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ABSTRACT: Scientific assessment  of the complex envi ronmenta l  consequences  of large spills of oil 
or other hazardous substances  has  s t imulated deve lopment  of improved strategies for rapid and  
val id  collection and  processing of ecological data. The combinat ion of coastal processes and  
geological  measurements  developed by  Hayes & Gundlach  {1978), together  wi th  selected field 
biological  and  chemical  observat ions/measurements ,  provide an  ecosystem impact  assessment  
approach which  is t e rmed  " in tegra ted  zonal  method of ecological impact  assessment ."  Ecological 
assessment  of oil and  hazardous mater ia l  spills has  b e e n  divided into three distinct phases:  (1) first- 
order response studies - conducted at the t ime of the init ial  spill event,  which  gather  data to 
document  acute impacts  and  assist decis ion-makers  in  prioritizafion of c leanup efforts and  protec- 
t ion of ecologically sensit ive habitats,  (2) second-order  response studies - conducted two months  to 
one year  post-spill, which  document  any delayed mortali ty and  at tempt  to identify potent ia l  
suble thal  impacts  in  sensi t ive species, and  {3) third-order response studies - conducted one to three  
years post-spill, to document  chronic impacts  (both le thal  and  sublethal} to specific indicator 
species. Data collected dur ing first-order response studies are ga thered  in a quant i ta t ive  m a n n e r  so 
that  the init ial  a s sessment  may become a base l ine  for later, more detailed, post-spill  scientific 
efforts. First- and  second-order  response studies of the  "Peck Slip" oil spill in  Puerto Rico i l lustrate 
the usefulness of this method. The need  for cont ingency p l ann ing  before a spill has  b e e n  discussed 
along wi th  the use of the  Vulnerabi l i ty  Index, a method in which  coastal envi ronments  are classified 
on a scale of 1-10, based  upon  their  potent ia l  susceptibil i ty to oiling. A study of the lower Cook Inlet  
section of the Alaskan  coast i l lustrates the  practical  appl icat ion of this method. 

I N T R O D U C T I O N  

W i t h i n  t h e  p a s t  t w o  y e a r s  (1978 to p r e s e n t ) ,  w e  h a v e  w i t n e s s e d  a s e r i e s  of p e t r o l e u m  

s p i l l a g e s  w h i c h  s u r p a s s e s  a l l  r e c o r d s  for  v o l u m e  of oi l  or  a r e a  of i m p a c t .  N e w  p u b l i c a -  

t i o n s  {e. g., O i l  Sp i l l  I n t e l l i g e n c e  Report} r e p o r t  o n  a w e e k l y  b a s i s  t h e  loca l i ty ,  e x t e n t  of 

p u b l i c  r e a c t i o n ,  a n d  e n v i r o n m e n t a l  i m p a c t  of p e t r o l e u m  spi l l s .  B u t l e r  (1978) r e v i e w e d  30 

of t h e  l a r g e s t  sp i l l s  t h r o u g h  1978 a n d  r e c o m m e n d e d  i n t e r n a t i o n a l  r e p o r t i n g  a n d  a n a l y s e s  

of t h e  t o t a l  p r o b l e m .  
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Yet, of the impacts of man's activities upon ocean or coastal environments, there is 
still no general agreement that the catastrophe of a large spill represents a permanent 
scar in the ecosystem. This uncertainty can probably be best ascribed to man's inability 
to grasp the holistic nature of marine ecosystems or to establish time-series data 
collections which would best define the processes, changes, and results of such events. 

The initial responses to very large oil spills tend to fall into categories of emergency 
response. As the event continues, questions arise regarding how to mitigate and measure 
spill impact~ thus arises the need for broad-base scientific observations and studies. 

Environmental assessment must incorporate data from the physical, geological, 
chemical, and biological components of the ecosystem. The joining together of geolo- 
gists, coastal processes specialists, ecologists, and environmental chemists has stimulat- 
ed the evolution of what is termed an "integrated zonal method of ecological impact 
assessment." 

INTEGRATED ZONAL METHOD FOR POST-SPILL FIRST-ORDER ASSESSMENT 

The integrated zonal method of study is a combination of rapid survey of geomor- 
phological features in coastal environments, together with documentation of the biologi- 
cal habitats, and sampling of representative species present. This approach emphasizes 
ecological and biological observations and provides a rapid assessment method for 
estimating initial ecological damage during the initial spill impact of a coastline. Such 
preliminary investigations, conducted at the time of the initial impact event, are termed 
first-order assessment studies. 

The zonal method of study, outlined by Hayes & Gundlach (1978), provides the 
framework for rapid, oil-impact assessment during the preliminary stages of a spill. This 
method utilizes a team of two geologists and one to two biologists who measure: 

(1) Detailed geological mapping along a transect at a permanently marked shoreline 
which provides information on both vertical elevation, sediment grain size, and habitat 
stability (erosional or depositional). 

(2) Detailed quantification of both the amount and extent of surface and subsurface 
visible oil within impacted habitats. 

(3) Detailed biological qualitative and quantitative data collection at both control 
and impacted areas with censusing techniques, including live counts of flora, epifauna, 
and infauna (macrofauna --> 1.00 mm), which provide the framework for comparison 
baseline data (either pre-spill versus post-spill or control versus impact population 
dynamics comparisons). Samples are collected using both m 2 counts and core/sieving 
techniques. Measurements of the percentage, height, and thickness of visible oil cover- 
age on producers and consumers are also made. Behavioral tests (such as the righting 
response of snails or the timing of escape behavior in crabs) are conducted in the field. 
Additional dead body counts are conducted in areas where oil (or other spilled substan- 
ces) has proven acutely toxic. 

(4) Detailed chemical sampling of water, sediments, and major producers and 
consumers (including both ecologically and commercially important species) which 
emphasize trophic structure relationships (food-chain approach) so as to investigate any 
potential biological concentration or magnification which may occur. Later chemical 
analysis of collected samples provides additional information on the weathering, abso- 
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lute quantities, and chemical species of oil (or other spil led substances) which may be 
related to observed biological  impacts. This is very important since many areas adjacent  
to visibly oiled areas may be impacted by the lighter {more toxic), water-soluble oil 
fractions. Additionally, chemical analysis assists in separat ing causes of mortality, such 
as physical  oil coverage (smothering effect) from toxicity directly attributable to the 
lighter, more toxic oil fractions. 

(5) Photographic documentation of observations, including both color and infrared 
photography. 

(6) Detailed sampling of physical  processes such as longshore drift direction and 
velocity; wind direction and velocity; wave height, approach angle, and period; t idal  
current direction, velocity, and duration. 

The essence of this method is based on the geomorphology of the environment 
which will  determine the degree of susceptibili ty to oil deposition and the persistence of 
oil within different coastal environments. Susceptibili ty to oil deposition is based on 
elevation and the degree of exposure to waves, tides, and currents. Persistence of oil is 
based upon the degree of oil penetrat ion which is a function of sediment grain size, the 
chemical nature of the spil led oil, and the degree of exposure to waves and tides. 

As originally proposed, this zonal method of study only emphasized quantifying the 
extent of oiling present in impacted areas, with l imited quantitative considerations of 
initial biological impacts. The incorporation of detai led biological  and chemical sam- 
pling strategies with the zonal method results in an integrated zonal approach which 
provides simultaneous geological, biological,  chemical, and physical  assessment of oil- 
spill impact by  one research team. 

The use of this integrated approach in first-order assessment studies allows a 
prel iminary estimate of the extent of ecological damage resulting from the initial spill 
and also provides the information needed  to prioritize efforts to protect ecologically 
sensitive habitats (such as nursery grounds for larval fishes or nesting grounds for rare or 
endangered species). Additionally, data are provided which identify areas where clean- 
up responses are feasible and the types of cleanup procedures to be used. Furthermore, 
first-order assessments provide a basis for prediction of potential  biological effects and 
assist in designing more intensive and longer-term studies. 

"PECK SLIP" OIL SPILL: 
AN EXAMPLE OF A POST-SPILL FIRST-ORDER RESPONSE 

Shortly after 3 pm on 19 December 1978, the 105-m barge "Peck Slip" sustained 
structural damage in heavy seas off the northeast coast of Puerto Rico. It proceeded to 
release approximately 1510-1565 tons of medium-grade Bunker C petroleum distil late 
into the marine environment. Field studies undertaken by our group (beginning on 22 
December 1978 and concluding on 6 January 1979) revealed a total of 26 km of sand, 
gravel, and cobble beaches and red mangrove forests were impacted (Robinson, 1979). 
Oil impact on beaches was minimal, with some impact of beach morning glories (Ipomea 
pes-caprae) growing at the base of the foredune. It was anticipated that the most severe 
impact would develop in the ecologically sensitive mangrove forests at Puerto Medio 
Mundo and Pasaje Medio Mundo, where approximately 4.8 metric tons of oil reached 
some seven acres of red mangrove (Rhizophora mangle) forest (see Fig. 1), 



"-r T 

~,~: ,~ "~ = [1] ~..:" PUERTO RICO(,~,~,,.~ 

�9 ~...~'".~ - / "".~u.~:%~.. 

�9 ' : " "  ~ ; . ~ N  ~ b ,  N a  ~.~ 
~ I r ~ [ 2 ]  "L.r" ".- 

~ M  LINE . : ; ~ . . . ~  (3] . 

L G LY O LED " �9 '""'~= ~ ~ (  

p~.. ~4b . . . .  # .... ~ ' . "  8 .M II # o 
t ~  / # . . . . . . .  II 
I I ~ r . J  o ~o ~M II 

65 ~ 50" 65 ~ 40" 65 ~ 30" 

Fig. 1. Map of northeastern Puerto PJco, depicting t~e areas impacted by the " P e c k  Slip" oil spil l  
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Fig. 2. Transect  M-1 at the red mangrove  forest at Puerto Medio Mundo,  depict ing the  oil ing of the 
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vo lume of oil in these  ecologically sensit ive habi ta ts  
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Detailed surveys in the mangrove forests at Puerto Medio Mundo and Pasaje Medio 
Mundo revealed that impact was confined to: (a) heavy off coating on red mangrove prop 
roots and the associated epiphytic prop root community, including several species of 
algae, sponges, tunicates, hydroids, anemones, oysters, and barnacles (see Fig. 2); (b) 
heavy oil coverage of associated epifaunal species, including three species of crabs 
(mangrove crab Aratus pisonfi, tree crab Goniopsis cruentata, and Sally Lightfoot crab 
Grapsus grapsus) and two species of gastropods (angulate periwinkle snail Littorina 
angulifera and salt marsh snail Melampus coffeus). 

The function of the root in the red mangrove is to act as a gas-exchange surface in 
providing oxygen to the submerged roots. A heavy coating of oil will interfere with the 
normalflux of H20, CO2, and 02 fromphotosynthetic and respiratory processes. Snedaker 
(U. of Miami, personal communication) states that the breakdown of 02 transport to the 
roots may result in the disruption of nutrient cycles in the rhizosphere. This may, in turn, 
result in the breakdown of the osmotic function of the cell wall, causing death. Chan 
(1977) additionally reports that tree mortalities occurred rapidly when 50 % or more of 
the roots were covered by oil. Since oil coverage of prop roots exceeded 50 % in many 
areas, it is reasonable to expect considerable tree mortality, especially in seedlings. 

The most heavily impacted epifaunal organisms were the mangrove crabs Aratus 
pisonfi. Their carapaces, chelipeds, and walking legs were totally (90-100 %) covered 
with oil, which resulted in the inability of these usually very active crabs to avoid 
capture. In some areas, heavily oiled crabs assumed a praying position characterized by 
chelipeds extended in front and walking legs extended in back. This position may be a 
premortem response as many dead crabs were found in this position, gIued to the 
mangrove by sticky oil; however, this was only true of heavily oiled crabs. 

Although both species of snails (Littorina angulifera and Melampus coffeus) were 
heavily oiled, both exhibited normal feeding behavior; no obvious impact was observed. 

MODIFICATION OF INTEGRATED ZONAL METHOD FOR 
SECOND- AND THIRD-ORDER POST-SPILL STUDIES 

Second- and third-order response efforts initiate quantitative approaches to chronic 
biological effects, based upon preliminary results during first-order response studies. 

Second-order studies are primarily designed to measure any delayed lethal or 
sublethal biological impacts for several months to one year after initial spill impact. 
These efforts include field bioassays, caging experiments, continued quantitative sampl- 
ing for biological baseline data, and productivity measurements. 

Third-order responses address more chronic life-history impacts, such as disruption 
of normal cellular histopathology, genetic impairment or disruption, and alteration or 
modification ot~ normal physiological pathways. These studies are designed to measure 
impact for one to  three years after the initial spill event. 

Whereas first-order response studies attempt to quantify direct or lethal impacts on 
an acute basis, second- and third-order response studies are designed to measure 
indirect or sublethal impacts on a chronic basis. Such second- and third-order studies 
were begun after the "Amoco Cadiz" spill. Although more expensive and time-con- 
suming than the immediate first-order response studies, second- and third-order studies 
are geared for determining the duration of environmental impact, and provide the only 
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ev idence  for m a k i n g  a j u d g m e n t  as to whe the r  or not  an  a rea  has  recovered  b io log ica l ly  

from oil  impact .  
A revis i t  to the  "Peck  Sl ip"  spi l l  site, some three  months  after  the  in i t ia l  impact ,  

p r o v i d e d  an  exce l l en t  examp le  as to the  va lue  of second-  and  th i rd -order  response  

studies.  

Table 1. Chronic effects measured in Puerto Rican mangrove forest at Puerto Medio Mundo 
approximately three months after the initial "Peck Slip" oil spill impact 

Criteria Change (percent damage) 

Producers 
(I) Red mangrove trees (Rhizophora mangle) 

Adults 
Mortality (percent) 
Lenticels 
Prop roots (cm -2) 
Trunk (crn -2) 

Defoliation (percent) 
Seedlings 

Mortality (percent) 
Leaf deformities index 

{2) l~piphytes (Bostrychia sp.) 
Biomass (mg cm -2) 
Water content (percent) 
Organic content (percent) 
Carbon-nitrogen ratio 

C o n s u m e r s  
(1) Tree snails (Littorina angulifera) 

Distribution uniformity 
Growth rate (ram/90 d) 

(2) Tree crabs (Aratus pisonii) 
Population denstiy (m -2) 

Increase (25 %) 

Increase in variability 
Increase in variability 
Increase (39 %) 

Increase (25 %) 
Increase 

Decrease (36 %) 
Decrease (18 %) 
Decrease (17 %) 
Increase (26 %) 

Decrease 
Decrease (21%) 

Decrease (86 %) 

Tab le  i lists the  chronic changes  m e a s u r e d  in o i l - impac t ed  r ed  mangrove  forest 
communi t i e s  at Puerto M e d i o  M u n d o  and  Pasa je  Med io  M u n d o  in nor theas te rn  Puerto 
Rico. Adu l t  r ed  m a n g r o v e  t ree  mor ta l i ty  s igni f icant ly  (p -- 0.05) i nc reased  in  i m p a c t e d  
a reas  by  24.7 %. This  r educes  s t and ing-s tock  b iomass  of the  dominan t  p roduce r  by  
app rox ima te ly  25 %. Red mangrove  tree defo l ia t ion  also s ign i f ican t ly  (p -- 0.05) increas-  
ed  in  i m p a c t e d  areas  by  38.6 %. This  impac t  wi l l  u l t ima te ly  cause  a loss of app rox ima te -  
ly  39 % of the  detr i tus  ma te r i a l  no rma l ly  formed in these  areas.  Seed l ing  mor ta l i ty  
s ign i f ican t ly  (p -< 0.05) i nc r ea sed  by  24.7 % in o i l - impac ted  areas.  

Ep iphyt ic  communi t i es  showed  s igni f ican t ly  d e g r a d e d  fi tness in b iomass  (35 .1% 
reduced) ,  des icca t ion  (17 % increased) ,  o rganic  content  (17.4 % decreased) ,  and  carbon/  
n i t rogen  rat ios (25.9 % increased) .  

Popula t ions  of consumers  were  s igni f icant ly  impac ted .  Littorina angulifera showed  
a l te ra t ion  of hor izonta l  and  ver t ica l  dis t r ibut ion,  and  a 21.4 % dec rease  in  growth  rate.  
Aratus pisonii suffered an  8 6 . 1 %  reduc t ion  in popula t ion .  
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Results of this second-order response study indicated significantly more impact than 
the original first-order response study provided. Although preliminary first-order 
response studies did indicate a high probability of impact in heavily oiled red mangrove 
communities, a second-order response study was required to quantify the extent of 
ecological damage. 

The estimate of ecological damage generated from first-, second-, and third-order 
studies may be turned over to lawyers and economists, who will translate this informa- 
tion into meaningful monetary damage estimates. These estimates are based upon 
information collected on the degree of impact of primary commercially important species 
(e. g., oysters, crabs, and shrimp), secondary commercially important species {species 
utilized for food by primary commercially important species}, and ecologically important 
species (of primary and secondary importance} combined with ecological information 
(e. g., trophic relationships) currently available in scientific literature. While this is, 

scientifically, a more meaningful method for quantifying economic damage, dead body 
counts of impacted organisms have formed the only legally accepted basis for computing 
estimates of monetary damage during court proceedings. 

THE VULNERABILITY INDEX IN PRE-SPILL PLANNING 

Past oil spills, such as the "Peck Slip" and "Amoco Cadiz", have shown the need for 
pre-spill contingency planning, including biological and chemical baseline information. 
These data must be collected prior to actual spillage events, due to usual short periods of 
time between the spillage event and shoreline impact. The "Amoco Cadiz" spill, in 
particular, illustrates this point. 

Another reason pre-spill data are important is that in many major spills, such large 
areas of shoreline are impacted (e.g., "Amoco Cadiz", 393 km of shoreline were 
impacted; Hess, 1978) that it is difficult to collect similar control baseline data, due to the 
dissimilar nature of the environment with increasing distance from the actual spill event. 

In an attempt to classify coastlines in terms of sensitivity to oil, Gundlach & Hayes 
(1978} proposed the "Vulnerability Index" in which the coastal environments were 
classified on a scale of 1 to 10, based upon their potential vulnerability to oil-spill 
damage (Table 2). The larger numbers indicate high vulnerability. As originally pro- 
posed, this index emphasized oil-residence time with consideration of potential biologi- 
cal impact. 

This pre-spill study system utilizes the. integrated zonal method of study previously 
described. Results are listed in a detailed report which includes detailed vulnerability 
maps {Michel et al., 1978}. Areas with similar vulnerability (and, hence, similar geomor- 
phic biotypes) are listed in accordance with their respective numerical location on the 
1-10 scale. 

Table 3 and Figure 3 illustrate the theoretical application of the Vulnerability Index 
to a hypothetical coastline (Gundlach & Hayes, 1978), while Figure 4 illustrates the 
practical application of this method to the lower Cook Inlet section of the Alaskan coast 
{Michel et al., 1978}. 

The geomorphology of coastal environments will often influence and determine the 
types of ecological communities found there. For example: on a wave-cut platform, a 
very dense and highly diverse rocky shore community aboundsl whereas on a sandy 
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b e a c h ,  a l o w  d ivers i ty ,  less  dense ,  s p e c i a l l y  a d a p t e d ,  b u r r o w i n g  c o m m u n i t y  res ides .  

Thus ,  t he  g e o m o r p h o l o g y  of an  a r e a  d e l i n e a t e s  t he  na tu r a l  b i o l o g i c a l  c o m m u n i t i e s  f o u n d  

the re .  
T h e  r e c e n t  i n t e g r a t i o n  of g e o l o g i c a l  v u l n e r a b i l i t y  {based on  depos i t ion ,  p e n e t r a t i o n ,  

a n d  p e r s i s t e n c e  of s p i l i e d  oil) a n d  b i o l o g i c a l  v u l n e r a b i l i t y  (based  on  the  s p e c i e s - s p e c i f i c  

sens i t iv i ty  to s p i l l e d  oil, l e n g t h  of exposu re ,  r a te  of b i o l o g i c a l  r ecovery ,  a n d  toxic  

p r o p e r t i e s  of s p i l l e d  oil) r esu l t s  in  a v u l n e r a b i l i t y  i n d e x  w h i c h  p r o p e r l y  a s sesses  g e o l o g i -  

cal  p e r s i s t e n c e  as w e l l  as  b i o l o g i c a l  suscep t ib i l i ty .  Th is  m e t h o d  a d d i t i o n a l l y  e s t a b l i s h e s  

a p r e - s p i l l  c h e m i c a l  a n d  b i o l o g i c a l  b a s e l i n e  of s amp le s ,  w h i c h  are  on ly  a n a l y z e d  w h e n  

an  a r e a  is o i l - i m p a c t e d .  Thus ,  th is  m e t h o d  c o n s e r v e s  b o t h  t i m e  a n d  r e s o u r c e s  s ince  

s a m p l e s  f rom u n i m p a c t e d  a r ea s  a re  no t  a n a l y z e d .  

Table 2. Summary of proposed environmental classification in order of increasing vulnerability to 
oil-spill damage (after Gundlach & Hayes, 1978) 

Vulnerability Shoreline Comments 
index type 

1 Exposed rocky 
headland 

2 Eroding wave-cut 
platform 

3 Fine-grained 
sand beach 

4 Coarse-grained 
sand beach 

5 Exposed, com- 
pacted tidal fiat 

6 Mixed sand and 
gravel beach 

7 Gravel beach 

8 Sheltered rocky 
coast 

9 Sheltered tidal 
flat 

10 Salt marsh and 
mangrove forest 

Wave reflection keeps most of the oil offshore. No cleanup 
necessary. 

Wave-swept shoreline. Most of the oil is removed by natural 
processes within a few weeks. 

Oil does not penetrate into the sediment, which facilitates 
mechanical  removal if necessary. Otherwise, oil may persist 
for several months. 

Oil may sink and/or be buried rapidly, making cleanup diffi- 
cult. Under moderate-to-high energy conditions, oil will be 
removed naturally within a few months from most of the 
beach face. 

Most of the oil will no t  adhere to, or penetrate into, the 
compacted tidal flat. Cleanup is usually unnecessary. 

Oil may undergo rapid penetration and burial. Under mode- 
rate-to-low energy conditions, oil may persist for years. 

Same as above. Cleanup should concentrate on the hightide 
swash area. A solid asphalt pavement  may form under condi- 
tions of heavy oil accumulation. 

Areas of reduced wave action. Oil may persist for many years. 
Cleanup is not recommended unless oil concentration is very 
heavy. 

Areas of great biologic activity and low wave energy. Oil may 
persist for years. Cleanup is not recommended unless oil 
accumulation is very heavy. These areas should receive prio- 
rity protection by using booms or oil-sorbent materials. 

The most productive of aquatic environments. Oil may persist 
for years. Cleaning of salt marshes by burning or cutting 
should be undertaken only if heavily oiled. Mangroves 
should not be altered. Protection of these environments by 
booms or oil-sorbent materials should receive first priority. 
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Accompany ing  information on the locat ion of wildl i fe  preserves,  bird sanctuaries,  

and areas u t i l ized by rare or e n d a n g e r e d  species  is also listed. In addit ion,  

an thropogenic  areas {e.g., resort beaches  and marinas) wh ich  have  a h igh  socioeconomic  

va lue  are inc luded  as a separate  category. 

Another  feature  of the Vulnerabi l i ty  Index is that the sites for effect ive boom 

dep loyment  are located. These  boom locations are based  on t idal  current  dynamics,  

channel  configuration,  and the des igna ted  vulnerab i l i ty  of the environment .  This infor- 

mat ion assists the Coast Guard and spill c leanup officials dur ing boom dep loyment  

under  actual  spill conditions. The Vulnerabi l i ty  Index also enab les  c leanup efforts in oil- 

impac ted  areas to be priorit ized,  start ing with  the most sensi t ive areas and end ing  with  

the least  suscept ible  environments .  

The pract ical i ty  and usefulness  of this method  have  b e e n  demonst ra ted  in Vulnera-  

bi l i ty Index studies of the Alaskan  coast, Puget  Sound and the Straits of J u a n  de Fuca in 

the State of Washington,  and most  recently,  the coastal  env i ronments  of Texas {including 

Laguna Madre) dur ing the "Ixtoc r '  (Bay of Campeche)  oil spill. 

Dur ing the "Ixtoc r '  oil spill, pre-spi l l  Vulnerabi l i ty  Index mapp ing  assisted the 
Coast  Guard  in formulat ing an effective method  to min imize  spill impact  a long the 

Texas coast. As a result  of this effort, major  intrusion of oil into the ecologica l ly  sensi t ive 

Table 3. Shoreline morphology for a hypothetical coastline, using designated geomorphic types. 
This method of data presentation is useful for rapid assessment of the coastal geomorphology in 

selected study areas (after Gundlach & Hayes, 1978) 

Type Total Percent Vulnerability 
and shoreline of total Index 

subtype ( k m )  shoreline 

(A) Erosional shoreline (32 % of total} 
1. Cliffs >30 m high with wave-cut platform 15 19 1-2 
2. Cliffs <30 m high with wave-cut platform 6 8 1-2, 7-8* 
3. Eroding bank of inlet channel 4 5 3-4 

(B) Neutral shoreline (39 % of total} 
1. Mountainous, with steep high scarps 5 7 7-8 
2. Hilly lowland with low scarps 4 5 1-2 
3. Protected fine sand beaches 9 12 3-4 
4. Coarse sand beach 6 8 3-4 
5. Mixed sand and gravel beach 2 3 5-6 
6. Pocket gravel beach 3 4 7-8 

(C) Depositional shoreline (29 % of total} 
1. Arcuate delta 1 1 3-4 
2. Beach ridges 2 3 3-4 
3. Recurved spit 1 1 3-4 
4. Bay mouth bar 1 1 3-4 
5. Sand tidal flat 3 4 5-6 
6. Mud tidal fiat 5 7 9-10 
7. Salt marsh 9 12 9-10 

* Half of shoreline (3 m, 4 %) had Vulnerability Index 1-2 and the other half had Vulnerability 
Index 7-8. 
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A. Coastal Geomorphology 
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Fig. 3. (A) Coastal geomorphology of the hypothetical shoreline described in Table 3. (B) Applica- 
tion of the Vulnerability Index to shoreline types shown in 3-A 
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Fig. 4. Application of the Vulnerability Index to lower Cook Inlet section of the Alaskan coast (after 
Michel et al., 1978) 

Laguna  Madre  and  other bays and  estuaries was held  to a m i n i m u m  (less than  three 
metric tons of vis ible  tarballs  and  mousse), according to pre l iminary  estimates. The 
majori ty of oil impact  was confined to the mixed sand and  shell  beaches  of the south 
Texas coast. According to pre l iminary  observations, there have b e e n  no widespread  
inc idences  of toxicity in  ei ther  the Ocypode (ghost crab) backshore  community,  the 
Callianassa (ghost shr imp)-Donax (surf clam)-Haustori id (amphipod) nearshore  com- 
munity ,  or the in t e rven ing  foreshore ecotone. 

The need  to inc lude  offshore Vulnerabi l i ty  Index sampl ing  dur ing  con t ingency  
p l a n n i n g  is ev idenced  by the f ind ing  of wea thered  oil, both in  the water  co lumn and  in  
offshore bottom sediments  dur ing  the "Ixtoc I" spill  as wel l  as after the "Amoco Cadiz" 
(Gundlach  & Hayes, 1978). In some instances,  much  pre-spil l  offshore base l ine  chemistry 
and  biological  data may have b e e n  collected a l ready dur ing  the outer cont inenta l  shelf 
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surveys.  Where  ava i lab le ,  these  da ta  gene ra l l y  p rov ide  the  necessa ry  base l ine  informa- 
tion, p r even t ing  expens ive  unneces sa ry  dup l i ca t ion  of s a m p l i n g  efforts offshore. Where  
these  da ta  are unava i l ab le ,  offshore base l i ne  s a m p l i n g  surveys should  be  inc luded .  

The Vulne rab i l i ty  Index  is, thus, a tool which  prov ides  coas ta l  m a n a g e r s  or oi l -spi l l  
con t ingency  p l anne r s  wi th  the  m a x i m u m  amount  of informat ion on the po ten t ia l  impac t  
on coasta l  envi ronments .  In essence,  the  Vu lne rab i l i t y  Index  assists  in  formula t ing  the 
first l ine  of defense  aga ins t  oil or haza rdous  subs tance  spi l ls  in the  environment .  

CONCLUSIONS 

The task  of scient i f ic  a s sessment  of the  complex  env i ronmen ta l  consequences  of 
l a rge  spi l ls  of oil  and  other  haza rdous  subs tances  has  s t imula ted  d e v e l o p m e n t  of 
improved  s t ra teg ies  for r ap id  and  va l id  col lect ion of eco log ica l  data.  The me thod  
p roposed  he re  is t e r m e d  the " in t eg ra t ed  zona l  me thod  of eco log ica l  impac t  assessment" ,  
wh ich  combines  a r a p i d  geomorph ic /geo log i c  m a p p i n g  t echn ique  wi th  a quant i ta t ive  
eco log ica l  and  chemica l  s a m p l i n g  strategy.  This  p rov ides  a r ap id  assessment  t echn ique  
which  is useful  in e s tab l i sh ing  chemica l  and  b io log ica l  ba se l i ne  data;  it  also a l lows a 
me thod  for quant i fy ing  the extent  of eco log ica l  impac t  dur ing  f i rs t -order  assessment  
s tudies  conduc ted  at  the  t ime of in i t ia l  spi l l  impact .  Second-  and  th i rd-order  assessment  
s tudies ,  wh ich  e m p h a s i z e  chronic  effects, may  also e m p l o y  a mod i f i ed  vers ion  of this  
i n t eg ra t ed  zonal  t echn ique  to de t e rmine  pos t -sp i l l  impact .  

The  "Peck  Sl ip"  oil  spi l l  in  n o r t h e a s t e m  Puerto Rico prov ides  an exce l l en t  example  
of the  pract ical i ty ,  usefulness ,  and  adap tab i l i t y  of the  in t eg ra t ed  zonal  me thod  in both  
first- and  second-order  a ssessment  studies.  Ecologica l  d a m a g e s  m e a s u r e d  dur ing  first-, 
second-,  and  th i rd -order  response  s tudies  m a y  be  t r ans la ted  into economic  d a m a g e  
th rough  the  d a m a g e  assessment  process .  

The  need  for p re - sp i l l  con t ingency  p lann ing ,  which  es tab l i shes  a p re - sp i l l  chemica l  
and  b io log ica l  base l ine ,  is u rgen t  - e spec ia l ly  in a reas  where  oi l -spi l l  impac t  seems  
l ike ly  to occur. The use  of the  Vulne rab i l i ty  Index (a me thod  of d e t e r m i n i n g  suscept ib i l -  
i ty of different  coastal  env i ronments  to o i l -spi l l  impac t  b a s e d  on geomorph ic  and  
eco log ica l  sensit ivity) in p re -sp i l l  p l a n n i n g  is demons t r a t ed  in severa l  different  s tudy 
areas.  This  Vu lne rab i l i t y  Index  assists  o i l -sp i l l  p l anne r s  and  dec i s ion -make r s  in  for- 
mu la t i ng  a first l ine of defense  aga ins t  impac t  by  oil and  hazardous  subs tance  spills.  
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