 pret reatment  period was 

significant ly greater than August  1986 period. 

For total plants, ANOVA indicated significant period differences. SNK test ing 

revealed the December 1984 period to be significant ly lower than the 
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FI GURE 36. The percentage of reef subst rate coverage of total organisms ( top)  
and total animals (bot tom) at  Site R. Error bars are ± 1 standard 
deviat ion. 
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FI GURE 37. The percentage of reef subst rate coverage of corals ( top)  and total 
plants (bot tom) at  Site R. Error bars are ± 1 standard deviat ion. 
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June 1985-August 1986 period. For total organisms, ANOVA indicated no significant  

differences between periods. 

Table 35 presents SNK results in detailed form. 

In each ANOVA, the factor "t ransects" was highly significant indicat ing that  

individual t ransects differed from each other. As with the dispersed oil Site D and 

oil only Site 0, this was an expected result  because of the spat ial heterogeneity of 

the reefs assessed. 
 

 
Regression Analysis of Floral/ Faunal Assessm ent  Data 

 

A linear regression analysis method (Sokal and Rohlf, 1981)  was used to 

determ ine if a regression line fit ted to t ransect  parametric data for each site would 

have a slope significant ly different  from zero. A regression line with a slope not  

significant ly different  from zero indicates that  there was no change in the 

dependent  variable (coverage by each assessment  parameter)  over t ime ( i.e., 

w ithin the range of variability present in the data, no stat ist ically significant effect 

over t ime is indicated) . The analysis also incorporated an ANOVA to further test  

inequality of parametric means. 

The param eters tested for each site were total coverage of all organisms, 

animals, corals, and plants. The init ial assessment period data (March 1984)  were 

not  included for the reasons previously stated ( init ial t ransect  posit ions were 

different) . The independent variable X consisted of the t ime prior to and after site 

t reatm ent  for each of 6 assessm ent  periods (Novem ber 1984, Decem ber 1984, 

March 1985,  June 1985,  December 1985,  and August  1986;  or prespill and 4, 7, 12, 

and 20 months postspill) . The de-pendent  variable Y consisted of means of 

parametric data from each t ransect  at  each period. 

Results are summarized in Table 36. Listed for each site are the coverage 

parameters, the F value from the ANOVA for comparisons among groups, its 

stat ist ical significance, the F value from the ANOVA for the linear regression, its 

stat ist ical significance, and the posit ive or negat ive character of the slope of the 

regression line. 

Stated briefly:  
 

Both the ANOVA and the linear regression test  the same null hy pothesis-
-equality of means, the regression test  is more powerful . . . against  the 
alternat ive hypothesis that there is a linear relat ionship between the 
group means and the independent variable X. Thus, when the means 
increase or decrease slight ly as X in - creases, they may not  be different  
enough for the mean square 
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TABLE 35.  Result s of  SNK test ing for  reference Sit e R for  per iod dif ferences for  
each of  t he paramet ers t ot al coral,  t otal animal,  t otal

 
plant ,  and 

total organism coverage. Equalit y or  inequalit y of  means determined 
at  p less t han 0.01,  except  coral coverage where p is less t han 0.05.  
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among groups to be significant  by ANOVA, yet  a significant  regression 
can be found. Where we find a marked regression of the means on X, . . 
. we usually will find a significant difference among the means by an 
ANOVA. However, we cannot  turn this argument  around and say that  a 
significant  difference among means as shown by an ANOVA necessarily  
indicates that a significant linear regression can be fit ted to these data 
(Sokal and Rohlf, 1981) . 

 

For example, means can be significant ly different  from each other, yet  the 

regression line may explain only lit t le of the variat ion. 

For Site D, only total coral coverage exhibits both stat ist ically significant  

ANOVA and linear regression (negat ive slope) . Clearly, there is a strong 

relat ionship of decreasing coral coverage over the ent ire study period. Total 

organism and total animal coverage exhibit  significant group dif ferences but  not  a 

significant regression. 

I n order to understand the ANOVA results, reference must  be made to the 

SNK results of Table 33 where for animal coverage, the December 1985 and 

August 1986 data (12 and 20 months postspill)  are significant ly less than the 

December 1984 (1 week postspill)  data and all postspill periods are less than the 

prespill period. Coverage of all organisms during the period from March 1985 t o 

August 1986 (4 to 20 months postspill)  are less than December 1984 data and 

the November 1984 prespill period. Although these differences are indicat ive of a 

change over t ime, the regression is not  significant  for the full durat ion of the 

study probably because there were slight  (but  not  stat ist ically significant by 

ANOVA) increases during the final assessment period (August  1986)  in these 

parameters. These increases toward the end of the study were large enough to 

cause the regression line fit ted to the data to have a slope equal to zero, 

indicat ing that  no significant  change occurred from the beginning to the end of 

the study. The ANOVA analysis shows that  significant  decreases occurred between 

individual assessment periods. The overall conclusion drawn from these analyses 

is that  coral coverage was reduced and no recovery occurred, and total organism 

and total animal coverage decreased but  there were indicat ions that  recovery of 

these parameters had begun during the final assessment  period 20 months after 

site t reatment . Results for plant  coverage are not  discussed further because of 

the low num bers of counts on the t ransects. 

For Site 0, only coral coverage exhibited a significant regression ( the 

accompanying ANOVA did not  exhibit  significance) . This demonstrates the power 

of regression to indicate a difference not  revealed by ANOVA alone. 
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There was a slight , but  stat ist ically significant , decrease in coral coverage over 

t im e. Coral coverage was the only param eter that  showed a consistent  downward 

t rend over the ent ire study period, result ing in a regression line that  was 

significantly different  from zero. The incremental decreases between periods were 

too small to be significant  by ANOVA, but  the greater sensit ivity of the regression 

detected the downward t rend. As in the above discussion of Site D, plants are not  

discussed because of low coverage at  this site. 

For Site R, the only parameter that  exhibited a significant  regression is total 

animal coverage, which showed decreasing coverage over t ime. This must  be 

tem pered with on-site observat ions which indicated an increase in fleshy algae over 

t ime. I ncreased algal coverage made observat ion of animals more difficult . 

Although only significant  at  the 90 percent level, the table results for plants tend to 

confirm this with an increase in the regression line over t ime. No significant 

regression was found for coral coverage, indicat ing that  there was no measurable 

decrease in coral coverage through the du- rat ion of the study at  Site R. 

I n summary, regression analysis confirms and provides addit ional informat ion 

to the ANOVA and SNK analyses. Although the data are variable, there is a 

significant  decline in coral coverage over t ime at  both sites D and 0. I t  is also 

important  to note that  if data from  the last  assessment  period (August  1986)  are 

om it ted from the analyses of Site D, the regression would have been more 

apparent  (and significant)  for the parameters of total organisms and total animals. 

This is because total animal and organism coverage appeared to have reversed (or 

at  least  stabilized)  their decline by the final assessment period. For Site R, the 

stat ist ical result  of a decline in total animal coverage over t ime is explained most  

likely by a corresponding increase in total plant  (algae)  coverage which made 

animal observat ion more difficult . 

 

Sum m ary of Floral/ Faunal Assessment  Result s 

Of the three sites, the dispersed oil Site D exhibited a relat ively dramat ic and 

consistent  decline in parameters for most  periods following t reatment . I n most  

cases, this also could be resolved into stat ist ically significant  differences. As 

observed in Figures 32 and 33, it  is apparent  that  the de-cline has leveled or 

reversed from  December 1985 to August  1986 (12 to 19 months postspill) . This 

may mean that  the reef is on the w a y  to part ial or 
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full recovery. Given the variability in the data and the small differences between 

successive assessment  periods, it  is impossible to make a firm  pre-dict ion on the 

degree or durat ion of recovery at  this t ime. 

For the oil only Site 0, there are few conclusive indicat ions of a negat ive 

effect . There are suggest ions, supported in some cases by the stat ist ical results, 

that  a decline in some parameters m ay have occurred up to March 1985  ( 4  m onths 

postspill) . The results for total plants may not  be as reliable as for other categories 

because of low sample size, characterist ic of this site. 

The effects on percentage of coverage of epiflora and epifauna at  Sites D and 

0 appear to be st rongly correlated with exposure to pet roleum hydro-carbons (see 

Tables 4-9) .  Site D was exposed to much higher levels of waterborne hydrocarbons 

than Site 0 during site t reatment , and the levels of contaminat ion of the nearby 

seagrass sediments were also consistent ly higher over t ime at  Site D than Site 0 .  

The data of reference Site R are marked by somewhat higher variability. 

There are some period differences for certain of the assessment  parameters. The 

lack of a clear t ime t rend, however, indicates that  these random or seasonal 

occurrences probably are not  responsible for the sequent ially lower differences 

exhibited by the periods of the dispersed oil Site D. 

 

Coral Growth 

Stat ist ical analyses consisted of nested ANOVA and SNK tests. The first  test  

was employed to evaluate if significant  site differences were present  for the growth 

parameter under considerat ion. The second test  was used to ident ify the specific 

site differences in those factors. The significance level used was 0 . 05  ( 95  percent)  

unless otherwise noted. 

 

Montast rea annularis 

Septa increase data (cm / yr)  for the period from  Novem ber 1984  t o March 1985  

( 4  months postspill)  were analyzed by one-way t wo- level nested ANOVA t o 

evaluate if significant  differences between site means were present. The F- test  

revealed no significant  site differences between those three evaluated (Sites D, 0, 

and R). This part icular species was apparent ly lit t le affected by dosing with either 

dispersed oil or nondispersed oil only. 
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Acropora cervicornis 

Branch t ip length (cm/ yr)  and width (cm) were determ ined for specim ens from  

each of the sites during the period from  November 1984 to March 1985 (4 m onths 

postspill) . One-way nested ANOVA test ing of each parameter ( length and width of 

t ips)  at  each site revealed no significant  differences. 

 

Agaricia tennuifolia 

A sum m ary of growth data for A. tennuifolia is presented in Table 37 and 

Figures 38-43. A discussion of each growth parameter measured for this species 

follows. 

 

Blade Length (Extension Rate)  

Measurem ents of A. tennuifolia collected in March 1985 (4 m onths post - spill) 

indicated that  the blade extension rate at  Site D was clearly lower than that  at  

Sites 0, R, or  R-2. Data from the 4 sites were compared using one-way nested 

ANOVA and Sat terwaith's approximat ion (Sokal and Rohlf, 1969)  and there was a 

significant  difference between site means. Comparison using the SNK test  (at  the p-

less- than-0.01 level)  revealed that  Site D was significant ly less than Sites 0, R, and 

R-2. No significant  differences were measured between the other sites. 

Agaricia tennuifolia specimens stained in June 1985 and collected in Decem ber 

1985 also showed differences between sites. The mean blade extension rate at  Site 

D was significant ly lower than at  Sites 0, R, or R-2, which were not  different  

com pared to each other. 

This pat tern persisted through the end of the study. Specimens of A. 

tennuifolia stained in December 1985 and collected in August 1986 showed 

significant ly reduced blade extension rates at  Site D compared to Sites 0, R, or R-2. 

No difference was measured between Sites R-2 and O. 

 

Blade Thickness (Width)  

Measurements of blade thickness of A. tennuifolia specimens stained in 

November 1984 and collected in March 1985 (4 months postspill)  were found to 

show significant  differences between sites. Mean values for Site D were clearly 

lower than the other three sites. SNK test ing (at  the p- less- than-  
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FIGURE 38. Blade length (extension rate)  of A aricia tennuifolia specimens at  Site D 
( top)  and Site 0 (bot tom  
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FIGURE 39. Blade length (extension rate) of Agaricia tennuifolia specimens at 
Site R (top) and Site R-2 (bottom). 
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FIGURE 40. Blade thickness (width)  of A. tennuifolia specimens at  Site D ( top)  and 
Site 0 (bot tom ) . 
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FIGURE 41. Blade thickness (width)  of A. tennuifolia specimens at  Site R ( top)  and 
Site R-2 ( bot t om )  
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FI GURE 42. Cross-sect ional blade area of A. tennuifolia specimens at  Site D ( top)  
and Site 0 (bot tom ) . 
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FIGURE 43. Cross-sectional blade area of A. tennuifolia specimens at Site R (top) 
and Site R-2 (bottom). 
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0.05 level)  indicated that Site D was significant ly less than Sites 0, R, and R-2. All 

other sites were not  stat ist ically different . 

Specimens from Site D stained in June 1985 and collected in December 1985 

also showed significant ly reduced blade thickness compared to Sites 0, R, and R-2. 

No difference was m easured between Sites 0 and R-2 and Sites O and R. Sites R 

and R-2 were significant ly different. During the final growth period (December 

1985 to August  1986) ,  the only significant difference in blade width was measured 

between Sites D and R-2. 

 

Cross-Sect ional Blade Area 

An index of the m ass growth of these corals is given by the cross-sect ional 

blade area (product  of extension rate and thickness divided by 2) . The blade area 

of A. tennuifolia specimens stained in November 1984 and collected in March 1985 

at Site D was significant ly lower than at  Sites 0, R, or R-2. SNK test ing revealed 

that all sites were significant ly different at  the p- less- than-0.05 level, with the 

except ion that  Sites 0 and R-2 and Sites 0 and R were stat ist ically 

indist inguishable. 

Blade area was significant ly lower at  Site D compared to the other sites 

during all ensuing measurement periods (June 1985 to Decem ber 1985 and De-

cem ber 1985 to August  1986,  12 and 20 months postspill, respect ively) . I n  

1985,  Site D was significant ly lower than Sites 0, R, or R-2. There were 

no other site differences at  that  t ime. I n August  1986,  no dif ference was measured 

between Sites R-2 and 0, while all other sites were significant ly different. 

Figures 42 and 43 present  a summary of data for  growth param eters for A. 

tennuifolia measured at  the end of each growth period at  each site. While Site D 

values are much lower than for the other study sites, there is no readily apparent  

temporal t rend of either decreasing or increasing grow'th rates for the t reatm ent  

sites. The analysis of these data indicates that  A. tennuifolia growth rates at  Site D 

were significant ly affected by t reatment  with dispersed oil and that  recovery has 

not  yet  begun there. 
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Porites porites 

Table 38 and Figures 44-49 present  a sum m ary of growth data for the coral 

species P. porites. The growth parameters t ip extension rate ( length) , t ip width, 

and t ip growth volume were determ ined for P. porites specimens during each 

postspill period. Stat ist ical results significant  at  the p- less- than-0.05 level are 

discussed below. 

 

Tip Extension (Length)  

Measurements at  each site over t ime indicate that  P. porites at  Site D had 

depressed, but  not  significant ly different , t ip extension rates compared to all the 

other sites during the periods from  Novem ber 1984 t o March 1985 and from March 

1985 to June 1985 (4 and 7 months postspill) . During June 1985 to Decem ber 

1985 (12 months postspill) , t ip extension at  Site D was lower (but  not  

significant ly)  than at  all the other sites but  was significant ly greater than Site R. 

Site R-2 was significant ly greater than Site R, and Site 0 was significant ly less than 

Site R. All other sites were not  signifi-  

cant ly different . No data for  Sites D and R-2 are available for the period from 

December 1985 to August  1986 due to loss of the stained specimens at  these sites 

during that  period, possibly because of storms or vandalism. 

Extension rates at  Site 0 were greater (but  not  always significant ly dif ferent)  

than those at  Site D at  all measurement  periods (Table 38) . Site 0 was stat ist ically 

greater than Site R. 

The reference sites' extension rates were quite variable. Clear t rends over 

t ime or between reference sites were not  apparent ;  extension rates were both less 

and greater than those measured at  one or both of the t reatm ent  sites. 

 

Tip Width 

In March 1985,  Site D had significant ly lower t ip width than Site 0, while all 

other sites were sim ilar. No significant differences in t ip width between any sites 

were measured during any of the following measurement  periods. Tip widths at  Site 

D were lower than at  the other sites during the periods from  November 1984 to 

March 1985 and from March 1985 to June 1985 (4 and 7 months postspill, 

respect ively) . At  Site 0, t ip width alternated between greater and less than the 

other sites over t ime, as did both the reference sites. 
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FIGURE 44. Tip extension rates of Porites porites specimen at  Site D ( top)  and Site 
0 ( bot t om ) . 
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FIGURE 45. Tip extension rates of P. porites specimen at  Site R ( top)  and Site R-2 
( bott om ) . 
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FIGURE 46. Tip widths of P. porites specim en at  Site D ( top)  and Site 0 (bot tom ) . 
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FIGURE 47. Tip widths of P. porites specimen at  Site R ( top)  and Site R-2 
( bot t om ) . 
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FIGURE 48. Tip volumes of P. porites specim en at  Site D ( top)  and Site 0 (bot tom ) . 
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FIGURE 49. Tip volumes of P. porites specimen at  Site R ( top)  and Site R-2 
( bot t om ) . 
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Tip Volume 

Tip volume of P. porites specimens at  Site D was significant ly less than at  Site 

0 in March 1985,  but  there was no difference between Site D and either reference 

site. In June 1985,  t ip volume at  Site D was significant ly less than at  Site R-2, but  

there_ was no difference between Site D and Site R or O. Site R-2 was significant ly 

less than Site R. After June 1985, no significant differences between any sites were 

measured. 

Sum m ary of Coral Growth Results 

The growth rates of suites of 4 coral species at  each of the experimental 

sites and the reference sites have been evaluated for the first  growth assessment  

period (Novem ber 1984 to March 1985) .  Growth rates of 2 coral species (A. 

tennuifolia and P. porites)  were evaluated at  2 and 3 addit ional assessment  

per iods for m ost  sites. 

Two coral species, Montast rea annularis and Acropora cervicornis, showed 

no effects from  the t reatment  dosing. Growth rates ( linear extension rate and t ip 

widths)  were sim ilar between sites. 

The coral species Agaricia tennuifolia showed significant ly reduced blade 

extension rate ( length) , blade thickness (width) , and blade area (mass index)  

growth at  the dispersed oil site with respect  to the oil site and the two reference 

sites at  each growth assessment  period. Growth parameters at  all sites do not  

exhibit  clear increasing or decreasing t rends over the experim ental assessm ent  

periods. This suggests that  Site D recovery has not  yet  begun over approximately 

20 m onths since t reatm ent . 

Stat ist ical results for the coral species Porites porites are not  as clear- cut  as 

for the above A. tennuifolia, due primarily to the high degree of variability within 

and between sites. At  the first  and second postspill assessment  periods, P. 

porites at  Site D exhibited depressed values in the parameters of branch length 

(extension) , width, and volume compared to the other sites. No stat ist ically 

significant  differences between Sites D and 0 were noted except  in t ip width and 

volume during the 4-month postspill period. The data suggest  a possible small 

growth effect  to this species at  Site D from dispersed oil t reatment  for as much 

as 8 m onths following dosing. 
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METHODS AND MATERIALS -  SEAGRASS STUDIES 

To determ ine the impact  of crude oil and dispersed crude oil on subt idal 

grass beds (Thalassia testudinum) and the associated infauna and epifauna, a 

variety of parameters were monitored in situ. These are listed below: 

Floral Assessments Faunal Assessm ents 

o Growth rates °  Macroepifauna 

o Blade area °  Macroinfauna 

o Plant density 

 

Floral Assessm ents 

For the purposes of Thalassia blade area and growth studies, 3 plots were 

established within each of the study sites (Fig. 50) . Plots were 0.5 m  x 0.5 m  and 

were permanent ly marked with iron rods driven into the subst rate at  each of the 4 

corners. Plots were situated along the approximate central axis of the Thalassia 

bed, in shallow water landward of the reef crest . Within each study plot , 10 plants 

were selected at  random and marked with nylon t ie-wraps (Fig. 51) . These were 

secured at  the base of the plant  around the basal sheath that  surrounds the 

emergent blades. Tie-wraps were t ightened sufficient ly to preclude loss through 

wave act ion or other disturbances, yet  loosely enough to prevent  damage or 

st ress to the plant . These nylon markers also had the advantages of being 

durable, non-biodegradable, noncorrosive, and noncontaminat ing. Each of the 10 

plants within a plot  were numbered by punching the edges of the t ie-wraps with a 

single-hole punch. This method proved highly successful, as plant relo cat ion 

success was nearly 100 percent  throughout  the study. During later visits to the 

study sites, old tags were discarded and a suite of ten new plants marked. 

Subsequent to marking each plant , the length and width of all blades for 

each plant  were recorded. Measurements were made in situ using clear, plast ic 

m illimeter rules. Width measurement s were taken near the m idpoint  of the length 

of each blade. Length measurements were taken from the inflexible margin of the 

basal sheath to the distal lim it  of the blade. Typically, Thalassia plants consist  of 3  

or 4 blades, the outermost  2 being the oldest . These are often necrot ic for a 

considerable port ion of the distal ext reme. Accurate length measurement  in these 

situat ions is frequent ly difficult , as 
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FIGURE 50. Replicate plots were established within the seagrass area of each site. 
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FIGURE 51. Within each p lo t ,  individual seagrasses were tagged and measured to 
determine growth rates. 
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the blade t ips are fragile and often frayed. In these instances, the outer leaves 

were t r immed perpendicular to the length axis, so as to provide a standard- length 

reference point , a feature valuable to both init ial measurements and the 

reident ificat ion of specific blades during the second measurement. Trimming was 

lim ited to the necrot ic area, well away from the healthy, photosynthet ically -act ive 

port ion of the blade. Because of the art ifacts im posed by t ip damage of outer 

blades, growth determ inat ions were based upon the inner (newest) , undamaged 

blade. Approximately 72 hours after the init ial length measurements, the central 

blade of each numbered plant  was remeasured. Actual growth rate data were 

calculated from the dif ference of these 2 values divided by the number of hours 

separat ing measurements and then mult iplied by a factor of 24. This provided a 

per-day growth rate for each plant . Results were recorded in cm/ day. 

Blade areas were determ ined from the same data collected during the growth 

studies. Blade area for each plant  was calculated as the product  of blade length 

and blade width. 

Plant  density data were taken using a different  methodology. A 0.5 -m  x 0.5 -

m  PVC quadrat  subdivided into 25 cells (each cell =  100 square cm) was placed 

at  random within the grass bed. Counts of the number of plants per cell were 

made for 16 cells within each quadrat . A total of four quadrat  replicates were 

conducted within each site during each sampling period. Thus, calculat ions of 

plant  densit ies within each site were based on 64 cells of data for each period. 

Plant  densit ies are reported as the number of plants per square meter. 

Total blade area within a study area also was determ ined. This value is 

actually the total surface area (one-side)  of new blades per square meter. Values 

were determ ined by taking the product  of the mean new blade area (10 plants)  

and plant density. This resulted in single values for each plot  for each sampling 

period. 

Stat ist ical t reatment  of seagrass data involved three steps. First , descript ive 

stat ist ics (means, standard deviat ions, ranges)  were determ ined for growth rates, 

blade areas, and densit ies. Second, ANOVA stat ist ics were applied to determ ine if 

there were stat ist ically significant differences in mean seagrass variables. Third, if 

differences were detected, SNK mult iple- range tests were used to ident ify which 

means differed stat ist ically. These procedures permit ted a stat ist ically valid 

assessm ent  of the effects, if any, of crude oil and dispersed oil of subt idal grass 

beds. 
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Faunal Assessm ents 

A wide variety of organisms were present  in the seagrass beds, including 

echinoderms, holothurians, polychaetes, poriferans, coelenterates, and calcareous 

and noncalcareous algae. Two species of sea urchin (Echinometra lacunter and, to a 

lesser degree, Lytechnius variegatus were by far the most  abundant  macroepifauna 

present  at  all study sites and, for this reason, were chosen for detailed evaluat ion 

before, during, and after site t reatment. 

Sea urchin abundance was assessed using two techniques:  (1)  linear 

t ransects, and (2)  random-placed quadrats. 

Three 30-m  line t ransects were conducted within the seagrass community at  

each study site during each sampling period except  March 1984. Transect  lines 

consisted of 30-m fiberglass tapes. Data were recorded in 2-m increm ents over the 

length of the t ransect . 

Areal densit ies of sea urchins also were assessed at  each site during each 

sampling period. This was accomplished using the same 0.5 -m  x 0.5 -m  quadrat  

locat ions used to determ ine plant  densit ies. 

Macroinfaunal assessments were effected through core sampling. Nine 

aluminum push-core samples were collected at  each site during each sampling 

period. Core tubes were 7.6-cm diameter and were inserted into the sedim ents 

approxim ately 15 cm . Cores were t ransferred to 0.5 -mm mesh Nytex bags, fixed in 

10 percent  formalin, and stained with Rose Bengal. Samples were returned to the 

laboratory, where they were sorted and the organisms ident ified to the lowest  

possible taxonomic level. Species diversity and abundance were recorded for each 

sample. Two diversity indices were calculated for each sample. These were:  

1) Shannon-Weaver diversity index H' =  E Pi/ InPi, where H' =  diversity 

index, Pi =  proport ion of occurrence of each species calculated from 

Ni/ N,  where Ni =  number of specimens of species i, and N =  total 

number of species in the sample. 

2) Gleason diversity index D' =  (s-1) / InN, where D' =  diversity index, s 

=  number of species, and N =  total number of specim ens. 

 

Results of Floral Assessm ents 

Tables 39-41 present  means and standard deviat ions for all sites and 

sampling periods for seagrass growth, blade areas, and densit ies, 
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TABLE 39. Means, standard deviations ( in  parentheses), and sample sizes for 
seagrass growth rates ( in  cm/day) by site and sampling period. 

SAMPLING PERIOD SITE D SITE 0 SITE R 

PRETREATMENT 

   

March 1984 0.16 0.19 0.25 
(8 months p resp i l l )  (0.20) (0.21) (0.13) 

 N=30 N=28 N=5 

November 1984 0.39 0.49 0.46 
(1 week p resp i l l )  (0.20) (0.30) (0.13) 

 N=29 N=26 N=27 

DURING TREATMENT 

December 1984 0.38 0.36 NM* 

(Dur ing  spill) (0.13) (0.10)  
 N=27 N=27  

POSTTREATMENT 

December 1984 0.46 0.48 NM* 

(4 days postspill) (0.34) (0.23)  
 N=25 N=29  

March 1985 0.39 0.46 0.55 
(4 months postspill) (0.19) (0.17) (0.29) 

 N=30 N=29 N=10 

June 1985 0.53 0.39 0.51 
(7 months postspill) (0.29) (0.20) (0.23) 

 N=30 N=30 N=30 

December 1985 0.50 0.46 0.53 
(12 months postspill) (0.22) (0.22) (0.26) 

 N=30 N=30, N=30 

August 1986 0.69 0.43 0.81 

(20 months postspill) (0.42) (0.22) (0.42) 
 N=30 N=30 N=30 

* NM = no measurements  
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TABLE 140. Means, standard deviations ( in  parentheses), and sample sizes for 
seagrass blade areas ( in  cm 2) by site and sampling period. 

SAMPLING PERIOD SITE D SITE 0 SITE R 

PRETREATMENT. 

   

March 1984 22.21 23.81 37.47 
(8 months prespill) (5.17) (6.71) (8.08) 

 N=30 N=30 N=25 

November 19814 24.35 22.16 27.61 
(1 week prespill) (7.75) (7.44) (7.78) 

 N=30 N=30 N=30 

POSTTREATMENT 

March 1985 25.35 18.58 33.21 
(4 months postspill) (8.36) (5.44) (19.22) 

 N=30 N=30 N=10 

June 1985 28.34 18.83 34.18 
(7 months postspill) (11.92) (16.58) (13.85) 

 N=30 N=30 N=30 

December 1985 22.90 23.21 24.33 
(12 months postspill) (28.45) (35.14) (8.37) 

 N=30 N=30 N=30 

August 1986 27.02 14.88 28.52 
(20 months postspill) (17.55) (5.92) (23.96) 

 N=30 N=30 N=30 
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TABLE 41. Mean plant  densit ies ( in number/ m 2 )  by site and sampling period. 

SAMPLING PERIOD SITE D SITE 0 SITE R 

PRETREATMENT 

   

March 1984 

(8 months prespill)  422.7  356.0  379.2  

Novem ber 1984 
( 1 week prespill)  816.7  841.7  666.7  

POSTTREATMENT 

March 1985 
(4 months postspill)  673.3  682.2  NM*  

June 1985 
   

(7 months postspill)  922.0  603.0  488.0  

December 1985 
(12 months postspill)  911.0  598.0  692.0  

August 1986 

(20 months postspill)  862.5  579.7  720.3  

*  NM =  no m easurem ents 
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respect ively. Mean growth rates, blade areas, and plant  densit ies are depicted in 

Figures 52-54. 

Seagrass growth rates showed considerable variat ion both within and among 

sites during sampling periods and between different periods. This variability is 

evidenced by the high standard deviat ions noted for growth rates at  several sites. 

At  Site D, growth ranged from 0.16 t o 0.39 cm/ day during the pretreatment  

periods. During post t reatment  periods, growth at  Site D ranged from 0.39 t o 0.69 

cm / day. Slowest  growth was in March 1984, while fastest  growth was recorded in 

August 1986.  At  Site 0, pret reatment  growth ranged from  0.19 to 0.49 cm / day. 

Post t reatment  growth at  Site 0 was more stable, ranging from  0.39 t o 0.46 

cm/ day. Again, slowest  growth was in March 1984 and fastest  in March and 

Decem ber of 1985. 

At  the reference site, Site R, growth was slowest  in March 1984 (0.25 

cm / day)  but  increased in Novem ber 1984 to 0.46 cm / day, 0.51 cm / day in June 

1985, and 0.81 cm/ day in August  1986.  I n general, absolute growth rate values 

increased at  all three sites following t reatment . Mean pret reatm ent  growth rates 

were 0.28, 0.34, and 0.36 cm/ day at  Sites D, 0, and R, respect ively. Post t reatment  

site m eans were 0.53, 0.43, and 0.60 cm/ day, respect ively. Stat ist ical t reatment  of 

these t rends is presented below. 

Mean blade areas at  Site D ranged from  22.2 to 24.4 cm 2  during pre-

t reatment  sampling. Post t reatment  mean blade areas were approximately equal 

ranging from  22.9 to 28.3 cm 2 . At  the oiled site, Site 0, pretreatment  blade areas 

were 23.8 cm 2  (March 1984)  and 22.2 cm 2  (Novem ber 1984) .  After t reatment , 

mean blade areas were lower in 3  of the 4 sampling periods. These values ranged 

from  14.9 t o 18.8 cm 2 . I n December 1985,  however, mean blade areas were 

intermediate to the 2 pret reatment  levels (23.2 cm 2 ) . Seagrasses at  Site R 

generally had the largest blade areas. Pret reatm ent  areas were 37.5 and 27.6 cm 2 . 

Post t reatm ent  values ranged from  24.3 to 34.2 cm 2 . I n general, absolute values for 

blade areas at  Site D indicate an increase in blade area. Mean pretreatment blade 

area was 23.3 cm 2 , while the grand mean for post t reatment  periods was 25.9 cm 2 . 

Site 0 showed an opposite t rend. Mean blade area declined from 23.0 cm 2  during 

pret reatm ent  to 18.9 cm 2  during post t reatment. Site R also showed a decline in 

blade area following the t reatment  date, but  the absolute value of the reduct ion in 

blade area was only slight ly more than half that  recorded at  Site O. 

Plant  density values demonstrated considerable variability within each site 

throughout  the study. This was, in part , a result  of the patchy  
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FI GURE 52. Growth rates (cm / day)  of Thalassia testudinum  at  Site D ( top) , Site 0 
(middle) , and Site R (bot tom) . Arrow indicates date of site 
t reatm ent . 
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FI GURE 53.  Blade areas ( cm
2
)  o f  T.  testudinum  at  Sit e D ( t op) ,  Sit e 0 (middle) ,  

and Sit e R (bot tom) .  Arrow indicates date of  sit e t reat ment .  
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FI GURE 54.  Seagrass plant  densit ies (# / m ')  at  Sit e D ( t op) ,  Sit e 0 (middle) ,  and 
Sit e R (bot t om) .  Arrow indicates date of  sit e t reatment .  
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distribut ion of plants which reflected the patchiness of substrate suitability. That is, 

the subst rate within the seagrass zone of each site was not  hom ogeneous. Varying 

amounts of sediment  and coral rubble occurred throughout  each site. The rat io of 

sedim ent  to coral rubble appeared to play an important  role, if not  the dominant  

role, in governing plant density. This factor should be considered in interpret ing the 

density data presented below. 

Site D was characterized by pret reatment  densit ies of 422.7 plants/ m 2  in 

March 1984 and 816.7 plants/ m 2  in November 1984. Post t reatment  densit ies 

ranged from 673.3 to 922.0 plants/ m 2 . Densit ies at  Sites 0 and R were, in general, 

lower than those seen at  Site D. Site 0 pret reatment  densit ies ranged from 356.0 

(March 1984)  t o 841.7 ( Novem ber 1984)  plants/ m 2 . After t reatment, densit ies 

ranged from a high of 682.2 in March 1985 to a low of 579.7 plants/ m 2  in August 

1986.  Site R pret reatment  densit ies were 379.2 in March and 666.7 plants/ m 2  in 

November. Post t reatment  plant  densit ies ranged from 488.0 in June to 720.3 

plants/ m 2  in August 1986.  Density measurements were not  taken at  Site R in March 

1985.  Interest ingly, all 3 sites demonstrated uniformly low plant densit ies in the 

March 1984 sampling. By November 1984, plant  densit ies had increased 

dramatically. After oiling, Site 0 showed a gradual decline in plant density from the 

November 1984 high. Site D, on the other hand, showed an init ial decline after 

Novem ber 1984, followed by densit ies in excess of the pret reatment  maximum. 

Site R showed no clear t rends. I nstead, densit ies fluctuated at  levels near those 

recorded during pretreatment periods. Because of the high variability in plant 

density and the substant ial disparity in the two pret reatment  density samples for 

each site, comparisons of pre-  and post t reatment  means were considered un-

advisable. 

 

Stat ist ical Treatment  of Results 

To interpret  and determ ine the stat ist ical significance of the t rends ex-

pressed in the raw data, two basic comparat ive approaches were undertaken. First , 

the differences in growth rates, blade areas, and areal densit ies were compared 

between sites for each sampling period. Second, changes in these 3 parameters 

were compared within sites over t ime (among the 6 sampling periods) . Two 

stat ist ical procedures, one-way ANOVA and SNK tests, were employed. The former 

serves to ident ify if any differences exist  between sample means. The lat ter test  

(SNK) ident ifies which means are equivalent  



 



 

163 

or different  on a basis of stat ist ical significance. Results of ANOVA analy ses are 

presented in Tables 42 and 43. Results of SNK tests are shown in Tables 44-47. 

 

Comparison of Sites Within Sampling Periods 

Table 42 summarizes the results of ANOVA test ing for seagrass parameters 

among sites within sampling periods. Degrees of freedom, F-values, probabilit ies, 

and the equality/ inequality of means are reported for each parameter -  

Table 44 summarizes the results of the SNK tests applied to each sampling 

period. This table indicates whether mean values of parameters for specific 

com parisons are stat ist ically equal or different  at  the 0.05 level.  

 

Growth Rates 

Mean growth rates of seagrasses at  each site during the March 1984 

pretreatment  survey were not  stat ist ically different  (p =  0.6312) .  Similar results 

were obtained in the November 1984 pret reatment  survey. No signif icant 

differences in growth rates were found among all 3 sites (p =  0.2175) . 

Following the applicat ion of oil and dispersant, no significant differences in 

growth rates were found among the 3 sites for the 3 sampling periods March, June, 

and December 1985 (p =  0.0836, 0.0623, and 0.5296, respect ively) . In August 

1986,  mean growth rates were found to be different  among sites. At  that  t ime, the 

mean seagrass growth rates at  Sites D and R were found to be equal, but  both 

w ere significant ly greater than the growth recorded at  Site 0 .  Site R showed the 

highest  mean growth, but  this was not  significant ly greater than that  at  Site D. 

Thus, growth rates at  all three sites were the same within each of the pret reatment  

periods. Also, growth rates at  all 3 sites were stat ist ically equivalent  within each of 

the first  3 post t reatm ent  surveys. 

 

Blade Area 

Mean blade areas during the March 1984 survey were not  stat ist ically 

different for Sites 0 and D, but both were significant ly different  than Site R (p =  

0.0001) .  ANOVA results for the November 1984 period were the same, although 

SNK results for November were ambiguous. 
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After t reatment , mean blade areas for sites within sampling periods showed 

varying results. I n March 1985, blade areas were shown to be significant ly different at 

each site (p =  0.0002) . SNK procedures for these data showed that  Site R had the 

greatest  mean blade area, followed by Sites D and O. This pat tern of higher mean 

areas at  Site R was sim ilar to that  seen in both pret reatment  periods. I n June 1985, 

the mean blade area for Site 0 was significant ly lower than the blade areas measured 

at  Sites D and R, while no significant  difference was measured between Sites D and R. 

In December 1985,  no stat ist ical differences in blade areas were measured at all 3 

sites (p =  0.9700) . I n the last  sampling period, ANOVA tests showed that  mean blade 

areas were different  (p =  0.0057) . Sites D and R had stat ist ically equal levels and were 

both significant ly greater than the mean area noted at  Site O. 

In sum mary, blade areas for Sites 0 and D were equal within each pre- t reatm ent  

survey, but  different  with reference to Site R. Following t reatment , Sites 0 and D were 

found to have stat ist ically different  mean blade areas within all but  one (December 

1985)  of  the post t reatment  surveys. I n each of these cases, Site D had greater blade 

areas than Site O. 

 

Plant Density 

Within both pret reatment  periods (March 1984 and November 1984) , plant  

densit ies were found to be significant ly different  among sites (p =  0.0001, both 

periods) . SNK techniques demonstrated that  mean plant  densit ies were stat ist ically 

different  for each site within each of the two surveys. Sim ilar results were derived for 

each of the 4 post t reatment  periods (p less than or equal to 0.0001 for all 4 periods) . 

According to SNK results, each site was characterized by a significant ly different  mean 

density within each of the four surveys. This pat tern m ight  be expected following 

t reatment but  is difficult  to interpret , since pretreatment densit ies also were site-

specific. Changes in plant densit ies within sites are discussed further in the following 

sect ion. 

 

Comparison of Sites Between Sampling Periods 

Table 43 summarizes the results of the site- specific ANOVA test ing of mean 

seagrass param eters over the 6 sampling periods. Means are compared to determ ine 

how each site responded to t reatm ent  over t im e. 
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Tables 45-47 summarize the results of SNK test ing for Sites D, 0, and R, 

respect ively. These tables document  the stat ist ical differences for specific 

com parisons of m eans at  each site. Fifteen com parisons were m ade for each 

parameter at  each site. 

 

Growth Rates 

At  Site 0, a stat ist ically significant  difference (p less than 0.05)  was noted 

between the 2 pret reatm ent  periods, the March 1984 levels being much lower. The 

same situat ion was evident  at  Site D. Results for Site R were ambiguous, but  one 

analysis showed significant  differences between March and November 1984 levels. 

The except ionally low growth rates at  all 3 sites in  March 1984 was perplexing. A 

careful review of data gathering, recording, and analysis did not pinpoint any 

source of error. A com parison of growth rates for March 1984 and March 1985 did 

not  indicate any natural, annual cycle of reduced growth during that  t ime of the 

year. This leads to the conclusion that  some unusual event  had occurred or was 

act ive that  pro 

duced the March 1984 levels, although a complete review of field observat ions 

defined no discernible event . As a result , the depressed March 1984 growth rates 

remain enigmat ic. I t  seems advisable, then, that  greater reliance should be placed 

on the November 1984 levels. These rates are closer to those recorded during and 

well after oiling and probably represent  more typical growth. 

Growth rates also  were recorded during site t reatment, during the first  4 

days following t reatment , and at  4-6 days following t reatment . At  Site D, absolute 

growth rates showed a slight  increase during the spill, but  these levels were not  

stat ist ically significant. Site D growth rates at  0-4 days and 4-6 days postspill also 

were slight ly elevated but did not prove stat ist ically significant. 

Com parison of growth rate m eans at  Site D between the Novem ber 1984 

pret reatment  levels and the next  3 sampling periods (March, June, and Decem ber 

1985)  revealed no increase in March and slight  increases in June and December. 

None of these, however, were found stat ist ically significant  through ANOVA and 

SNK tests. Growth rates at  Site D in August  1986 were significant ly greater than 

any of the levels noted before or after t reatment . August  levels at  Site D were 

approximately 77 percent higher than the highest  pret reatm ent  growth and 30 

percent higher than the highest 
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post t reatment  value. Whether this faster growth was a result  of t reatment  

remains unclear. Addit ional sampling would be necessary to clarify this possibility. 

As shown in Table 45, stat ist ical comparison of growth rates at  Site D showed no 

significant  differences among the November pretreatment level and all subsequent 

periods except  the August  1986 (20 months postspill)  level.  

At  Site 0, growth rates during t reatment  decreased slight ly from pre-

t reatment  levels (0.49 to 0.41 cm/ day) . During the first  4 days postspill, Site 0 

growth was higher than pret reatment  values. By the 4-  t o 6-day sampling, growth 

had returned to the prespill levels of November. ANOVA test ing of these data 

showed no significant  differences in growth rates from prespill values. 

As shown in Table 46, stat ist ical comparison of growth rates at  Site 0 among 

the November pret reatment  level and all subsequent  periods demonst rated no 

stat ist ically significant  changes in growth. Therefore, it  would appear that  

undispersed crude oil has no measurable effect  on Thalassia growth within the 

t ime period and under the condit ions of this study. 

Thalassia growth was not  measured during t reatment  or in the six days 

following t reatment  at  Site R. ANOVA and SNK comparisons of the November 1984 

levels with all subsequent sampling periods showed that  Site R behaved in the 

same manner as Site D. Growth rates in March, June, and December 1985 were 

not  significant ly different  from prespill levels (November 1984). I n addit ion, a 

significant increase in growth was recorded in August  1986.  August  1986 levels at  

Site R were 76 percent  higher than the highest  pre-spill value and 47 percent 

higher than the highest  post t reatment  growth rate. Although the reference site 

should not  be regarded as a control, the dist inct  August  growth increase suggests 

that  the August  increase at  Site D was a natural fluctuat ion and not  one result ing 

from  t reatm ent . 

 

Blade Area 

While absolute blade areas generally increased at  Site D following t reatment , 

ANOVA tests showed there were no significant  differences between either 

pretreatment surveys or between prespill and postspill periods (p =  C.6151) ,  as 

shown in Tables 43 and 45. This indicates that  dispersed oil had no significant  

impact  on Thalassia blade areas, when contrasted w ith prespi! I  values. 
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In contrast , Site 0 blade areas were characterized by a reduct ion in area 

during most  periods. However, like Site D, ANOVA stat ist ics (Tables 43 and 46)  

revealed that  these changes were not  stat ist ically significant  (p =  0.2830) .  Thus, 

crude oil appears not  to affect  Thalassia blade area significant ly, when comparing 

pre-  and postspill levels of the periods studied. 

ANOVA test ing of blade areas for Site R between periods indicated that  

means were different  (p =  0.0111) .  However, SNK test ing yielded ambiguous 

results. Blade areas during December 1985 were higher, but their stat ist ical 

significance remains in doubt. More data are required to resolve this ambiguity, 

but it  appears that  blade areas were not  significant ly different  at  Site R 

throughout  the project . 

 

Plant Density 

ANOVA comparison of plant  densit ies between the 2 prespill periods showed 

significant differences at  all 3 sites. Like the situat ion seen with the growth data, 

plant  densit ies showed a greater difference between the 2 prespill surveys than 

between any other 2 periods. Sim ilar to the depressed growth levels noted in 

March 1984, plant  densit ies also seem to have been affected by some irregular 

env ironmental factor. ANOVA comparison of plant  densit ies showed significant  

differences for all sites (p less than or equal to 0.0001, Table 43)  over the 

complete study period. SNK test ing revealed that  plant  densit ies were significant ly 

different  between each period at Site D. The init ial postspill period at Site D had 

significant ly lower densit ies, while the three later periods displayed significant ly 

higher densit ies. At  Site 0, density values also were significant ly lower in March 

1985 as com pared to November 1984.  The two following periods (June and 

December)  were characterized by stat ist ically equal levels;  however, both were 

significant ly different  ( lower)  from November 1985.  August 1986 densit ies were 

significant ly different from all preceding periods and st ill lower. At Site R, plant 

densit ies were irregular (Table 47). The density in each sampling period was 

significant ly different  from all other periods, but  no clear t rend was evident. 

In summary, postspill plant densit ies at Site D were init ially reduced but  

recovered and were found at  significant ly higher levels in all other post- spill 

periods. At Site 0, postspill densit ies declined gradually but significant ly. Levels 

were not  reduced, however, to the low densit ies found in the 
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first  prespill survey. At Site R, significant fluctuat ions were ident ified, but these 

followed no clear t rend. 

 

Results of Faunal Assessments 

Tables 48 and 49 and Figures 55-58 present  a summary of means and 

standard deviat ions for all sites and sampling periods for sea urchin density. Of 

the two urchin species present , Echinometra lacunter was by far the m ost  

abundant at  all sites. The data presented in Tables 48 and 49 indicate that  there 

was very high variability in  the density measurements during the pre- t reatm ent  

period, both between sites and between the 2 sampling periods. Given this high 

variability and the lack of data for certain sampling periods, the following 

discussion is restricted to within - site comparisons only and focuses on changes 

measured from the November 1984 prespill survey onward. 

 

Site D 

At Site D, total prespill urchin density was relat ively high. In November 

1984,  E. lacunter density averaged 14.22/ m 2  and L. variegatus density averaged 

4.44/ m 2 . Both species were evident  throughout  the site and in all nearby areas. 

During t reatment, these organisms experienced a drast ic de-cline in abundance 

such that  a few days after the release of dispersed oil, no live urchins of either 

species were present  anywhere in the seagrass beds at  Site D. Both areal (# / m 2 )  

and linear (# / m) densit ies were 0.0 at  this t ime. Numerous dead urchins were 

evident  throughout  the site. 

Four months after site t reatment  (March 1985) ,  no live urchins were re-

corded in any of the linear t ransects. I nspect ion of the site revealed no urchins 

anywhere (a few urchins were found in the deeper water outside of and adjacent  

to the site) . Quadrat  density measurements were not  taken during this survey 

period. 

By the 7-month postspill survey (June 1985) ,  sea urchins had begun to 

recolonize Site D. The linear and areal densit ies of both urchin species were well 

below the prespill levels of November 1984.  Although no size measurements 

were taken, observat ions of the urchins present  indicated that  most  were 

relat ively small, suggest ing that  those present represented newly - recruited 

juveniles. 

In December 1985 (12 months postspill) , the density of both urchin species 

at  Site D had increased dramat ically to levels 3 t imes those of the 
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FIGURE 55. Linear densit ies (# / m) of Echinometra lacunter (black sea urchins)  at  
Site D ( top) , She 0 (m iddle) , and Site R (bottom) . Arrow indicates 
date of site t reatm ent . 
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FIGURE 56. Areal densities (#/m 2) of E. lacunter at Site D (top), Site 0 (middle), and 
Site R (bottom). Arrow indicates date of site treatment. 
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FIGURE 57. Linear densit ies (# / m) of Lytechinus variegatus (white sea urchins)  at  
Site D ( top) , Site 0 (m iddle) , and Site R (bottom) . Arrow indicates 
date of site t reatm ent . 
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FIGURE 58. Areal densit ies (# / m 2 )  of L. variegatus at  Site D ( top) , Site 0 (m iddle) , 
and Site R (bot tom) . Arrow indicates date of site t reatment . 
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prespill period (November 1984) , followed 8 m onths later  by another decline in 

density. The reason for this decline is unknown but  may simply reflect  the natural 

variat ion in density such as that  measured at  Sites 0 and R. 

 

Site 0  

Urchin density at Site 0 was highly variable during the prespill period. 

Com par ison of the first  prespill and first  postspill data (Novem ber 1984 and 

December 1984)  showed a slight  decrease in density, followed by relat ively sim ilar 

densit ies in the 7-month postspill period (June 1985) .  I n December 1984, and 

especially in August 1986,  large increases in density of both species were 

measured at  Site O. 

 

Site R 

Density of the undisturbed urchin populat ions at  Site R demonstrated high 

variability. The wide range in mean density and the high standard deviat ions 

presented in Tables 48 and 49 give an indicat ion of what  is presumably natural 

variability. 

 

Infauna 

Tables 50 and 51 present  summaries of density and diversity data for 

infauna sampled in the seagrass habitats at  each site. The infaunal communit ies 

at  each site were dom inated by polychaete worms and bivalve molluscs. The most  

common polychaetes were representat ives of the following genera:  

Nereidae 

Syllidae 

Eunicidae 

Maldanidae 

Terrebellidae 

Flabelligeridae 

A total of nine species of polychaetes from  these genera were present . Two 

species of the bivalve genera Codakia (C. orbicularis and C. orbiculata)  also were 

relat ively abundant. 

I n addit ion to the polychaetes and bivalves, amphipods, sea urchins, brit t le 

stars, sponges, crabs, shrimps, and isopods appeared in some of the samples. 

These organisms generally are not  considered to be t rue infauna 
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TABLE 50. Infaunal density (numbers/m 2) for the seagrass bed habitats at each 
site. Means and standard deviations are presented. 

 
SITE D SITE 0 SITE R 

March 1984 
(8 months prespill) 1,072.1 (643.5) 1,218.3 (719.9) 755.4 (835.8) 

November 1984 

(1 week prespill) 0.0 ( 0.0) 292.4 (245.2) 36.5 ( 89.5) 

March 1985 

(4 months postspill) 93.9 (172.5) 407.3 ( 20.2) 250.6 (151.3) 

June 1985 
      

(7 months postspill) 584.8 (379.8) 548.2 (438.6) 274.1 (304.5) 

December 1985 

(12 months postspill) 511.7 (525.8) 268.0 (239.7) 877.2 (863.4) 

August 1986 
(20 months postspill) 657.9 (580.2) 536.1 (549.5) 1,047.7 (868.7) 
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TABLE 51. D ivers i t y  indices for infauna sampled in the seagrass habitat at each 
site. H' = Shannon-Weaver index; D' = Gleason d ivers i ty  index.  

SITE D SITE 0 SITE R 

March 1984 
   

H' 1.086 0.730 0.545 
D' 1.303 0.912 0.813 

November 1984 

H' 0* 0.223 0* 
D' 0* 0.421 0* 

March 1985 

H' 0.098 0.197 0.197 
D' 0.206 0.309 0.412 

June 1985    

H' 0.670 0.587 0.156 
D' 1.060 0.986 0.271 

December 1985 

H' 0.481 0.301 0.330 
D' 0.816 0.582 0.461 

August 1986 

H' 0.575 0.340 0.695 
D' 0.799 0.474 0.883 

* Of nine samples taken, one or zero specimens were present. 
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and were not  quant ified in our analyses, primarily because their populat ions were 

assessed in other components of the site invest igat ions and because they occur 

infrequent ly in the sediment cores used to sample infauna. The results of infaunal 

sampling were extremely variable at  all sites. Density measurements (1/ m 2 )  at  

various sampling periods varied at  least  one order of magnitude at each site. In 

addit ion, there was no readily discernible pat- tern in the abundance or diversity of 

infauna. 

This high variability may be due to the relat ively heterogeneous subst rate 

present  in the seagrass beds. The seagrass subst rate was composed almost  

ent irely of P. porites coral rubble, which formed a relat ively coarse, poorly sorted 

layer throughout  each site. Scat tered throughout  the seagrass beds were small 

areas with high levels of organic material, areas devoid of organic materials, and 

areas covered by Zooanthus and other epifauna. This wide variety of 

m icrohabitats within the seagrass bed almost  undoubtedly played a role in the 

highly variable density measurements obtained. The highly variable infaunal 

density among sites and sampling periods precludes a scient ifically sound 

assessment  of the effects of crude oil or dispersed oil on the infauna of this study 

area. Future assessments directed toward this quest ion will necessitate m ore 

extensive sampling. 
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SUMMARY 

The m ethods used in this study were successful in implement ing the ex-

perimental scenarios and in assessing biological and chemical effects and t rends 

over the course of the study. The site t reatments resulted in expo-sure levels to 

whole or dispersed oil that  were close to the target  exposure levels set  for each 

site;  the oil site (Site 0)  was exposed to a m oderate- to-high dose of fresh crude 

oil, and the dispersed oil site (Site D)  was exposed to a high dose of dispersed, 

fresh oil such as would occur if a large spill was dispersed in or adjacent  to coral 

and seagrass habitats in shallow, near- shore waters. 

Short - term and long- term  monitor ing of each site was carr ied out  over a 20-

month period following site t reatment, during which t ime a number of bio logical 

and chemical parameters were measured. A summary of the major findings at  

each site is presented below . 

 

SITE 0 

oThe intert idal sediments of Site 0 were heavily contaminated by crude oil;  

hydrocarbon concent rat ions ranging from  92 to 552 ppm  were m easured 

during the postspill period. 

oThe subt idal habitats were exposed to relat ively low concentrat ions of 

hydrocarbons;  exposure levels in the water ranged from 1.0 to 3.5 ppm 

during site t reatment , and 0.1 to 10.2 ppb afterward. Hydrocarbon 

concentrat ions in subt idal sediments ranged from 7 to 44 ppm during the 

post t reatment  period. 

oAdult  mangroves (Rhizophora mangle)  experienced a high level of defoliat ion 

and death;  these effects stabilized 7 months after site t reatment , at  which 

t ime the average amount  of defoliat ion was 45 percent  and 17 percent  of the 

adult  t rees were _dead. Death and defoliat ion of adult  mangroves resulted in 

a doubling of the amount  of open forest  canopy by the end of the study. 

oNo significant  changes in leaf product ion of surviving mangroves were 

measured;  changes in leaf length were detected one year after site 

t reatm ent . Lent icel density and growth rates of prop roots of surviv ing trees 

were not  affected. 

oNone of the juvenile mangroves planted 1 week after site t reatment  were 

alive 4 months later. Defoliat ion of adult  t rees allowed successful 
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natural colonizat ion of substrate below defoliated areas by juvenile man-

groves;  one year after site t reatment , the number of juvenile mangroves had 

increased tenfold over pret reatment  numbers. 

o The abundance of t ree snails (Lit torina angulifera) decreased m ore than 50 

percent  4 days after site t reatment ;  the populat ion recovered to pre-

t reatment  levels after 1 year. No mortality of mangrove t ree oysters 

(Crassost rea rhizophorae, I sognom on alatus, and Pinctada imbricata)  oc-

curred as a result  of site t reatment , but  the C. rhizophorae accumulated over 

500 ppm hydrocarbons. Tissue levels decreased to pret reatment  levels after 

one year. 

o Regression analysis indicated that  the coverage of reef substrate by corals 

decreased significant ly over the 20-month post t reatment  period, although 

ANOVA indicated no significant  differences between assessment periods. No 

significant changes in coverage by total animals and total organisms were 

detected by ANOVA or regression. Plant  coverage was found to decrease by 

ANOVA, but  no change was detected by regression. 

o No significant  effects on growth rates of the four coral species studied 

(Porites porites, Montast rea annularis, Agaricia tennuifolia, and Acropora 

cervicornis)  were measured. 
o No significant  effects on seagrass (Thalassia testudinum) growth rates leaf 

blade areas were detected. Gradual but  significant  reduct ions in seagrass 

density were measured. 

o No significant changes in sea urchin (Lytechinus variegatus and Echinometra 

Iacunter)  abundance were detected, and infaunal density and diversity were 

too variable to allow stat ist ical analysis. 

 

SITE D 

oThe subt idal habitats were exposed to high concentrat ions of dispersed oil in 

the water, ranging from about  5 to over 80 ppm during site t reatment . 

oSubt idal sediments were contam inated with hydrocarbons, but  at  a lower 

level than at  Site 0. Concentrat ions ranging from  7 to 44 ppm  were 

measured during the post t reatment  surveys (3 days to 20 months after 

t reatm ent ) . 
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o Intert idal sediments also were contam inated, but  at  a lower level than at  Site 

O. Concent rat ions of hydrocarbons in the intert idal sediments at  Site D 

ranging from 16 to 185 ppm were measured during the post t reatm ent  

period. 

o No significant  effects on adult  mangroves were measured during the en- t ire 

post t reatment  period;  no mortality occurred, and no significant  increase in 

defoliat ion was measured. No significant  changes in leaf product ion, root  

growth, or lent icel density were measured;  significant  decreases in leaf 

length were measured 7 and 12 months after site t reatment . 

o Short -  and long- term survival rates of juvenile mangroves were not  affected. 

No large-scale increases in colonizat ion by juveniles occurred at  Site D. 

o Abundance of t ree snails decreased by about  50 percent  4 days after site 

t reatment ;  t ree snail numbers recovered to pret reatment  levels 7 months 

later. No mortality of t ree oysters occurred as a result  of site t reatment . C. 

rhizophorae accumulated hydrocarbons to 506 ppm 4 days after site 

t reatment , and after 12 months, concent rat ions in t issues dropped to 

pret reatment  levels. 

o Coverage of reef subst rate by corals was found to decrease significant ly by 

ANOVA and regression. Significant decreases in total animal and organism 

coverage were detected by ANOVA, but  not  by regression, suggest ing that  

total animal and organism coverage stabilized or re- versed at  20 m onths 

postspill. No significant  changes in plant  coverage were detected. 

o Growth rates of A. tennuifolia were significant ly reduced at Site D, and P. 

porites had marginal reduct ions in growth. No effects on growth of A. 

cervicornis or M. annularis were detected. 

o No significant  reduct ions in seagrass growth rates or leaf blade areas were 

measured. Density of seagrass declined at  Site D but  later recovered to 

greater than pret reatment  levels. 

o The abundance of sea urchins was great ly reduced;  no urchins at  Site D 

survived site t reatment . Urchin populat ions recovered within 12 months. No 

changes in infaunal density or diversity were detectable because of 

extremely high variat ions in their data. 



SITE  R 

oNo contam inat ion of sediments or water occurred at  Site R as a result  of site 

t reatm ent  at  Sites D or 0, or from  other unknown sources. 

oNo significant changes in adult  or juvenile mangrove survival, foliat ion, leaf 

product ion, prop- root  growth, or lent icel density were measured. Only adult  

leaf length and width showed any significant change at  any t ime in the 

study. 

oSignificant  period differences in coral coverage were detected by ANOVA, but  

SNK test ing was unable to resolve any part icular period as different  from any 

other. Coral coverage was found to increase and decrease throughout  the 

study period with no apparent  overall pat tern. Regression analysis indicated 

no significant  decline in coral coverage. 

oTotal animal coverage was found to  significant ly decrease by ANOVA and 

regression. SNK test ing showed only the final assessment  period (20-m onth 

postspill)  to be significant ly different  compared to the pre-spill period. 

Animal coverage was affected most  by decline in coral coverage associated 

with marginally significant increases in plant cover-age. No significant 

changes in total organism coverage were detected by ANOVA or regression. 

oNo significant  changes in coral growth were measured at  Site R or the 

supplementary reference site (R-2) . 

oSeagrass parameters were highly variable at  Site R, but  no clear in - creasing 

or decreasing t rends in growth rate, blade areas, or densit ies were detected. 
o No significant  changes in the abundance of sea urchins were measured. 
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DISCUSSION 

The TROPICS project  was the most  comprehensive and detailed evaluat ion 

of the effects of oil and dispersed oil on t ropical nearshore environm ents ever 

conducted. The findings of this study provide environmental managers with 

experimental data that will allow informed, intelligent decisions regarding 

dispersant  use in t ropical areas dominated by the three habitat  types studied. 

Two important  design features must  be considered in the interpretat ion of 

the results of this study. First , the experimental scenario called for the use of 

fresh, unweathered crude oil. The lack of any weathering undoubtedly contributed 

to the toxic effects measured at  both study sites. The use of unweathered oil, 

while somewhat  unrealist ic, provided an extreme case study from which the 

effects of less ext reme situat ions m ight  be ext rapolated. The second factor is the 

durat ion of exposure at  Site D. Under normal circumstances, it  would be unlikely 

that  such high concentrat ions of dispersed oil would be maintained for a 24-hour 

period. 

The results of sediment analyses indicated that  both sites had relat ively high 

and roughly equivalent  levels of contaminat ion of intert idal sediments. This may 

seem unusual in light  of the wide disparity in biological effects on the mangroves 

at  each site. This conflict  in results probably is related to the sampling protocol 

used. I nspect ion of the data in Table 9 shows that  the lowest  oil concentrat ions 

were measured 3 days after site t reatment , when visual observat ions (and 

com m on sense)  clearly indicated that the highest  levels occurred then. The low 

levels measured at  this t ime undoubtedly reflect  a sampling bias away from the 

most  heavily contam inated port ions at  each site. Later measurements probably 

reflect  a combinat ion of sim ilar sampling effects, natural variability, and 

redistribut ion of oil within each site over t ime. Sediment sampling is part icularly 

sensit ive to small- scale spat ial variat ions in the distribut ion of oil because of the 

relat ively small volume of material obtained in each sample. This effect  would 

tend to be greatest  during the early post t reatment  period before waves and t ides 

have redistributed oil within the site. 

The sediment  chemist ry data, therefore, should be viewed in terms of the 

general levels of contaminat ion indicated by the mean values, tempered by 

acknowledgment of the difficulty in obtaining a t ruly representat ive assessm ent  of 

a highly variable parameter. Within this context, it  is clear that 
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Site D had lower levels of contaminat ion in the intert idal sediments and higher 

levels in subt idal sediments than Site O. 

One ram ificat ion of these data is that  dispersants somehow may act  to 

reduce the toxicity of oil to mangrove t rees. I t  is evident  that  the man-groves at  

Site D were exposed to what  appears to be a fair ly high level of contam inat ion 

without any apparent bio logical effects. I t  is not  known if this is merely an art ifact  

of highly variable chemical data (as discussed above) , if dispersant actually 

reduces oil toxicity through some unknown mechanism, or if the measured levels 

of contaminat ion at  Site D represent  some threshold value above which toxic 

effects occur. 

The water chemist ry data clearly show that  subt idal areas of Site D were 

exposed to very high dispersed oil concentrat ions during t reatment . Site D also 

showed the most  immediate and prolonged effects both in terms of decreasing 

coverage of reef substrate by living organisms, decreasing growth rates of at  least  

one coral species, and abundance of sea urchins. The decline in substrate 

coverage and coral growth persisted for at  least  one year, suggest ing that  the 

high init ial concentrat ions of dispersed oil had residual effects on these 

param eters. 

The long- term effects of the whole and dispersed oil on the intert idal and 

subt idal habitats persisted through the 20-month postspill survey, but  there were 

indicat ions that  recovery was beginning at  this t ime. Colonizat ion by juvenile 

mangroves of subst rate below dead and defoliated adult  man-groves was very 

vigorous at  Site 0 after 12 and 20 months, and it  appeared that  these new plants 

would eventually replace those killed by the whole oil. Obviously, this process will 

take many years, and recovery will not  be complete unt il the juveniles have 

reached adult  size (probably 10 t o 20 years) . 

Recovery of the only significant ly affected component  of the seagrass habitat  

at  Site D (sea urchins)  was already complete after one year. Recovery of corals 

and other encrust ing organisms in the coral reef at  Site D will be much slower, but  

there are indicat ions that the decline in abundance of corals was beginning at  20 

m onths postspill. The t ime to full recovery is unknown but  is probably on the 

order of several years. 

The physical environment in the study region may play an important  role in 

interpretat ion and applicat ion of the experimental results. The sheltered, 

m icrot idal condit ions in Bahia Alm irante are typical of many mangrove- , seagrass-

, and coral-dominated nearshore environments through-out  the Caribbean basin 

and other t ropical regions. I n these areas, 
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seagrass and coral habitats are able to exist  in very shallow waters close to shore. 

These factors will tend to reduce the potent ial for dilut ion of dispersed oil in many 

t ropical areas, thereby aggravat ing the adverse impacts of dispersant  use in 

shallow waters. On the other hand, many of the shallow nearshore environments 

of the Caribbean and elsewhere are adjacent  to deep-water areas that  would be 

very conducive of rapid dilut ion of dispersed oil. I dent ificat ion of deep-  and 

shallow-water habitats and resident , sensit ive biological communit ies would 

great ly aid advance planning efforts in areas where oil spills may occur. 

The data presented in this report  and on-site observat ions m ade over the 

21/ 2 years of the project  clearly indicate that  the intert idal and subt idal habitats 

studied are highly sensit ive to the effects of whole and dispersed oil, respect ively. 

The effects on the Rhizophora mangle forest  from both whole and dispersed oil 

were not  unexpected and are very sim ilar to those measured at  a previous study 

conducted in Laguna de Chiriqui in 1983 (Getter and Ballou, 1985) ,  as well as 

numerous accidental oil spills (Get ter et  al., 1981) . The effects of oil and dispersed 

oil on seagrass and coral habitats are much more poorly known. This study 

provides one of the first  detailed analyses of these effects in a controlled field 

set t ing. The only previous studies of seagrasses were conducted by Baca and 

Get ter (1984) , Thorhaug et  al. ( 1986) ,  and Thorhaug and Marcus (1987)  ;  these 

studies showed that  Thalassia testudinum  is relat ively resistant  to dispersed and 

whole oil when exposed to 5 to 20 ppm  for short  periods. The results of the 

present  study confirm these findings and provide the only field experiment data to 

date on the short -  and long- term effects of whole and dispersed oil on seagrasses. 

The results of this study also expand upon the present ly small data base on 

the effects of oil and dispersants on corals. The Coroil project  (Knap et  al., 1985)  

and sim ilar studies conducted at  BBS have found that  one coral reef species 

(Diploria st r igosa)  is relat ively tolerant  to dispersed oil in terms of long- term  

effects on growth and survival. The present  study increases the available data for 

four addit ional coral species and supports casual observat ions of the sensit ivity of 

other reef- inhabit ing invertebrates. These noncoral invertebrates of the reef 

community (and the invertebrates of the seagrass beds)  have not  been studied in 

much detail, and as the TROPICS results have shown, they may be one of the 

m ost  sensit ive com ponents of these habit at s. 
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Comparison of the TROPICS experiment  to other, sim ilar studies con-ducted 

in temperate and arct ic environments (Tidal Area Dispersant  Experiment  and 

BIOS) indicates several major differences. The results of the TROPICS study were 

very different from the Tidal Area Dispersant Experiment , which found no 

evidence of contaminat ion of subt idal sediments by dispersed oil or uptake of 

dispersed oil by benthic molluscs. In the BIOS project, dispersed oil resulted in 

contam inat ion of subt idal sediments and a variety of acute, temporary, and 

sublethal effects on macrobenthos. Both studies concluded that  there were no 

compelling environmental reasons for not  using dispersants in arct ic and 

temperate environments. 

The primary reasons for these major differences in experimental results are 

differences in the physical environment, experimental methods, and bio logical 

communit ies. The TROPICS study focused on sheltered, shallow-water 

communit ies and used a rather complex oil release mechanism that  resulted in 

relat ively high exposure levels to the biological communit ies being studied. The 

v er y  shallow, sheltered waters, m icrot idal condit ions, and v er y  high dose of 

dispersed oil resulted in much higher short- term  exposures to the dispersed oil 

cloud, and higher long- term  exposures to the residual dispersed oil retained by 

the porous peat  and coral rubble sediments. Mangrove, seagrass, and coral 

habitats also are typically much more complex than temperate or arct ic intert idal 

and subt idal habitats. Tropical habitats are not  subject  to many of the physical 

forces present  in temperate or arct ic areas, such as ice scour and freezing, and 

consequent ly tend to have much higher densit ies of plants and animals present in 

very shallow waters. These factors resulted in relat ively more severe effects than 

in the other studies ment ioned above. 
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CONCLUSIONS 

The purpose of this study was to obtain experimental data to determ ine if 

the use of chemical dispersants will reduce or exacerbate adverse impacts of oil 

spills upon sensit ive and valued t ropical environments such as man-grove forests, 

seagrass beds, and coral reefs. 

The experimental design was intended to simulate a severe, but  realist ic, 

worst - case scenario of two large spills of fresh crude oil in nearshore waters, one 

t reated with chemical dispersant  and the other left  untreated. I t  must  be noted 

that  the dispersed oil scenario represents an ext reme case, such as m ight  occur if 

a large ( relat ive to the area of water) , fresh oil slick were chemically dispersed in 

the shallow waters of a slowly flushed, sem i-enclosed bay. 

The quest ion of possible t rade-offs in effects between intert idal and subt idal 

habitats was explored to determ ine if there was a net  benefit  to be gained, such 

as reduct ion in impacts to one or both habitats, or increase in recovery rates of 

affected habitats. This would allow evaluat ion of various available response 

opt ions based on different  spill scenarios. These opt ions are discussed below. 

 

OPTION 1 -  NO ACTION 

This opt ion was simulated by the untreated oil scenario (Site 0 ) .  The 

experimental data for Site 0 clearly show that  whole, untreated crude oil has 

severe, long- term  effects on the intert idal components of the study site 

(mangroves and associated fauna)  and relat ively m inor effects on subt idal 

environments ( lim ited to a slight  decline in coral abundance). These results and 

the results of numerous other studies of oil spills have shown consistent ly that  

intert idal habitats are exposed to much higher concentrat ions of oil than subt idal 

habitats when no act ion is taken to prevent  st randing of oil or when mechanical 

collect ion or containment  procedures are ineffect ive. I n those cases where the 

intert idal environm ent is highly sensit ive to oil pollut ion, the no-act ion response 

opt ion has a relat ively high probability of result ing in significant adverse 

environmental impacts, and therefore, the no-act ion opt ion is not  recommended 

in these cases. Som e form  of response is warranted, either chemical dispersion of 

the oil (within the framework out - lined below) or mechanical containment and 

recovery. I n situat ions where 
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intert idal environments have low inherent sensit ivit ies, the no-act ion response 

opt ion may be an acceptable approach. 
 

 
OPTION 2 -  APPLY DISPERSANTS IN SHALLOW, NEARSHORE WATERS 

DIRECTLY OVER OR ADJACENT TO CORAL AND 
SEAGRASS HABITATS 

 

An ext reme case of this opt ion was simulated by the dispersed oil scenario 

(Site D) . The experimental data show that  the use of dispersants under this 

scenario had a posit ive effect  in reducing or prevent ing adverse impacts to the 

mangrove forest , but  this was accompanied by relat ively severe, long- term  effects 

on the coral and seagrass environments. I t  must  be noted that  the 

implementat ion of this scenario at  Site D resulted in an ext rem e, worst  case of 

Opt ion 2 because of the volume of oil used, the lack of weatnering, and the 

durat ion of exposure. 

Under more likely condit ions in which the float ing, untreated oil has 

weathered for several hours and is dispersed into the water column over a 

relat ively short  period of t ime, it  is reasonable to assume that  the magnitude of 

impacts to subt idal environments would be less than was measured in this study. 

Under less ext reme condit ions, one would expect  the balance in environmental 

t rade-offs to shift  in favor of Opt ion 2;  for example, more physical weathering of 

the oil and shorter exposure periods to the dispersed oil (such as would occur in 

more realist ic condit ions)  would probably result  in f e w e r  impacts to nearshore, 

shallow-water coral reefs and seagrass beds and, at  the same t ime, reduce or 

prevent  impacts to mangrove forests, even if dispersants were applied direct ly 

over coral/ seagrass habitats. Therefore, the use of dispersants in shallow waters 

to protect  highly sensit ive intert idal habitats should be considered a viable opt ion, 

with the realizat ion that  significant  subt idal impacts may occur and that  overall 

environmental damages may not  necessarily  be reduced. All efforts should be 

made to apply dispersants in water as deep as possible to promote dilut ion of 

dispersed oil.  

 

 
OPTION 3 -  APPLY DISPERSANTS IN DEEP WATER, OFFSHORE FROM 

MANGROVE, SEAGRASS, AND CORAL ENVIRONMENTS 
 

This opt ion was not  direct ly tested during the study, but  the experimental 

data presented here indicate that  this opt ion is likely to result  in prevent ion or 

reduct ion of damages to mangroves without  significant  effects on seagrass or 

coral habitats. Any act ion taken to prevent  or reduce 
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stranding of oil in mangrove forests is likely to have a posit ive effect  in reducing 

damages to mangroves. Chemical dispersion of oil in deep water, away from  

nearshore environments, is likely to allow dilut ion of dispersed oil such that 

exposure of sensit ive subt idal environments to toxic concentrat ions is not  likely to 

occur. The amount of dilut ion required or the threshold levels of exposure 

concentrat ion or durat ion are not  readily ident ifiable from the experimental data 

presented here. However, it  is reasonable to speculate that  any reduct ion in 

exposure of nearshore corals and seagrass habitats to dispersed oil would tend to 

reduce damages to them. Therefore, it  is recommended that  the use of 

dispersants be considered whenever highly sensit ive intert idal environments are 

threatened by spilled oil and that dispersant  applicat ion is conducted in water as 

deep as possible. 

Reduct ion in exposure of subt idal environments to dispersed oil is achieved 

through dilut ion into deep water or by high rates of m ixing with water currents. I t  

is possible to ident ify in advance areas where local physical processes would tend 

to promote rapid dilut ion of dispersed oil. Advance planning of this type would be 

similar to exist ing oil spill mapping methods based on sensit ivity analyses and 

would provide spill response personnel with a pract ical guide in the decision-

m aking process. 
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