Long-term Assessment
of the Oil Spill at

Bahia Las Minas, Panama
Synthesis Report

Volume lI: Technical Report, Part 2

OCS Study

MMS 93-0048

pahia Las Ming, \

e “-Laboratory, S'TRI

N N Mq.:{.,ﬁ @ '-.
+ A Naronjes,

... L | TRV

3

Kilometers

U.S. Department of the Interior
M Minerals Management Service
Gulf of Mexico OCS Region



Long-term Assessment
of the Oil Spill at

Bahia Las Minas, Panama
Synthesis Report

Volume Il: Technical Report, Part 2

Editors

Brian D. Keller
Jeremy B.C. Jackson
Smithsonian Tropical Research Institute

Prepared under MMS Contract
14-12-0001-30393

by

Smithsonian Tropical Research Institute
Box 2072

Balboa, Republic of Panama

U.S. Mailing Address:
Smithsonian Tropical Research Institute
APO AA 34002-0848

Published by

U.S. Department of the Interior
Minerals Management Service
Gulf of Mexico OCS Region

OCS Study
MMS 93-0048

New Orleans
November 1993



iii
Disclaimer

This report was prepared under contract between the Minerals Management Service
(MMS) and the Smithsonian Tropical Research Institute. This report has been
technically reviewed by the MMS and approved for publication. Approval does not
signify that the contents necessarily reflect the views and policies of the Service, nor
does mention of trade names or commercial products constitute endorsement or

recommendation for use. It is, however, exempt from review and compliance with
MMS editorial standards.

Report Availability

Preparation of this report was conducted under contract between the MMS and the
Smithsonian Tropical Research Institute. Extra copies of the report may be obtained
from the Public Information Unit (MS 5034) at the following address:

U.S. Department of the Interior
Minerals Management Service
Gulf of Mexico OCS Region
Public Information Unit (MS 5034)
1201 Elmwood Park Boulevard
New Orleans, LA 70123-2394

Telephone Number: (504) 736-2519

Citation
Suggested citation:

Keller, B. D. and J. B. C. Jackson, eds. 1993. Long-term assessment of the oil spill
at Bahfa Las Minas, Panama, synthesis report, volume II: technical report.
OCS Study MMS 93-0048. U.S. Department of the Interior, Minerals
Management Service, Gulf of Mexico OCS Region, New Orleans, La. 1,017

Pp-



Contents
Figures ... . e e xvii
Tables ... e e XXxvii
Acknowledgments . .......... ... e e xlvii
Abbreviations and ACTONYIMS . . ... ...t nnneennneeeenns li
Part 1

1 Introduction ......c.oetiiiieeetoinnneeeseooeenssoncssssannnas 1
1.1  Unplanned Environmental Assessments . ...................... 1
1.2 Objectives of the Study and Organization of the Report ........... 1
13 Oil Spillsin Tropical Seas . ............ ...t einuennn. 2
1.4 The Bahia Las Minas Ecosystem ............................ 3
1.5 The 1986 Oil Spill at Bahia Las Minas, Panama ................ 5
1.6  Other Human Disturbances in the Study Area ................. 12
1.6.1 Coastal Development ................ ... .coiuuu.. 12
1.6.2 Petroleum Refinery and Other Industrialization ........... 12
1.6.3 1968 Tanker Witwater Spill .......................... 12
1.6.4 Oil Spills Since the 1986 Refinery Spill ................. 12
1.7  Biological Studies Prior to the 1986 Oil Spill .................. 13
171 PuntaGaletaReefFlat ............................. 13
172 1985 Coral Reef Survey ............... ... ... ... 13
1.7.3 1979-1983 Reef Flat Stomatopod Studies ................ 13

1.7.4 Surveys of Epibiota of Mangrove Roots and Reef Flat
Gastropods . . ... i e e e 14
175 OtherStudies .......... ... ..., 14
1.7.6 Retrospective Analyses ..............iuriiiernnnn... 14
1.8 Incorporation of Available Studies in Sampling Designs .......... 14
1.8.1 Some Principles of Sampling Design ................... 14

1.8.2 Statistical Analyses and Sampling Designs: General
Considerations . ..........c...uiiiiiinnnennena... 16
1.83 Subtidal Reef Corals .............. ... ... ... ...... 16

1.8.4 Reef Flat Sessile Biota, Algal-turf Infauna, and Sea
Urchins . ... et e 17
1.8.5 Mangrove Forests ............ ..., 17
1.8.6 Reef Flat Stomatopods ............................. 17
1.8.7 Mangrove Fringe and Epibiota of Mangrove Roots ........ 17
1.8.8 Reef Flat Gastropods ...................cciviruunnnn 18

1.8.9 Subtidal Seagrass Communities ....................... 18



2

1.8.10 Hydrocarbon Chemistry . ........... ... oo, 18
1.9 Distribution of Study Sites . .. ........ ... . i i i, 18
1.10 Acknowledgments ..........cooiiiiiiniiiiiiiii i, 18
Weather, Sea Conditions, and Topography Affecting Oil Deposition
During the 1986 Bahfa Las Minas OQil Spill ....................... 25
21 ADSITACT .o e e e e 25
22 Introduction ............ceiiiiiiiiii e 25
2.2.1 Biological Communities and Physical Structure of the
Coastline . .......coii i i i i 26
222 Patterns of Weather and Sea Conditions in the Region
Affected by the 1986 Oil Spill ........................ 27
2.2.3 Observations of Oil Movement and Deposition ........... 30
2.3  Objectives, Rationale, and Design .......................... 32
231 ODbJectives ..o vvt ittt e e 32
232 Rationaleand Design .................. ... ..., 33
2.3.2.1 The Outer Coast: Winds, Waves, and Water
Levels ... 34
2322 Mangrove Streams: Periods of Freshwater
Discharge ........... .. ., 35
2323 Methods ........coiiiiiiiiii e 35
2.3.24 Definitions and Methods of Calculation .......... 36
24 Results and Implications ............ ... ..., 39
24.1 Winds and Water Levels on the Outer Coast ............. 39
24.1.1 Conditions A ........ ... i e 39
2412 ConditionsB .......... ... ... i i, 39
24.2 Estimated Periodicity of Stream Discharge .. ............. 41
2.42.1 Predicted Seasonal Patterns of Stream Discharge in
BahfaLasMinas ........................... 41
2422 Stream Discharge During the 1986 Oil Spill ....... 42
25 DISCUSSION . .ottt it e e e 43
2.5.1 Movements and Deposition of Oil in Habitats of the Outer
0 ] 45
2.5.2 Movement of Oil into Streams Flowing through Mangrove
Forests ....... ..o e 45
2.5.3 Predicted Patterns of Oil Deposition and Possible Effects of
the December 1968 Witwater Spill . .................... 46
2.5.4 Summary of Overall Effects of Weather and Sea Conditions
on Oil Deposition ............. ... ... . .. 47
25.5 Generalizationto Other Spills ........................ 48

26 Acknowledgments . ............ i e 48



3 Hydrocarbon Chemistry .......ccciettveierececcocscscscsosans 51
31 ADbstract ......... i 51
32 Introduction ............c.iiiiiiiiiiiiiiiiiiiiiea 52
33 Methods ... e 53

3.3.1 Sampling Design and Methods . ....................... 53
332 AnalysisPlan ........... ... ... ... i il 55
3.3.3 Methods Correlations ...............coviiin.. 57
3.4 Initial Sediment Survey, 1986 ... ........ ... ..., 57
34.1 Mangrove Sediments ............ccoiiiteniiiinnn. 59
342 Shallow Sediments . ............ ... . .. it 61
3.4.3 Seagrass and Coral Reef Sediments .................... 63
3.4.4 Initial Weathering Patterns .......................... 69
345 Oilinthe Water Column . ........................... 71
346 Conclusions . ........ ... i 71
3.5 Long-term Studies of Coral Reefs .......................... 73
35.1 OilinReef Sediments ................. ... ... ....... 73
3.5.2 Uptake of Oil by Coralsin1986 ...................... 74
3.5.2.1 Quantitative Results . . . ................ .. ..., 74
35.22 Descriptive Results ............... ... ... ... 77
3523 DiscusSion .........c.iiiiiiiiiii i 79
3.5.3 Coralsin Subsequent Years .............covviunnn... 82
3.5.4 Conclusions about Long-term Effects of the Spill on Coral
Reefs ... . i e 82
36 OilinSeagrassBeds ............. ... ... 82
3.7 Persistence of Oil in Mangroves .................. ... .. .... 88
3.7.1 Sediment Oil Loads and Weathering Patterns of the Spilled
OO0l L e 88
372 Longterm Toxicity ............cciiiiirnneennnn. 102
3.7.3 Bivalve Bioindicators of Water Quality ................ 108
3.7.4 Further Discussion of Changes in Oil Composition Over
TIMe .. e e 114
38 Summary Conclusions ............ ... i, 120
3.9 Alternative Sources of Contamination ...................... 121
3.10 Analytical Quality Control and Quality Assurance Practices ... ... 123
3.10.1 Routine Instrument Calibrations ..................... 123
3.10.1.1 GC-FID Calibrations ....................... 124
310.12 GC/MS . .. e 125
310.1.3 UVF ... e 128
3.10.2 Routine Blank and Recovery Experiments .............. 128
3.10.3 Coding of Samples for Analysis ...................... 129
3.10.4 Analysis of Standard Reference Materials .............. 129
3.11 Acknowledgments .............iiiiiiiiii i 129



viii

4 Effects of the 1986 Bahfa Las Minas Oil Spill on Reef Flat Sessile

Biota, Algal-turf Infauna, and Sea Urchins ........... .00 vvenns 131
41 ADSIract . ... e 131
42 Introduction ...........c.cieiiiiiiiiiiiiiiiiiiiiiiie 132
43  Objectives, Design, and Confounding Factors . ................ 138
43.1 Objectives .. ... .ottt 138

4.3.2 Design and Consideration of Confounding Factors . ....... 138
43.2.1 Problems in Designing a Post-hoc Study ......... 138

44

4.5

4322 Weather and Sea Conditions as Potential
Confounding Factors in Examining Effects of the

1986 Oil Spill on Reef Flat Communities ........ 141

43.2.3 Sites Added After the 1986 Oil Spill ........... 143

Componentsof Research . . . ......... ... ... . ... .. ... 147
44.1 Field Observations of Oil Movement, Oil Deposition, and

Initial Direct Effects of the Oil on Reef Flat Biota ....... 148

44.1.1 Methods of Qualitative Sampling of Microalgal
Mats Immediately After the Oil Spill at Punta

Galeta ......... .o i e e e 148
4.4.1.2 Field Observations of Oil Movements, Deposition,
and Effects .......... ... ... ... . . ... 148

44.1.3 Summary and Discussion of Weather and Sea
Conditions Affecting Oil Deposition and Biological

Changes on the Punta Galeta Reef Flat ......... 153
4.4.2 Spatial Cover of the Sessile Biota of the Reef Flat: Surveys
of Algae, Seagrasses, and Sessile Invertebrates ........... 154
4421 TypesofSurveys ............. .. 154
4422 FieldMethods .............. ... ... ... ... 155
4423 Results: Spatial Cover of Sessile Organisms ... ... 157
4424 Summary and Discussion of Effects on Sessile
Biota ........c e 187
4.4.3 Censuses of Sea Urchin Populations .................. 187
4431 Methods ............ ... .. i 187
4432 Results of Sea Urchin Censuses ............... 189
4.43.3 Summary and Discussion of Results of Sea Urchin
Censuses . ......oiiiiiiii e e, 205
444 Infaunal Populations of the Laurencia papillosa Turf:
Postspill Comparisons Among Sites ................... 215
4441 Methods ......... ... ... ... 215
4.4.42 Results and Discussion of Infauna Surveys ....... 217
Discussion and Conclusions . .............. ... .. .......... 227
45.1 General Discussion ............. .. ...t 227

4.5.2 Processes Affecting Regeneration and Recovery ... ....... 232



4.5.3 Applicability of the Results of This Study to Oil Spill Risk

Analyses and Planning for Oil Spill Response ........... 239
46 Acknowledgments .......... ... ... . i 242
Effects of an Oil Spill on the Gastropods of a Tropical Intertidal Reef
) 243
5.1 ADbstract ........ i e et 243
52 Introduction .......... ...t e 243
5.21 Physical Structure ............... . i, 243
5.2.2 Biota and Literature Review ........................ 245
5.3  Objectives, Rationale, and Design ......................... 251
531 OVeIVIEW . ..ottt e e e e 251
5.3 2 SiteS . e e 254
54 OilingandReoiling .............. .. ... . ... 258
55 Componentsof Research................................ 259
5.5.1 Gastropod Abundances Prior to Oiling ................ 259
5511 Methods ........ ... 259
5512 Results ... 260
5.5.2 Initial Effects on Gastropod Populations: Oiling and
Mortalityof Snails . .......... ... ... oo i i 261
5521 Methods ........ ... il 261
5522 Results ... e e 261
5523 Summary ......... . e 262
5.5.3 Initial Effects on Gastropod Populations: Effects of Reef
Cleanup Crew, August-September 1986 ............... 263
5531 Methods ......... .. i 263
5532 Results ... .o i 264
5533 Summary ........... ... e 266
5.54 Long-term Effects on Gastropod Abundances ........... 266
5541 Methods ........... .. i, 266
5542 Results ... e 266
5543 Summary ... e 284
5.5.5 Patterns of Recruitment: 1986-1989 ................... 285
5551 Methods ......... ... ... 285
5552 Results ... . 285
5553 Summary ............. ... 288
56 DiscussSion . ...........iiiiii e 289
577 Acknowledgments ............. ... ..t 291
Reef Flat Stomatopods ......ccittiietsneenioesrectosssonsoas 293
6.1  AbSIIact . ........ . e e e 293

6.2 Introduction . ..........iiiiiitt e e 294



6.3

6.4
6.5

6.2.1 Physical Structure ......... ... .. .. i,
6.2.1.1 IslaMargarita ...............ciiivireeunn..
62.12 PuntaGaleta .......... ... ................
6213 IslaMina............ . ... i,
6.2.1.4 IslaLargoRemo West ......................
6.2.1.5 IslaLargo RemoNorth .....................

6.2.2 Gonodactylid Stomatopods . ........................
6.2.2.1 Gonodactylus Life History ...................
6.2.2.2 Physical Tolerances ........................
6.2.2.3 Competition for Cavities ....................
6.2.24 Other Stomatopods . .............. ... ....

6.23 Bahfa Las Minas Oil Spill ..........................

Objectives, Rationale, and Design of the Long-term Study .......

6.3.1 OVeIVIEW . ...ttt ittt et
6.3.1.1 Population Structure .......................
6.3.1.2 Recruitment .................. ... ...,
63.13 Growth ......... ... i
63.1.4 Injuries .......... ... . ... i,
6.3.1.5 Stomatopod-size to Cavity-volume Relationships . . .
6.3.1.6 HabitatChange .....................c.....
6.3.1.7 Effects on Other Stomatopods ................

6.3.2 Confounding Effects ................ ... ... ........
6.3.2.1 Natural Variation in Gonodactylid Recruitment . . .
6.3.2.2 Effects of Other Animal Species on Stomatopods . .
6323 HabitatChange ............coiiiiiinn....

6.3.3 Site Selectionand Design ..........................
6.33.1 Site Selection ................ ... .. .. ... ...
6.3.3.2 Site Classification According to Oiling ..........
6333 Design........ ... e

Oilingand Reoiling . ............ ... . .. ...

Components of Research .. . .............................

6.5.1 General Sampling Methods .........................
6.5.1.1 Area-quadrat Samples ......................
6.5.12 Rubble Samples . ..........................
6.5.1.3 Stomatopod Identification and Cataloguing . ... ...

6.5.2 Effects of Oiling on Habitat Characteristics .............
6521 Methods ........ ... ... ... i,
6522 Results ...... ... ... ..
6.5.2.3 Discussion of Habitat Change ................

6.5.3 Densities of Gonodactylus ..........................
6531 Methods ........ ... ...
6532 Results ......... ... i,
6533 Discussion ......... ... i

6.54 Postlarval Recruitment ............................



6541 Methods .........ccoiiiiiiiiiiin.... 327

6542 Results .......... i, 330

6543 Discussion .......... ... .., 333

655 CavityVolume .............. i, 333

6551 Methods ........... ... i, 333

6552 Results .......ccuouumiiiiiiniiiii.. 334

6553 Discussion ...........00iiiiiiiiiiiiii... 338

6.5.6 Wounds and Injuries ................. ... ... ... ... 339

65.6.1 Methods .........cciuummiiiinnennnnn... 339

6562 Results ......... ... 341

6563 Discussion ..........cciiiiiiiiiiiiiiia.., 348

657 Growth ....... ... . i e e 348

6.5.71 Methods ........ ... ... 348

6572 Results ........ .. .. i, 349

6.5.73 Discussion ......... ... 349

6.5.8 The Disappearance of Lysiosquilla glabriuscula . . ......... 350

6.6 Discussion and Conclusion ..............ccoiiiiininenn, 350
6.6.1 Effects of Oiling on Gonodactylid Population Structure and

| D15 11331 /P 350

6.6.2 Effect of Density on Competition .................... 354

6.6.3 Injuries, Densities, and Cavity Competition ............. 356

6.7 SUMMAIY . ...ttt ittt et oenanens 358

6.8 Acknowledgments ............. . 359

Changes and Recovery of Subtidal Reef Corals ............0000uens 361

7.1 ADStIact ... it e et 361

72 Introduction .............c.ciiiiiiiinnerennnnreennnnns 361

7.2.1 Coral Reefs of the Study Region ..................... 363

722 Physical Environment ................. ... ... ... 363

723 SessileBiota ............. i i 366

7.3  Objectives, Rationale,and Design .. ....................... 371

74 OilingandReoiling ............ ... .. i i, 375

7.5 Components of Research . ..................... ... . ..... 378

7.5.1 Cover of Sessile Organisms . .............ccoveeerun. 378

7511 Methods ......... ... .. .. 380

7512 Results ... 381

7.5.2 Recent Injury of Corals (Partial Mortality) .............. 395

7521 Methods ..........cciiiiiiiiiinnnn.. 397

7522 Results ... 400

7.5.3 Resistance of Corals to Stress ....................... 410

753.1 Methods ......... . ... ... 411

7532 Results ... 414



xii

7541 Methods .......... 0.,
7542 Results ......... ...
755 Coral Reproduction . ............... ...
7551 Methods ......... ...
7552 Results ...l
75.6 Coral Recruitment ................. . ... vt
756.1 Methods ......... ...
7562 Results ........c.ciiiiiii i,
7.5.7 Abundance of Herbivores ..........................
7571 Methods ......... ... .. i,
7572 Results ....... .00,
7.6 Discussion and Conclusions . ...........ccoiiiiiiiiin..
7.6.1 Does Oil Affect Reef Corals? .......................
7.6.2 Effectiveness of Different Assays of Environmental Effects
on Coral Reef Communities ........................
7.6.3 General and Specific Oil Effects .....................
7.64 Reef Recovery ...........c.ciiiiiniininininnnn.
765 Conclusions . .........ccoiiiiiiiiiiiiiiiiie e
Mangrove FOrests .. ....vveveeroececcoccosssnsensassassnsnnss
81 ADSIIACt ...t i e i e e
82 Introduction ............cenuiiiiiiiiieiiinniinnnns
8.2.1 Mangroves and Large Oil Spills . .....................
8.22 The 1986 Spill at Bahfa Las Minas, Caribbean Coast of
Panama ........ ... .. ... i e
8.2.3 Another Large Spill in Bahia Las Minas in 1968 .........
8.2.4 Major Objectives and Focus of This Element of the Study ..
83 Methods and Techniques ... ..........c... ..
8.3.1 Study Area and Vegetation Maps ....................
8.3.2 Mangrove Species, Forest Structure, and Allometric
Relationships ......... ...,
8.3.3 Seedling Growth and Demography . ...................
8.3.4 Condition and Growth of Tree Canopies ...............
8.3.5 Trials to Estimate Canopy Herbivory ..................
8.3.6 Environmental Factors and the Amount of Residual Oil in
Sediments . .........c.uuuiiiiiiiiiiii e
84  Deforestation of Mangrove Forests ........................
8.4.1 Extent of Deforestation Caused by the Refinery Spill in
1986 ..ot e
8.4.2 Changes Prior to 1986 - the 1968 Witwater Spill ..........
8.4.3 Comparing the Effects of Two Spills ..................
8.5 Condition of Mangroves Surrounding Deforested Areas .........
85.1 ForestStructure ............ ... i



8.6

8.7

8.8

8.9

Part 2

8.5.2 Seedling Assemblages in Unoiled Forests . . .............
8.5.3 Canopy Condition and Productivity 3-5 Years Postspill . . . ..
8.5.3.1 Shape and Size of Leaves . ...................
8.5.3.2 Seasonal Influences and Canopy Variation .......
85.3.3 Annual Measures of Canopy Condition and
Production .. ............coviiiiiiiiias,
Status of Deforested Areas .............. ... i,
8.6.1 Recruitment and Growth of Seedlings in 1986 Oil Gaps . . ..
8.6.1.1 Individual Seedlings ............... ... ...,
8.6.1.2 Seedling Assemblages — Demographic Structure . ..
8.6.1.3 Seedling Assemblages — General Site Variation . ..
8.6.2 Assisted Recruitment in 1986 Oil Gaps ................
8.6.3 Status of Forest Recovery in 1968 Witwater Oil Gaps . . . . ..
8.6.4 Growth of Trees in an Unoiled 1979 Gap ..............
DiSCUSSION & . vttt ettt e e e e
8.7.1 Natural Processes of Forest Recovery .................
8.7.1.1 Turnover and Replacement of Trees ...........
8.7.1.2 Seedling Bank and Herbivorous Crabs ..........
8.7.2 The Influence of Oil on Forest Recovery ...............
8.7.3 Concerns with Assisted Rehabilitation .................
8.7.4 Loss of Habitat, Particularly Exposed Coastal Fringes .. ...
ConCIUSIONS . o v v vt ittt it it it e e e
8.8.1 Listing of Major New Findings ......................
8.8.2 Suggestions for Future Studies of Large Oil Spills ........
Acknowledgments . .......... ... it i

9 Patterns of Damage and Recovery from a Major Oil Spill: the
Mangrove Fringe and the Epibiota of Mangrove Roots ..............

9.1
9.2

9.3

ADSITACt . ..ottt e e e
Introduction ......... ... ... i e
9.2.1 The Importance of the Mangrove Fringe ...............
9.2.2 Review of Existing Knowledge .......................
9.2.3 Characteristics of Mangrove Fringe and Associated Epibiota
in Bahia Las Minas, Panama ........................
923.1 FringeStructure ............. ... . ...
9232 Physical Setting ............ ... . . i
9.23.3 Epibiotic Assemblages ................... ...
924 The Oil Spill ... ... i
Objectives, Rationale, and Design .........................
9.3.1 Introduction ........... ..ottt
932 Objectives .. vviti ittt e e



Xiv

9.4

9.5

9.6

9.3.3 Selectionof Study Sites . ............ it 554
9.3.3.1 Goals and Limitations ...................... 554
9.3.3.2 Habitat Definition and Site Selection ........... 556

9.34 Confounding Effects .............. ... it 558
034.1 OpenCoast . .....cvviiiniiiiiii e 558
93.42 Channelsand Lagoons ...................... 560
9343 Drainage Streams ...........c.c. i 563
9.3.4.4 Matching of Sites Sampled Before and After the

Spill .. 564

9.3.5 Statistical Analyses ........... it 565

Oilingand Reoiling .. ....... ..ot 566

9.4.1 Introduction, Rationale,and Design . . ................. 566

9.4.2 Materials and Methods ............... ... . . 567

943 Results ......oiirittiiinniiiineeeeennaaeneans 568
9.4.3.1 Qualitative Field Observations ................ 568
9.4.3.2 Quantitative Measures of Oiling . . ............. 568
9433 Presence of Oil Slicks ...................... 589
9.43.4 Sources of Oil Recorded as Secondary Oiling . .. .. 589

944 SUMMATY ...t vv vttt tennnnaeressesennnnnnnnns 594

Components of Research ... ......... ... it 597

9.5.1 Introduction and Rationale ......................... 597

9.5.2 The Mangrove Fringe as Substratum .................. 598
9.5.2.1 Materials and Methods ..................... 598
0522 Results ..vuiiiinniiiiii i iiiiiiiiiann 600
9.5.2.3 Summary and Discussion .................... 645

9.5.3 Abundance and Vertical Distribution of Epibiota . ........ 647
9.5.3.1 Materials and Methods ..................... 649
9532 Results ...t 652
9.5.3.3 Summary and Discussion .................... 765

9.5.4 Studies on Mytilopsis sallei . ......................... 773
9.5.4.1 Materials and Methods ..................... 773
9542 Results . ... 775
9543 SUMMATY .. .oiiiiiiiiiiinnaenaaeneeeens. 779

9.5.5 Salinity Tolerances in Estuarine Molluscs and Barnacles ... 780
9.5.5.1 Materials and Methods ..................... 781
9552 Results ....ovviiiiiiiii i, 781
9553 SUMMATY ... .ooviit it iiiiiiinaeeeenennns 782

DISCUSSION & . oottt et 783

9.6.1 Value of Bahia Las Minas Study Relative to Other Work .. 783

9.6.2 Applicabilityof Results ............... ... . ... 787

9.6.3 Immediate Effects of Oiling — August 1986-May 1987 .. ... 788

9.6.4 Long-term Oil Effects and Recovery, August 1987-May
1991 ... e 789



10

11

9.6.5 Some Suggestions for Prevention of Damage to the

Mangrove Fringe from Oil Spills . .................... 791

9.7 Acknowledgments .............. ittt 792
Effects of the 1986 Bahfa Las Minas, Panama, Oil Spill on Plants and

Animals in Seagrass Communities ......cc000iiiertcsrcecennces 793

10.1 ADBSIIact . ... .oiiiiit ittt i e 793

102 Introduction ...........c.oetitiiiiinnnnerernnannnnnnes 794

10.2.1 Physical Structure ..........c.oitiiiiiiiiiian 794

10.2.2 Ecological Role and Biota . ......................... 794

10.2.3 Literature Review .............ccoiiiiiiiineennnn. 797

10.3 Objectives, Rationale, and Design . ........................ 799

10.3.1 OVEIVIEW . o v oot ettt et ettt it iiieaasenaaaeeeeans 799

10.3.2 Confounding Effects ................. ... ... ... ... 799

1033 Study Sites . ... .ot e 800

104 OilingandReoiling . ........ ... i 800

105 Componentsof Research ................... .. ... .. ...... 804

10.5.1 Plant Biomass .........c.coviiiviinnininnnnennnn. 804

10.5.1.1 Methods and Materials ..................... 804

105.1.2 Results ..........c0iiiiiiiiiiinnennnenn.. 804

10.5.1.3 Discussion . .......c.c.cuvieeiinnennnnnn 808

10.5.2 Shoreward Margins of Seagrass Beds .................. 809

10.5.2.1 Methods and Materials ..................... 809

10522 Results ........ ..., 809

10.5.2.3 Discussion and Summary .................... 809

10.5.3 Infaunal (Core) Sampling ............ ... ... ... 811

10.5.3.1 Methods and Materials ..................... 811

10532 Results ..., i 811

10.5.3.3 Discussion and Summary .................... 813

10.5.4 Epifaunal (Push Net) Sampling ...................... 816

10.5.4.1 Methods and Materials ..................... 816

10542 Results .........c it 816

10.5.4.3 Discussion and Summary .................... 821

10.6 Discussion, Conclusions, and Recommendations . .............. 830

10.7 Acknowledgments ........... .00ttt 831

Conclusions .....ccoviietieeieenececcsssosnssssecasssssnssns 833

11.1 The Bahia Las Minas Ecosystem .......................... 833

11.2 Fate of the Spilled Oil and Environmental Damage ............ 833

11.2.1 Pattern of Oiling and Methods of Assessment ........... 833

11.2.2 Characterization, Persistence, Degradation, and Release of
Oil from the 1986 Spill .......... ... ... ... .. ... 834



11.2.3 Sentinel Organisms . ..........oeeeeeeeerneneennns 835
11.3 Major Biological Effects and Their Persistence ............... 836
11.3.1 A Model of the Chain Reaction of Habitat Loss and
Biological Effects ............ ... .o, 836
1132 Reef Flats . ... vv vttt e e e 837
1133 Reef Corals . ..o vv v ittt i 838
1134 Mangrove Forests ........... ..., 839
11.3.5 Mangrove Fringe and the Epibiota of Mangrove Roots .... 839
113.6 Seagrass Beds . ........ ... 840
114 Processes of Repopulation (Recovery) ............ ... vt 840
11.4.1 Recruitment and Growth Potential ................... 841
11.4.2 Modes of Reproduction and Dispersal ................. 842
11.4.3 Alternative Communities . ............cveeueeeneen. 844
11.4.4 Cleanups and Restoration ................. ... ... ... 844
11.5 Recommendations for Future Studies ...................... 845
11.5.1 Importance of Scale of Observations .................. 845
11.5.2 Importance of Initial Damage Assessment .............. 846
11.5.3 Exploitation of Basic Biological Knowledge Versus the
"Black-box Syndrome” ......... ... 846
11.5.4 Retrospective Analysis . . ........c.v i 847
11.5.5 Modeling Different Scenarios ....................... 847
11.5.6 Coupling Laboratory Experiments with Field Studies ... ... 849
11.5.7 Comparisons and Interpretations ..................... 849
1.6 Responsesto Oil Spills .......... ... ..o i, 849
11.7 Acknowledgments .......... ...t 850
Literature Cited . . ..o v v ittt ettt ettt s 851
Appendix A. Oil Spills in Tropical Seas . ........... .. ... .cooinn. 897
Appendix B. Hydrocarbon Chemistry .. ......... ..., 905
Appendix C. Subtidal Reef Corals ........... ... ... .o, 939
Appendix D. Mangrove Forests ............. .. i 955
Appendix Abstract and Description D.1 ..................... 989

Appendix E. The Mangrove Fringe and the Epibiota of Mangrove Roots ... 991

Appendix F. Seagrass Communities .. ........... ...t 1009



Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

1.1
1.2
13
14

15
2.1

22

23

24

2.5

2.6

2.7

28

31

32

3.3

3.4

3.5
3.6

3.7
3.8

xvii

Figures

Past oil spills and potential sources of oiling in the Caribbean . ..
Region of Panama affected by the 1986 oil spill .. ............
Size frequency of recent oil spills from tankers in the tropics . . ..
Map of Bahia Las Minas depicting the approximate distribution

of heaviest oiling and moderate oiling ....................
Distribution of study sites . .......... ... ... i
Schematic cross sections of the wave-exposed outer coast of the
central Caribbean coast of Panama ......................
Monthly water level, rainfall, and wind speed above the Punta
Galetareefflat. . .......... ... i
Seasonal patterns of hydrographic and meteorological
conditions at Punta Galeta ............................
Physical environmental data at Punta Galeta during the 1986 oil
SPIll . . e e e
Oil being flushed out of a stream channel in Bahia Las Minas,
July 1986, about 2.5 mo after the oil spill . .................
Hours per month that outer coast habitats at Punta Galeta were
exposed to the combinations of onshore winds and water levels
specified for Conditions Aand Binthetext................
Lagged average rainfall at Punta Galeta, January 1974-June
1991 L. e
Rainfall conditions affecting stream discharge during the 1986
Bahia Las Minas oil spill .............. .. ... .. ......
Regression of the log of the concentration of oil in mangrove
sediments (ug oil/g sediment dry weight) determined by UVF
and GCmethods .......... ... . i,
Regression of the log of the concentration of oil in mangrove
sediments determined by UVF and the concentration of total
PAHs determined by GC/MS; log(ug oil/g sediment dry
weight) for UVF and log(ng oil/g sediment dry weight) for
PAHS . ... e e
Regression of the log of the concentration of oil in mangrove
bivalves (ug oil/mg EOM) determined by UVF and GC ......
Regression of the log of the concentration of oil in mangrove
bivalves determined by UVF and the concentration of total
PAHs determined by GC/MS; log(ug oil/mg EOM) for UVF
and log(ng oil/mg EOM) for PAHs ......................
Map of sampling sites, September 1986 ...................
Gas chromatograms of sediments collected in 1986, 6 mo after
theoil spill ...... ... . i
Examples of synchronous excitation/emission UVF spectra

Gas chromatograms of saturated hydrocarbons ..............



Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

39

3.10

311

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

322

3.23

3.24

3.25

3.26

3.27

Regressions of oil content in coral reef sediments estimated by
UVF and GC-URE for each year of sampling ..............
Gas chromatograms (with FID) of saturated hydrocarbons in
coral tissues in 1986 . .......... ... . ..o
Gas chromatograms through time of seagrass sediments at
LRS . e
Gas chromatograms of the spilled oil, oil oozing from mangrove
sediments 3.5 yr postspill, and the extensive alteration of
patterns due to weathering of oil recoating mangrove roots 2.5
yrpostspill . ... ...
Synchronous excitation/emission UVF spectra of the spilled oil

in mangrove sediments showing pattern retention despite the
extensive weathering apparent by GC analysis ..............
GC/MS selected-ion-monitoring traces of ion 191 used for
triterpane biomarkers of fresh and weathered VMIC .........
Regression of the amount of oil oozing from mangrove
sediments in 1991 determined by UVFand GC .............
Gas chromatograms of oil oozing from mangrove core holes in
June 1991 . ... e
Gas chromatograms of oil in mangrove sediments ..........
Content of individual parent and alkyl-substituted PAHs in
fresh VMIC and ooze oils from mangrove sediments in 1990
and 1991 ... ... e
GC/MS selected-ion-monitoring traces of ion 191 used for
triterpane biomarkers of VMIC in mangrove sediments . .....
Average proportion of dead mangrove roots in cores related to
sedimentoilload ............ ... ... ... ... ... .. ...
Microtox EC,, values from solid-phase assay of mangrove
sediments . ... ...ttt e
Concentration of oil in false mussels and oysters as averages of
replicate sites ........... . i .
Uptake of oil into bivalves transplanted from an unoiled site to
anoiledsiteinMay 1991 ................ ... ... .. ...
Gas chromatograms of saturated hydrocarbons in false mussels,
oysters, and barnacles collected in December 1988 . .........
Synchronous excitation/emission UVF spectra of aromatic
hydrocarbons in false mussels compared to those in sediments

at RO3 and to trace fuel-oil residues at an unoiled site ......
Composition of individual PAHs in 0-2 and 8-10 cm core
sections, 1989 and 1990 averaged, and average composition of
PAHs in bivalves at the stream and channel sites indicated

Data in Figure 3.26 plotted as regressions of sediment content
and organism content ..............c..0.iiiieeeenaaann.



Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3.28

329
3.30

3.31

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

Gas chromatograms of hydrocarbons in coral reef sediments,

1990 ... et e 122
Relative distribution of individual PAHs in three crude oils ... 125
GC/MS selected-ion-monitoring traces of ion 191 used for

triterpane biomarkers of different crude oils .............. 126

Analytical quality control chart showing results of GC analysis
of saturated petroleum hydrocarbons in reference oyster sample
Ma-K-1 .. e 130
Schematic profile of a fringing reef flat in Bahfa Las Minas ... 133
Zonation map of the reef flat at Punta Galeta showing the
spatial distribution of the principal biota ................. 134
Principal species and groups of species of sessile biota on the
reef flat at Punta Galeta, as determined by the CONSURV

surveys of the whole reef flat (1981-1982) ................ 135
Map of the central Caribbean coast of the Republic of Panama,
shown as increasing enlargements. ...................... 140

Monthly averages and yearly totals in the number of hours the
reef flat at Punta Galeta was exposed above water level during
the daytime (0800-1800) ........... ... . ..., 144
Hourly water levels over the reef flat at Punta Galeta in 1986 . 150
Aerial photograph of Punta Galeta during the 1986 Bahia Las
Minas oil spill, showing the accumulation of oil along the

scaward edge of thereefflat .......................... 151
Aerial photograph of oil streaming over the crest of the reef flat
at Largo Remo during arisingtide ..................... 152
Topographic profile of the seaward edge of the reef flat at
PuntaGaleta . ......... .. ... i, 153
Map of the reef flat at Punta Galeta showing the positions of
the 10 REDGE and urchin-monitoring transects ........... 155
Seasonality in spatial cover of algae and sessile invertebrates on
the seaward portion of the reef flat at Punta Galeta ......... 159
Percent cover of macroalgae in the coralline and Laurencia
zones at Punta Galeta, 1970-1990 ...................... 165
Percent cover of all sessile invertebrates in the coralline and
Laurencia zones at Punta Galeta, 1970-1990 . . ............. 166

Percent cover of the calcareous green alga Halimeda opuntia in
the coralline and Laurencia zones at Punta Galeta, 1970-1990 . 167
Percent cover of the fleshy red alga Laurencia papillosa in the

coralline and Laurencia zones at Punta Galeta, 1970-1990 .... 168
Percent cover of crustose coralline algae in the coralline and
Laurencia zones at Punta Galeta, 1970-1990 . .............. 169

Percent cover of the zoanthids Palythoa spp. in the coralline
and Laurencia zones at Punta Galeta, 1970-1990 ........... 170



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

428

4.29

4.30

431

4.32

4.33

4.34

Percent cover of the zoanthid Zoanthus sociatus in the coralline
and Laurencia zones at Punta Galeta, 1970-1990 ...........
Percent cover of all stony corals in the coralline and Laurencia
zones at Punta Galeta, 1970-1990 ......................
Prespill-postspill changes in the percent cover and zonation of
all macrospecies and microalgae on the reef flat at Punta
Galeta, plotted by meter interval from the seaward edge of the
reefflat . ... ... e
Prespill-postspill changes in the percent cover and zonation of
Laurencia papillosa on the reef flat at Punta Galeta, plotted by
meter interval from the seaward edge of the reef flat ........
Prespill-postspill changes in the percent cover and zonation of
Palythoa caribaeorum and Zoanthus sociatus on the reef flat at
Punta Galeta, plotted by meter interval from the seaward edge
ofthereefflat ............. ... i,
Prespill-postspill changes in the percent cover and zonation of
stony corals and crustose coralline algae on the reef flat at
Punta Galeta, plotted by meter interval from the seaward edge
ofthereefflat .......... ..o,
Zonation of microalgae in the REDGE transects compared by
3 11 =
Zonation of percent cover of fleshy macroalgae in the REDGE
transects compared by sites . ...... ..o oo i
Zonation of percent cover of Laurencia papillosa in the
REDGE transects compared by sites . . ..................
Zonation of percent cover of all stony corals in the REDGE
transects compared by sites . ....... ... .
Zonation of percent cover of crustose coralline algae in the
REDGE transects compared by sites .. ..................
Zonation of percent cover of Halimeda opuntia in the REDGE
transects compared by sites . ....... ... o o
Diagram of method of transect sampling used to monitor sea
urchin populations . ......... ... oo,
Seasonal patterns of variation of sea urchin populations in the
three permanent transects on the reef flat at Punta Galeta . . ..
Monthly population densities of sea urchin populations in the
reef edge transect at Punta Galeta, 1977-1991 .............
Monthly population densities of sea urchin populations in the
Thalassia transect at Punta Galeta, 1972-1991 .............
Monthly population densities of sea urchin populations in the
rubble transect at Punta Galeta, 1971-1991 ...............



Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

4.35

4.36

4.37
4.38
4.39

440
4.41

4.42
443

4.44

51
5.2
5.3
54
5.5
5.6
5.7
5.8
59
5.10

5.11
5.12
5.13
5.14

5.15

The relationships between May and June populations of
Echinometra spp. during the 1986 oil spill compared with the
relationships between May and June populations of other
JEATS .« v vttt
Time series of changes in the populations of the sea urchin
Echinometra lucunter in each fixed 1-m? quadrat of the reef-
edge transect at Punta Galeta from 1977 through 1990 .......
Examination of spatial distributions of Echinometra lucunter
populations for evidence of migrations ...................
Intersite comparison of total populations of all species of sea
urchinsinall transects . ............ ...,
Intersite comparison of populations for each species of sea
urchinineach transect ..............................
Sampling scheme for the infauna of Laurencia papillosa beds . .
Populations of infauna of Laurencia papillosa turf compared by
oil condition of site, size class, and zone on the reef flats . .. ..
Summary comparisons of infaunal populations at oiled and
unoiled Sit€s ... ... . i
Population densities of infauna compared with percent cover of
algal turf . ... .. .
Prespill-postspill comparison of the average population densities
of the sea urchin Eucidaris tribuloides in the reef edge transect
atPuntaGaleta .......... ... i
Mapofstudysites ......... ...,
Composite diagram of the six reef flat zones ..............
High rubble zone, May 1989 .......... ... ... .........
Low rubble zone, May 1989 .. ...... ... ... ... ...
Sand zone, May 1989 . ....... ... ... . . ... i
Reefrock zone, May 1989 . ............... ... ... .. ....
Thalassia zone, May 1989 ............ ... ... .. ... ...
Laurencia zone, May 1989 ............ ... . . . ...
Tar ball in the reef rock zone, TPR, May 1988 ............
Total gastropod abundance and number of species in the high
rubblezone .......... ... .
Abundance of Littorina lineolata, L. angustior, Nodilittorina
tuberculata, Tectarius muricatus, and other gastropods combined
in the highrubblezone ..............................
Abundance of species of Littorina in the high rubble zone . ...
Abundance of Tectarius muricatus in the high rubble zone . ...
Total gastropod abundance and number of species in the low
rubble zone . ....... ... . i
Abundance of Planaxis nucleus, Littorina spp., L. lineolata,
Nerita spp., and other gastropods combined in the low rubble
/) 1 PP



xxii

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

5.16
5.17
5.18
5.19
5.20
5.21
522
6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

Abundance of species of Littorina in the low rubble zone ..... 275
Abundance of species of Nerita in the low rubble zone . . ... .. 276
Total gastropod abundance and number of species in the reef
TOCK ZOME .. ittt ettt ieeie e 278
Abundance of Littorina spp., Nerita spp., and other gastropods
combined in the reefrockzone ........................ 279
Abundance of species of Nerita in the reef rock zone ........ 280
Abundance of species of Littorina in the reef rock zone . ..... 281
Temporal changes in gastropod size frequency ............. 286
Typical stomatopod crustacean with major body parts and
appendages labeled ............. ... ... ... i, 295
Map of study sites used to survey effects of oiling on
gonodactylid stomatopods ............ ... ... ... ... ... 298

Percent of female Gonodactylus >30 mm in total length
reproductive (as indicated by well-developed cement glands) or

captured paired withmales ........................... 302
Size frequency of female, male, and juvenile Gonodactylus
bredini captured at MINAin 1983 ...................... 303
Postlarval recruitment of Gonodactylus at Isla Margarita
(MAR4), July 1979-December 1980 . .................... 304

Volume of cavities occupied by Gonodactylus in coral rubble .. 306
Percent of individuals in each size class of Gonodactylus
collected from Isla Largo Remo prespill in 1981 and postspill

IN1986 ...t e e 323
Relationship at LRN between the size of resident Gonodactylus
and the volume of the cavity occupied ................... 335
Relationship at LRW between the size of resident Gonodactylus
and the volume of the cavity occupied ................... 336
Relationship at MAR4 between the size of resident
Gonodactylus and the volume of the cavity occupied . ........ 336
Gonodactylus larger than 35 mm that were collected with
injuries in September (wet season), pre- and postspill .. ... ... 343
Gonodactylus larger than 35 mm that were collected with
injuries after the oil spill in February (dry season) .......... 344
Region affected by the 1986 oil spill shown as increasing
enlargements . . ........ .. i e e 364

Monthly average of sea surface salinity, temperature,
resuspended sediments, and suspended particulate matter
recorded from October 1987 to December 1991 in relation to
the degree of oiling (unoiled, moderate, and heavy) ......... 367
Yearly average of sea surface salinity, temperature, resuspended
sediments, and suspended particulate matter in relation to the
amount of oiling (unoiled and oiled). .................... 368



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

714

1.5

7.6

117

7.8

19

7.10

7.11

7.12

7.13

7.14

7.15

7.16

xxiii

Monthly average of total rainfall at Isla Payardi (oiled area)
and Portobelo (unoiled area) based on records from 1979 to

1991 L. et e e 370
Total rainfall each year of the study period (1985-1991) at Isla
Payard{ (oiled area) and Portobelo (unoiled area) .......... 371

Aerial photograph of oil slicks moving out of a partially
deforested mangrove area, and coastline erosion 3 yr after the
oil spill (by C. Hansen) ........... ... iiinnn. 378
Before (1985) and after (1986) comparison of mean coral cover
(per m?) of total scleractinians and the most important species
at the Galeta Marine Laboratory (GALC), a heavily oiled
(< 387
Changes through time in mean number and size of coral
colonies and percent cover of all coral species combined in
relation to the degree of oiling from the 1986 spill and depth
for four unoiled, one moderately oiled, and one heavily oiled
reefforallyears ........... ... ... il 388
Elkhorn coral (Acropora palmata) after the 1986 oil spill at
Galeta reef (fop) and in 1974, 12 yr before the spill (bottom,
courteyof D.Meyer) ...........oi i i i 389
Changes through time in average numbers of coral species per
m’ and Shannon-Wiener diversity per m* in relation to the
degree of oiling and depth for four unoiled, one moderately
oiled, and one heavily oiled reef for all years. ............. 391
Changes through time in mean number and size of coral
colonies and the percent cover of all coral species combined in
relation to the degree of oiling from the 1986 spill and depth. . 392
Changes through time in average numbers of coral species per
m? and Shannon-Wiener diversity per m? in relation to the
degree of oilingand depth. ............... ... ... ..., 393
Changes through time in mean percent cover per m” of all
major sessile organisms in relation to the degree of oiling from
the 1986 spill and depth for four unoiled, one moderately oiled,
and one heavily oiled reef for allyears. .................. 396
Changes through time in mean percent cover per m’ of all
major sessile organisms in relation to the degree of oiling from

the 1986 spilland depth. ........... ... ... ... ... ... 398
A Siderastrea siderea colony showing recent injury at Punta
Muertoreef . ........ ... i i 401

Frequency of recent injury for three species of massive corals
by depth, and in relation to the degree of oiling at 12 reefs
(four unoiled, two moderately oiled, and six heavily oiled) .... 402



XXiv

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

717

7.18

7.19

7.20

7.21

722

723

7.24

7.25

7.26

7127

7.28

7.29

7.30

7.31

Changes through time in the percentage of recently injured
corals in relation to the degree of oiling and depth (0.5-1 m)
from August 1986 to March 1991 .. .....................
Changes through time in the percentage of recently injured
corals in relation to the degree of oiling and depth (1-2 m) from
August 1986 toMarch 1991 ........... .. ... . Lt
Changes through time (August 1986 to March 1991) in the total
number of colonies of all three species combined in relation to
degree of oiling (only unoiled and heavily oiled reefs) .......
Colony size-class distribution of the total number of colonies of
all three species combined over time for each degree of
oilling ........ ... e e
Relationship between percent of colonies injured and oil
concentration in reef sediments during 1986, 1988, and 1990 for
Siderastrea siderea, Porites astreoides, and Diploria clivosa . . . ..
Percent regeneration after 1 yr of S. siderea and P. astreoides . .
Percent survival after 1 yr of artificially injured colonies of S.
siderea and P. astreoides at unoiled and heavily oiled reefs . ...
X-ray photograph of corals showing growth bands in all four
species used: I = Montastrea annularis; 2 = Diploria strigosa;
3 = Porites astreoides; and 4 = Siderastrea siderea . ..........
Changes in average mean annual growth rates over 10 yr for
four species of corals at 11 reefs grouped by exposure to oil
during the 1986 spill ........... ... i
Mean growth and SE of four species of corals in 1986 relative
to their mean annual growth during the 9 previous yr and
exposure to oil during the 1986 spill . .. ..................
Growth average and 1 SE of two species of corals 3 yr before
the oil spill (1983-1985) compared to 3 yr afterward (1986-1988)
in relation to exposure to oil during the 1986 oil spill .. ... ...
Linear growth rates of Siderastrea siderea, Porites astreoides,
Montastrea annularis, and Diploria strigosa vs. oil concentration
in reef sediments during the year of the spill, and 1988 (only
the two former species) . ...........co i
Linear growth rate of Siderastrea siderea vs. 0il concentration in
coral tissues during the year of the spill (1986) and 1988 ... ..
Percentage of reproductive colonies of Siderastrea siderea from
August 1989 to November 1990 in relation to the degree of
olling ...... . .
Reproductive cycle based on mean number of gonads per polyp
(10 polyps/colony; 10 colonies per reef; two reefs per oil
category) of Siderastrea siderea from August 1989 to November
1990 in relation to the amount of oiling . .................



Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

732

7.33

7.34

7.35
7.36
737
7.38

8.1

8.2
83

8.4
8.5
8.6
8.7

8.8

8.10

8.11

Number of female gonads per polyp for Siderastrea siderea at
individual reefs during the months of major reproductive
activity in 1989 and 1990 .......... .. ... . o i
Photomicrographs of histological preparations of Siderastrea
siderea tissue showing cross sections of female gonads .......
Mean gonad area (and 1 SE) of Siderastrea siderea during the
3 mo of maximum reproductive activity in 1989 and 1990 in
relation to the degree of oiling ........................
Mean number of recruits (all scleractinians combined) per m?
at unoiled and oiled sites . . .......... ... .. ... . ...
Mean number of recruits per m? for all coral species observed
at unoiled and heavilyoiledreefs . . . ....................
Relative abundance of four species of sea urchins in relation to
the degree of oiling ................. ... ... ...
Relative abundance of three families of reef fishes in relation
to the degree of 0111ng ...............................
Photographs taken in 1991 show major structural aspects of
fringing mangrove forests, dominated by Rhizophora mangle, at
BahfalasMinas ........... ...
Mapofthestudyarea ................. ... ... . ...,
Schematic diagram depicting the primary and secondary effects
of a large oil spill on mangrove forests, and the major paths to
either recovery or permanent loss of habitat ..............
Photographs taken in 1991 show recovery following light-gap
creation in Rhizophora mangle forests at Bahia Las Minas . ...
Diagram of a Rhizophora seedling with a portion of the stem
magnified to show the nodes and the hypocotyl ............
Map of sites used for demographic studies of Rhizophora
mangle seedling assemblages growing in 1986 oil gaps .......
Map of the 26 sites used chiefly for litter fall and shoot
Studies . ... e
Schematic diagram showing derived parameters, using shoot
observations, litter-fall data, and the allometric relationship for
leaf dry weight and green leafarea .....................
Seasonal variation of water salinity and temperature for oiled
and unoiled sites in exposed, sheltered, and river-fringe habitats,
July 1989 to July 1991 . ........ ... i
Seasonal variation of rainfall, air temperature, and solar
radiation at the Galeta Marine Laboratory, January 1989 to July
199 L.
Map of Bahia Las Minas showing outlines of the nine
vegetation maps drawn from aerial photographs to show
mangrove forests and the deforestation caused by oiling from
the refinery spill in 1986 and the tanker Witwater in 1968 . . . ..



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8.12

8.13

8.14

8.15

8.16

8.17

8.18

8.19

8.20

8.21

8.22

8.23

8.24

Map, based chiefly on 1990 aerial photographs, showing major
oil-deforestation patterns in mangrove forests following the 1986
refinery spill ...... ... .. i
Map, based chiefly on 1973 aerial photographs, showing major
oil-deforestation patterns in mangrove forests following the 1968
Witwater spill . . .. ... ... 0 i i
Annual means and ranges of monthly records of salinity at all
sites, which provided a basis for categorization of sites on
exposed open coasts, sheltered channels, and riverine streams .
Density of living seedlings and frequency of dead seedlings at
shelteredsites .........oiiiiiiiiiiiiiiiiiiiiien.
Mean length and width of Rhizophora mangle green leaves from
unoiled and oiled sites in three fringe habitats of the study
Y (<X P
Mean area of Rhizophora mangle green leaves and mean annual
water salinity at unoiled and oiled sites in three fringe habitats
ofthestudyarea ................ ... i,
Mean density (weight/size) of Rhizophora mangle green leaves
and mean annual water salinity at unoiled and oiled sites in
three fringe habitats of the studyarea ...................
Mean number of leaves and stipules in monthly litter fall of
Rhizophora mangle trees at unoiled and oiled sites in three
fringe habitats of the study area, 1989 t0 1990 .............
Mean number of new leaves and fallen leaves in monthly shoot
observations of Rhizophora mangle trees at unoiled and oiled
sites in two fringe habitats of the study area during 2 yr, 1989
t0 1991 L e
Mean number of eight types of reproductive parts in monthly
litter fall of Rhizophora mangle trees at unoiled and oiled sites
in three fringe habitats of the study area, 1989 to 1990 . ... ...
Mean annual estimates of leaves per shoot from shoot
observations of Rhizophora mangle trees at unoiled and oiled
sites in exposed open coast and sheltered channel habitats of
the study area for 2 yr, 1989-1990 and 1990-1991 ...........
Mean annual canopy turnover (standing crop/annual
production) of Rhizophora mangle trees vs. the mean
concentration of oil in sediments (UVF; see Burns, Chap. 3)
during 1989-1990 .. ... ... . i i e e
Mean annual number of leaves per shoot of Rhizophora mangle
trees vs. the mean concentration (square-root transformation)
of oil in sediments (UVF; see Burns, Chap. 3) during 1989-
1990 ... e e



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8.25

8.26

8.27

8.28

8.29

8.30

8.31

8.32

8.33

8.34

8.35

8.36

8.37

8.38

Histograms of canopy-position classes of Rhizophora mangle
leafy shoots with respect to annual means of leaves per shoot
and leaf production as numbers of leaves per 100 shoots per

Mean annual estimate of canopy leaf area (LAI) of Rhizophora
mangle trees vs. mean annual water salinity during 1989-1990 . .
Mean annual estimate of leaf biomass of Rhizophora mangle
trees vs. the mean concentration (square-root transformation)
of oil in sediments (UVF; see Burns, Chap. 3) during 1989-
1990 ... e
Sequences of internodal extension by node position for four
natural recruits of Rhizophora mangle in Bahia Las Minas . ...
Node production rate and height increase during 1 yr, 1989-
1990, for 216 natural recruits of Rhizophora mangle growing in
natural light gapsoroilgaps ................ ... ... .....
Height classes and mean densities of Rhizophora mangle
seedlings (cum saplings) at exposed and sheltered sites scored
in April 1990 and June 1991 ............... ... .. .. ...,
Node classes and mean densities of Rhizophora mangle
seedlings (cum saplings) at exposed and sheltered sites scored
in April 1990 and June 1991 ........... ... ...,
Node classes and mean total above-ground biomass of
Rhizophora mangle seedlings (cum saplings) at exposed and
sheltered sites scored in April 1990 and June 1991 ..........
Mean height of Rhizophora mangle plants at sheltered sites
scored in April 1990 and June 1991 vs. the mean concentration
of oil in sediments (UVF; see Burns, Chap. 3) in July 1990 . ..
Node classes and mean densities of Rhizophora mangle
seedlings (cum saplings) at exposed and sheltered sites of no
planting (see Fig. 8.31) and planted sites scored in April 1990
andJune 1991 . ... ... . ...
Height classes and mean densities of Rhizophora mangle
seedlings (cum saplings) at exposed and sheltered sites of no
planting (see Fig. 8.30) and planted sites scored in April 1990
andJune 1991 ........ ... .. e
Comparisons of estimated leaf biomass (t/ha) with density (a)
and height (b) of Rhizophora mangle plants at planted and not-
planted sites in exposed and sheltered oil gaps . ............
Height classes and mean densities of Rhizophora mangle plants
(seedlings and trees) at exposed and sheltered Witwater oil-gap
sites scored in September 1991 ........................
Node classes and mean densities of Rhizophora mangle plants
at exposed and sheltered Witwater oil-gap sites scored in
September 1991 . .. ... ... . . e

xXxvii

509

511



xXxviii

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

8.39
8.40
841

8.42

8.43

8.44

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10
9.11
9.12
9.13
9.14
9.15
9.16
9.17
9.18
9.19
9.20
9.21
9.22
9.23

Four trees of Rhizophora mangle, approximately 12 m tall, were
sampled from an apparently single-aged stand approximately 10
yrold ... ... e 519
Photographs taken in 1991 show oil-gap damage and recovery
of sheltered mangrove forests in Bahia Las Minas following the
1986 refinery spill ......... . ... .. i, 523
Photographs taken in 1991-1992 show the oil-gap damage and
condition of exposed mangrove forests at Bahia Las Minas
following the 1986 refinery spill ........................ 525
Mean girth and density of Rhizophora mangle plants from
refinery oil gaps, Witwater oil gaps, and mature trees, showing
the correspondence of these plants in Panama with those in
Puerto Rico (regression line; see text) ................... 527
Mean leaf biomass and age of Rhizophora mangle plants from
refinery and Witwater oil gaps, showing a trend toward an upper
level found in unoiled mature forests in exposed and sheltered
habitats . ...... ... i 528
Mean total above-ground biomass and age of Rhizophora
mangle plants from refinery and Witwater oil gaps showing a
linear trend toward higher amounts in progressively older

stands ... ... i e 530
Topography of the outer fringe ........................ 539
Open coast: Rhizophora fringe . ........................ 540
Channels and lagoons: Rhizophora fringe ................. 541
Drainage stream: Rhizophora fringe ..................... 542
Map of study area andsites . ............... ..ot 543
Open coast fringing roots and epibiota . .. ................ 549
Open coast fringing root, submerged tip . . ................ 550
Channels and lagoons: fringe and epibiota ................ 551
Unoiled drainage streams: fringing roots and epibiota ....... 552
Unoiled drainage streams, submerged view of roots ......... 553
Water temperature and salinity ........................ 559
Water transparency . ... ...oeovvevvnennneneennnneennnns 561
Watermovement . ...ttt 562
Oil on roots immediately after the spill .................. 569
Oil onroots 1 yr after the spill ........................ 570
Oil onroots 2 yr after the spill ........................ 571
Oil and root condition 2 yr afterthe spill ................. 572
Oilonroots 3yrafterthespill ........................ 573
Residual oil slick 3 yr afterthe spill . .................... 574
Residual oil slick Syr afterthespill . .................... 575
Bands of residual oil stranded on mangrove roots .......... 577
Oil onroots 4 yr afterthe spill ........................ 579

Oil onroots Syr afterthespill ........................ 580



Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

9.24
9.25

9.26
9.27

9.28
9.29
9.30

9.31
9.32
9.33
9.34
9.35
9.36
9.37
9.38
9.39
9.40
941
9.42
9.43
9.44
9.45
9.46
9.47
9.48
9.49
9.50
9.51
9.52
9.53
9.54
9.55
9.56
9.57
9.58
9.59
9.60
9.61
9.62

Xxix

Temporal patterns of oiling on open coast roots and dowels . .. 582
Patterns of oiling with depth in yr 3, 4, and 5 on open coast,

random-CeNSUS TOOLS . . ..ottt n vt eennneennnnnns 583
Temporal patterns of oiling on channel roots and dowels . . ... 585
Patterns of oiling with depth in yr 3, 4, and S postspill on

random-census roots in channels and lagoons .............. 586
Oil abundance, occurrence, and vertical distribution in a

secondarily oiled channel .. .............. ... . . 588
Temporal patterns of oiling on roots and dowels in drainage

]9 =19 111 590
Patterns of oiling with depth in yr 3, 4, and 5 postspill on

random-census roots in drainage streams ................. 591
Large iridescent oil slick .............. ... ... .. ... ... 592
Oil in sediment cores 3-5 yr after the spill ................ 593
Oil in open coast sediments 5 yr afteroiling .............. 595
Oil in decaying, embedded mangrove roots ............... 596
Variation in root condition ................. ... ... ... 601
Root growth . ......... ... .. .. ., 605
Damage by drift logs to fringing Rhizophora roots .......... 608
Machete damage to fringing Rhizophora . . ... ............. 609
Oiled, open coast fringe immediately after the spill ......... 610
Oiled, open coast fringe 1 yr after the spill ............... 611
Oiled, open coast fringe 2 yr after the spill ............... 612
Oiled, open coast fringe 3 yr after the spill ............... 613
Oiled, open coast fringe 4 yr after the spill ............... 614
Oiled, open coast fringe S yr after the spill ............... 615
Oiled channel fringe immediately after the spill ............ 616
Oiled channel fringe 1.5 yr after the spill ................. 617
Oiled channel fringe 2 yr afterthe spill .................. 618
Oiled channel fringe 3 yr after the spill .................. 619
Oiled channel fringe 4 yr after the spill .................. 620
Oiled channel fringe S yr after the spill .................. 621
Oiled stream immediately after the spill . . ................ 622
Oiled stream fringe 1 yr after the spill ................... 623
Oiled stream fringe 2 yr after the spill ................... 624
Oiled stream fringe 3 yr after the spill ................... 625
Oiled stream fringe 4 yr afterthe spill ................... 626
Oiled stream fringe S.Syr afterthespill . ................. 627
Root length of sampled roots, opencoast . ................ 629
Root length of sampled roots, channels and lagoons . ........ 630
Root length of sampled roots, drainage streams ............ 631
Relative abundance of dead roots on the open coast ........ 637
Relative abundance of dead roots in channels and lagoons . ... 638

Relative abundance of dead roots in drainage streams ....... 639



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

9.63
9.64
9.65
9.66
9.67
9.68
9.69
9.70
9.7
9.72
9.73
9.74
9.75

9.76
9.77

9.78
9.79

9.80
9.81
9.82
9.83
9.84
9.85

9.86

9.87

Transmission of light torootlevel ......................
Reduction of oiled fringing habitat after Syr ..............
Percent dead fringe in May 1991 versus two measures of
olling ........ . . i
Survival of outer Rhizophora fringe following oiling .........
Recruitment dowel in position ....................o...
Patterns of foliose algal abundance on roots on the open
COBSE & v vt v v veeeeete et innat e
Patterns of crustose algal abundance on roots on the open
COBSE .« o v vttt iiieee et iiaee e
Patterns of blue-green algal abundance on roots on the open
o ]
Patterns of abundance of sessile invertebrates on roots on the
0] 07 ¢ T 0 T ) PP
Patterns of abundance of arborescent hydroids and bryozoans
onrootsontheopencoast .................ciiuunnnn
Patterns of barnacle abundance on roots on the open coast . .
Patterns of sponge abundance on roots on the open coast . ...
Changes in abundance of sessile invertebrate groups over time
ontheopencoast ........... .. i,
Patterns of diatom abundance on roots on the open coast .. ..
Patterns of abundance of bare space on roots on the open
0 1]
Species richness of foliose algae on the opencoast...........
Mean number of species of foliose algae on roots on the open
40 T 1)
Algal species richness vs. percent cover of algae on randomly
censused roots on the opencoast .......................
Vertical distribution of foliose algae in yr 3, 4, and S postspill
on open coast, random-census TOOtS . . ... .oovvveeee e ..
Patterns of abundance of fleshy crustose algae on roots on the
0] 03 1 T T 1]
Patterns of abundance of crustose coralline algae on roots on
theopencoast ........ ... i,
Patterns of abundance of bleached crustose coralline algae on
rootsonthe opencoast ...........c. i
Vertical distribution of crustose algae in yr 3, 4, and 5 postspill
on open coast, random-Census TOOLS . .. ..o v vvnveeeeo..
Vertical distribution of blue-green algae (BGA), diatoms, and
bare space in yr 3, 4, and S postspill on open coast, random-
CENMSUS TOOLS .+ vt v vttt e e inete et innnneeeeeennnn
Vertical distribution of sessile invertebrates in yr 3, 4, and S
postspill on open coast, random-census roots . .............



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

9.88
9.89
9.90
9.91
9.92
9.93

9.94
9.95

9.96
9.97
9.98
9.99
9.100
9.101
9.102
9.103
9.104
9.105

9.106
9.107

9.108
9.109
9.110
9.111

9.112

Algal species richness vs. percent cover of foliose algae on
community development roots on the open coast ...........
Open coast fringing roots 3 mo after oiling ...............
Open coast fringing roots 1 yr afteroiling ................
Open coast fringing root 4 yr afteroiling .................
Open coast fringing root S yr afteroiling .................
Patterns of abundance of Crassostrea virginica on roots in
channelsandlagoons ................ ... i,
January 1981-June 1991 rainfallrecords ..................
Patterns of abundance of dead Crassostrea virginica on roots in
channelsandlagoons .................... ...t
Vertical distribution of live and dead Crassostrea in yr 3, 4, and
S postspill on random-census roots in channels .............
Patterns of abundance of Mytilopsis on roots in channels and
lagoons . ... ... e
Vertical distribution of other bivalve molluscs in yr 3, 4, and 5
postspill on random-census roots in channels ..............
Patterns of abundance of Brachidontes on roots in channels and
lagoons . ... e e
Patterns of abundance of Isognomon on roots in channels and
lagoons ........ .. . i e
Patterns of abundance of Balanus on roots in channels and
1agoomns . ... . e
Vertical distribution of Balanus improvisus in yr 3, 4, and 5
postspill on random-census roots in channels ..............
Patterns of abundance of foliose algae on roots in channels and
lagooms . ... i e
Patterns of algal species richness on roots in channels and
lagooms . ... ... i e
Algal species richness vs. percent cover of foliose algae on
randomly censused roots in channels ....................
Species richness of foliose algae inchannels . .. ............
Vertical distribution of foliose algae in yr 3, 4, and 5 postspill
on random-census roots in channels .....................
Patterns of abundance of sessile invertebrates on roots in
channelsand lagoons .............. ... i,
Patterns of abundance of tunicates on roots in channels and
lagoons . ... i e
Vertical distribution of sessile invertebrates in yr 3, 4, and $
postspill on random-census roots in channels ..............
Patterns of abundance of sponges on roots in channels and
lagooms . ... ... e e
Patterns of abundance of arborescent hydroids and bryozoans
on roots in channels and lagoons .......................



xxxii
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

9.113
9.114
9.115

9.116
9.117

9.118
9.119
9.120
9.121
9.122
9.123
9.124
9.125
9.126
9.127
9.128
9.129
9.130
9.131

9.132
9.133

9.134
9.135
9.136

9.137

Patterns of abundance of diatoms on roots in channels and
lagoons ........ .. . i e e
Vertical distribution of diatoms and bare space in yr 3, 4, and
5 postspill on random-census roots in channels . . ...........
Patterns of abundance of bare space on roots in channels and
lagoons ......... .. . . i e,
Community development root with epibiota . ..............
Algal species richness vs. percent cover of foliose algae on
community development roots in channels ................
Channel and lagoon fringing roots 3 mo after oiling .........
Channel and lagoon fringing root 1 yr after oiling ..........
Channel and lagoon fringe 3 yr after oiling ...............
Channel and lagoon fringing roots S yr after oiling ..........
Patterns of abundance of major groups on fringing Rhizophora
roots at an oiled (LRCW) and unoiled (LRCS) channel site . . .
Patterns of abundance of Mytilopsis sallei on roots of fringing
Rhizophora in drainage streams ................c0u0....
Vertical distribution of Mytilopsis sallei in yr 3, 4, and S postspill
on random-census roots in drainage streams . ..............
Patterns of abundance of barnacles on roots on fringing
Rhizophora in drainage Streams . ...........cooueunnnnn
Vertical distribution of Balanus improvisus in yr 3, 4, and $
postspill on random-census roots in drainage streams ........
Patterns of abundance of sessile invertebrates on fringing
Rhizophora roots in drainage streams . ...................
Vertical distribution of sessile invertebrates in yr 3, 4, and §
postspill on random-census roots in drainage streams ........
Patterns of abundance of foliose algae on fringing Rhizophora
roots in drainage streams . .. ........c.cuitrrnnereenn..
Patterns of algal species richness on roots on fringing
Rhizophora in drainage streams . ..............cccuun....
Algal species richness vs. percent cover of foliose algae on
randomly sampled roots in drainage streams ..............
Species richness of foliose algae in drainage streams ........
Vertical distribution of foliose algae in yr 3, 4, and 5 postspill
on random-census roots in drainage streams ...............
Patterns of abundance of blue-green algae on fringing
Rhizophora roots in drainage streams . ...................
Patterns of abundance of diatoms on fringing Rhizophora roots
indrainage streams ............. .. . i i i i
Vertical distribution of diatoms and bare space in yr 3, 4, and
S postspill on random-census roots in drainage streams ......
Patterns of abundance of bare space on fringing Rhizophora
roots in drainage streams . ............ ... .. o i,



Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

9.138
9.139
9.140

9.141
9.142
9.143
9.144
9.145
9.146
9.147
9.148
9.149
9.150
10.1

10.2

10.3

10.4
10.5

10.6

10.7

10.8

10.9
10.10

10.11

10.12

10.13

Pilot recruitment experiment results . . ................... 753
Recruitment patterns of Balanus in unoiled streams ......... 754
Algal species richness vs. percent cover of foliose algae on

community development roots in drainage streams .......... 755
Oiled stream roots 3 mo afteroiling .................... 756
Oiled stream root 1 yr afteroiling ...................... 757
Oiled stream roots 2 yr afteroiling ..................... 758
Oiled stream root S yr afteroiling ...................... 761
Mytilopsis settlement and survival experiments ............. 774
Mytilopsis transplant experiments: mortality ............... 776
Mytilopsis transplant experiments: settlement variation ....... 778
Settlement variation: size structure ................ .. ... 779
Mytilopsis transplant experiments: settlement attraction ...... 780
Salinity-tolerance experiments ................. .0 .0... 782
Map of the study area and researchsites ................. 795
Depth profiles of all oiled and unoiled study sites .......... 801
Total, total subsurface, and total blade biomass of Thalassia

testudinum and Syringodium filiforme combined ... .......... 805
Biomass of Thalassia testudinum and Syringodium filiforme

blades and subsurface tissues .............. . ... 00 . 806
Biomass of all algae combined, fleshy algae, and calcareous

algae ... e e e e 807

Position of the shoreward margin of seagrass beds relative to
permanent marker posts, the zero line, put in place during July
< 810
Total count of invertebrates except polychaetes and of
echinoderms in core samples, September 1986 through January
1989 . 813
Density of amphipods, tanaids, isopods, cumaceans, sipunculids,
and ophiuroids in core samples, September 1986 through

January 1989 ... ... . 814
Density of gastropods, bivalves, brachyurans, and hermit crabs
in core samples, September 1986 through January 1989 ...... 815
Total number of animals and echinoderms in push-net
collections, November 1986 through April 1988 ............ 818

Density of shrimp, tanaids, amphipods, gastropods, ophiuroids,
and fish in push-net collections, November 1986 through April

1088 . 820
Density of brachyurans and isopods in push-net collections,
November 1986 through April 1988 ..................... 821

Density of hermit crabs and mysids in push-net collections,
November 1986 through April 1988 ..................... 822



XXXiV

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

10.14

10.15

10.16

10.17

10.18

10.19

10.20

11.1

11.2

11.3

App. Fig.

App. Fig.

App. Fig.

App. Fig.

App. Fig.

App. Fig.

D.1

D.2

D3

D4

D.5

D.6

Density of Latreutes fucorum, Thor manningi, and Periclimenes
americanus in push-net collections, November 1986 through

APHl 1988 . . .ottt

Density of penaeids, alpheids, Sicyonia laevigata, and Palaemon
northropi in push-net collections, November 1986 through April

1988 . e

Density of Hippolyte zostericola and Latreutes parvulus in push-

net collections, November 1986 through April 1988 .........

Density (from push-net counts) of crustaceans with three major
reproductive patterns: (1) direct development, (2) partial

brooders, and (3) spawners (nonbrooders) ................

Reproductive patterns for two hippolytid shrimp (Hippolyte
zostericola and Latreutes fucorum) based on egg and ovarian

developmental stages described in Table 10.5 .. ............

Recruitment intensities for two hippolytid shrimp (Hippolyte

zostericola and Latreutes fucorum) ......................

Size distributions of two hippolytid shrimp (Hippolyte zostericola
and Latreutes fucorum), November 1986-January 1988, at oiled

and unoiled Sites . .. .o v it i e e

A model of the chain reaction of habitat and biological damage

due to the 1986 oil spill at Bahia Las Minas ..............

A model of the presumed cycle of repopulation of habitat-

structuring organisms and diminishing release of 0il .........

Models of habitat damage and recovery, showing the likely link

at the process of shoreline stabilization ..................

Map of Bahia Las Minas and vicinity, showing the series
of nine inset map outlines used in this treatment in two
series, for 1973 (App. Figs. D.2-D.10) and 1990 (App.

Figs. D.11-D.19) ... .. i

Map I from 1973 aerial photographs of Bahia Las Minas
(App. Fig. D.1), showing areas of deforestation and

change in local mangrove forests ..................

Map II from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation

and change in local mangrove forests . . .............

Map III from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation

and change in local mangrove forests . . .............

Map IV from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation

and change in local mangrove forests . ..............

Map V from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation

and change in local mangrove forests . . .............



App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

D.7

D.8

D.9

D.10

D.11

D.12

D.13

D.14

D.15

D.16

D.17

D.18

D.19

Map VI from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map VII from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map VIII from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map IX from 1973 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . ..............
Map I from 1990 aerial photographs of Bahia Las Minas
(App. Fig. D.1), showing areas of deforestation and
change in local mangrove forests ..................
Map II from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map III from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . ..............
Map IV from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . ..............
Map V from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map VI from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map VII from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map VIII from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............
Map IX from 1990 aerial photographs of Bahia Las
Minas (App. Fig. D.1), showing areas of deforestation
and change in local mangrove forests . . .............



Table 1.1

Table 1.2

Table 1.3
Table 1.4

Table 2.1

Table 3.1

Table 3.2

Table 3.3

Table 3.4
Table 3.5
Table 3.6
Table 3.7

Table 3.8
Table 3.9

Table 3.10
Table 3.11

Table 3.12

Table 3.13

Xxxvii

Tables

Principal habitat-structuring organisms and associated
consumers and other organisms studied, in order of their
presentationinthereport ............... ... i,
Comparisons of the environments of Bahia Las Minas and the
CostaArriba ........ ... ... . . e
Categories of environmental studies (from Green 1979) .......
List of study sites (alphabetical by acronym), degree of oiling,
and type of studyconducted . . ............ ... ... ... ...,
Estimates of lengths of periods (wk) when streams in the
vicinity of Bahia Las Minas would have low rates of freshwater
discharge . ........ ... i
Sampling design and plan to answer dose-response questions
using replicate oiled (O), moderately oiled (M), and unoiled (U)
SIS ..t e e
Oil content of surface sediments (0-2 cm) and core sections (0-5
cm) collected in 1986 (September, unless noted otherwise) by
UVF and GC analyses, sediment size composition, type of oil
based on UVF spectrum, and visual assessment of degree of
oiling (H = heavily; M = moderately; L = lightly; U = unoiled;
ND = no data; Nondet. = nondetectable) .................
Visual degree of oiling related to UVF oil equivalents in
surface sediments collected 6 mo after the Bahia Las Minas oil
spill (see Table 3.2) ........... ... it
Concentration of petroleum hydrocarbons in water samples
from two oiled mangrove sites .............. ... ... ... ...
Summary of oil content in coral reef sediments by year, showing
the visual classification of oiling of sites . ..................
Concentration of hydrocarbons in Siderastrea siderea in 1986,
expressed as mg/g lipid or protein . ......................
Concentration of petroleum hydrocarbons in coral tissues,
1986 . ... e e
Summary of oil content in Siderastrea siderea tissues by year . . ..
Summary lipid, concentration of oil by UVF, and GC-URE
determinations of the 1988/89 coral collection ..............
1990 coral collection: lipid and protein determinations of fresh
tissue samples . ..... .. i i i e e
Hydrocarbons in seagrass sediments determined by UVF and
GCanalyses ..........cciiiiiiiriiinn it
Summary UVF and GC-THC oil content as log(ug/g dry
weight) and total PAHs as log(ng/g dry weight) in mangrove
sediments ..............c. ittt
Oil content of mangrove sediments as measured by UVF



Xxxviii
Table 3.14

Table 3.15
Table 3.16

Table 3.17
Table 3.18

Table 3.19
Table 3.20
Table 3.21

Table 3.22

Table 3.23

Table 4.1

Table 4.2

Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 5.1
Table 5.2
Table 5.3

Table 5.4

Table 5.5

Oil content of mangrove sediments as measured by gas
chromatography . . .......... ... ittt
Sum of individual PAHs in mangrove sediments . ............
Individual PAHs in oil that oozed into mangrove core holes at
eachoiledsiteinMay 1991 . ..........................
Number of live and dead mangrove roots in sediment cores . ..
Mangrove organisms: oil content over time expressed as ug
oil/mg EOM based on UVF analysis ....................
Mangrove organisms: oil content over time expressed as ug
oil/mg EOM based on GC-URE analysis . . ...............
Mangrove organisms: PAH content over time expressed as ng
PAH/mg EOM based on GC/MS analysis ................
Regression equations for UVF (X) and GC (Y) determinations
of oil residues in bivalve tissues ........................
Content of volatile aromatics in the ethyl-benzene through
decyl-benzene elution range in the Venezuelan/Mexican
Isthmian Crude Oil and Sunniland Formation Crude Oil, for
COMPATISOI & o ittt ittt et ettt enennnnnns
Selected-ion-monitoring program (m/z ratios) used for
quantitative analyses of polynuclear aromatic hydrocarbons ...
Percent of hourly records having valid data for the combination
of water level, wind direction, and wind speed between 0800
and 1800, inclusive . ..........cuiiiii ittt
Comparisons of percent cover of sessile biota at the Punta
Galeta reef flat, as measured in the CONSURY surveys before
and after the 1986 oil spill ............................
Fisher LSD contrasts for biotic cover in the reef edge
(REDGE) transects at Punta Galeta (1983-1990) ...........
Expected conditions of wind and water level for the month of
December . ...... .o e e
The commercial value of crustaceans from the Gulf Coast of
Florida for 1987 and 1988 ............ ... ... ... ...
Modes of recruitment and recolonization contributing to the
recovery of benthic biota on reef flats after the Bahia Las
Minasoil spill ........ .. .. . i
Snail abundance by zone at Galeta Navy Reef, 1982-1983
Abundance of dead snails in high and low rubble zones at
GaletaNavyReef ...... ... ... . ... i L.
Size-selective mortality in the high and low rubble zones at
Galeta Navy Reef ............... .. .. .. ..
Density of gastropods before and after cleanup activities in the
high rubble, low rubble, and sand zones at Galeta Navy Reef,
1986

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



Table 5.6
Table 5.7
Table 5.8
Table 6.1
Table 6.2
Table 6.3
Table 6.4

Table 6.5
Table 6.6
Table 6.7
Table 6.8
Table 6.9

Table 6.10
Table 6.11

Table 6.12
Table 6.13

Table 6.14
Table 6.15

Table 6.16
Table 6.17
Table 6.18
Table 6.19
Table 6.20
Table 6.21
Table 6.22
Table 6.23
Table 6.24
Table 6.25
Table 6.26

Table 6.27

Density of gastropods in the Thalassia testudinum zone ... ... 283
Density of gastropods in the Laurencia papillosa zone . . ..... 284
Episodes of recruitment, 1986-1989 ..................... 288
Mean volume (cc) of coral rubble per 0.5m? .............. 317
Mean densities of coral rubble per 0.5m> ................ 317
Physical characteristics of moderately to heavily oiled habitats . 318
Physical characteristics of lightly oiled to unoiled reference

habitats . ... ... e 319
Numbers and sex of Gonodactylus found in 0.5-m* quadrats ... 322
Mean densities of Gonodactylus per 0.5 m? . ............... 324

Mean densities of Gonodactylus per 1,000 cc of coral rubble ... 324

Mean densities of large Gonodactylus per 0.5 m?> ........... 325
Mean densities of large Gonodactylus per 1,000 cc of coral
rubble .. ... ... e 325
Mean densities of medium-sized Gonodactylus per 0.5 m? . . . .. 326
Mean densities of 11-20 mm Gonodactylus per 1,000 cc of coral
rubble ........ . 326
Mean densities of 21-30 mm Gonodactylus per 1,000 cc of coral
rubble . ... 328
Mean densities of 31-40 mm Gonodactylus per 1,000 cc of coral
rubble . ... e e 328
Mean densities of small Gonodactylus per 0.5 m?> ........... 329
Mean densities of 6-10 mm Gonodactylus per 1,000 cc of coral
rubble ... 329
Recruitment differences within sites from quadrat samples . ... 331
Recruitment differences within sites from rubble samples . . . .. 331
Recruitment differences among sites from quadrat samples ... 332
Recruitment differences among sites from rubble samples .... 332
Summary of Model I regression parameters ............... 337
Probabilities obtained from analysis of covariance (ANCOVA)
for each site, between collections . ...................... 338
Probabilities obtained from ANCOVA for each collection,
between Sites . ......oivi ittt e e 339
Probabilities obtained from ANCOVA for each collection,
between sites and the prespill regression for Isla Margarita ... 340
Number of injured Gonodactylus greater than 35 mm total
length at oiled and reference sites, pre- and postspill ........ 342

Number of injured Gonodactylus greater than 35 mm total
length at two unoiled sites . ........... ... ... ... ... ... 345
Probabilities obtained from log-likelihood ratio chi-square tests

for injuries ateachssite ................ ... .. ... .. ..., 345
Probabilities obtained from log-likelihood ratio chi-square tests
comparing injuries between sites ............... ... ..., 346



xl
Table 6.28

Table 6.29

Table 6.30
Table 7.1
Table 7.2
Table 7.3

Table 7.4

Table 7.5
Table 7.6
Table 7.7
Table 7.8
Table 7.9

Table 7.10

Table 7.11

Table 7.12

Table 7.13

Table 7.14

Table 7.15

Probabilities obtained from log-likelihood ratio chi-square tests
between sites postspill . ........ ... ... ... L.
Percent growth of Gonodactylus greater than 35 mm total length
collected from the two reference sites (MAR4 and LRW) and
the two oiled sites (LRWand MINA) ...................
Total number of Gonodactylus collected at each study site in
September (S) and February (F) during the years indicated . ..
Subtidal reefs studied for the different tasks ... ............
Repeated-measures analysis of variance for four physical
parameters on reefs grouped according to exposure to oil in
1986 (heavily oiled, moderately oiled, unoiled; factor = Oil)
List of scleractinian and hydrocoral species observed in the
study area . ... . e
List of the most abundant species of algae (crustose, calcareous,
fleshy) observed at reefs in the study area (based on
Hillis-Colinvaux 1980; Littler et al. 1989) .................
Summary of experimental design (after Green 1979) for the
study of the effects of the oil spill on subtidal reef corals ... ..
Percent days when oil slicks were observed above the study
reefs from August 1987 to December 1992 ................
Mean oil content in coral reef sediments by year ...........
Mean oil content in Siderastrea siderea tissues by year .......
Percent cover of common coral species by depth, level of oiling,
anddateofcensus . ....... ... .. i i i
Two-way ANOVAs for before-after comparison using In(mean
cover 1985/mean cover 1986), with depth and level of oiling as
factors, for total scleractinians (only species common at both
depth intervals) and Porites astreoides . . .. ................
Repeated-measures analysis of variance of percent cover per m?
for scleractinian corals, and for Shannon-Wiener diversity (H’),
number of coral species, number of coral colonies, and size of
colomies PEr M% . ... ittt e e
Contrast analysis (10 possible comparisons) from 1986 to 1991
of percent cover for scleractinian corals, and for
Shannon-Wiener diversity (H’), number of coral species,
number of coral colonies, and size of colonies .............
Two-way ANOVAs for before-after comparisons using In (mean
cover 1985/mean cover 1986), with depth and level of oiling as
factors, for sessile organisms . ................. ... ...
Repeated-measures analysis of variance of percent cover for all
major reef sessile organisms . . ............. ... .. ..
Contrast analysis (10 possible comparisons) from 1986 to 1991
of percent cover for sessile organisms



Table 7.16

Table 7.17

Table 7.18

Table 7.19

Table 7.20
Table 7.21

Table 7.22
Table 7.23

Table 8.1

Table 8.2

Table 8.3

Table 8.4

Table 8.5

Table 8.6

Table 8.7

Table 8.8

Repeated-measures ANOVA of percent of total injury for three
coral species ............ ... i i i
Correlation coefficient between percent of colonies injured
(arcsine transformed) and oil in coral tissue (log ug oil/mg
EOM by UVF analysis) during 1986, 1988, and 1990 for
Siderastrea siderea . ............. ... . ittt
Percent of colonies that suffered necrosis (increase in size of
injury) after artificial lesions (only blasting), and percent of
necrotic colonies thatdied ...................... ... ...
Repeated-measures analysis of variance of growth rates before
(1983-1985) and after (1986-1988) the oil spill for two coral
SPECIES .« v vttt et e e e e ettt
Analysis of variance for gonad size (area) ................
Comparison of reproductive condition among healthy and
bleached or injured portions of the same colonies (N = 16) of
Siderastrea siderea at a heavily oiled reef (PAYN) ..........
Paired t-test for abundances of four species of sea urchins
between oiled and unoiledreefs . . ............. ... ... ..
Paired t-test for abundances of three families of reef fishes
between oiled and unoiled reefs . . ............ L
Aerial photography used in the study of mangrove forests

Sites used for studies of seedling growth in unoiled natural light
gaps and refinery oil gaps in exposed and sheltered habitats
with the two dates of observation . ......................
Comparison of the effect of wire tags used to mark node
position on shoot growth of mature Rhizophora mangle trees
near the Galeta Marine Laboratory, Bahia Las Minas .......
Mean annual salinity and temperature of water fronting oiled
and unoiled locations in three fringe habitats, 1990-1991 ... ..
Summary of oil concentrations in mangrove sediments (mg/g),
determined using the UVF method described in Burns (Chap.
3) from oiled and unoiled sites in three fringe habitats in 1986,
1989,and 1990 . ....... .. ..
Areas of oil-gap deforestation and mangrove vegetation in the
three parts of Bahia Las Minas and neighboring Margarita
Lagoon, Panama (Fig. 8.11) .......... ... ...
Characteristics of Rhizophora mangle forests in unoiled and
surviving-oiled locations in three fringe habitats in 1991 ......
Mangrove Forest Project site descriptions and codes, with
corresponding Mangrove Root Project site codes (Garrity and
Levings, Chap. 9)



xlii

Table 8.9

Table 8.10

Table 8.11

Table 8.12

Table 8.13

Table 8.14

Table 8.15

Table 8.16

Table 8.17

Table 8.18

Table 8.19

Table 8.20

Table 8.21

Parameters of leaves of Rhizophora mangle measured and
weighed green (wet), and dry for mangrove forest sites in oiled
and unoiled locations of three fringe habitats in September
1991 L. e e
Annual estimates of new leaves, leaves lost, net production,
leaves per shoot, and turnover ratio in Rhizophora mangle
L0201 1) o) =T
Annual falls (number/m?) of five components of Rhizophora
mangle canopies found in monthly litter fall from oiled and
unoiled locations of three fringe habitats during 1989-1990 . . ..
Annual fall rates as dry weight (g) per m? for five components
of Rhizophora mangle canopies found in monthly litter fall from
mangrove forests in oiled and unoiled locations of three fringe
habitats during 1yr, 1989-1990 . ............. ... ... ....
Derived parameters of canopy condition, based on shoot
observations (Table 8.10), litter fall studies (Table 8.11), and
allometric relationships (Sect. 83.2) ............... ... ...
Canopy leaf biomass (t/ha) estimated from shoot observations
with litter fall of Rhizophora mangle trees and annual leaf
production (t/ha) determined from monthly litter fall from
mangrove forests in oiled and unoiled locations of three fringe
habitats during 1yr, 1989-1990 . . ... ......... ... . ... ...
Growth parameters of Rhizophora mangle seedlings in refinery
spill oil gaps, compared with those in similar-aged natural gaps
in two fringe habitats, scored between late 1989 and late 1990 .
Six parameters of forest structure scored in refinery spill oil
gapsduring April 1990 ....... ... i
Six parameters of forest structure scored in refinery spill oil
gapsduring June 1991 . ....... ... i
Mean densities of natural and planted seedlings per m? for
particular stem-node classes of Rhizophora mangle for 48
quadrats (12 m? each) in 16 oil-deforested sites in two major
mangrove habitats in Bahfa Las Minas (Fig. 86) ...........
Mean internodal distance (cm) along the main stem, above the
hypocotyl, for 130 planted and 208 natural recruits of
Rhizophora mangle in Bahia Las Minas ..................
Five parameters of forest structure for Witwater spill oil gaps in
October 1991, based on Rhizophora mangle seedlings and trees
in two fringe habitats . . ........... ... ... i il
Five structural parameters (means) of four Rhizophora mangle
trees growing in an approximately 10-yr-old unoiled gap,
sampledinMay 1990 . ........... ... i i



Table 8.22

Table 8.23

Table 9.1

Table 9.2
Table 9.3

Table 9.4
Table 9.5
Table 9.6
Table 9.7
Table 9.8
Table 9.9
Table 9.10
Table 9.11

Table 9.12

Table 9.13

Table 9.14

Table 9.15

Table 9.16
Table 9.17

Canopy leaf biomass (t/ha) estimated from height and girth of
Rhizophora mangle plants in respective sites of mangrove forests
in oiled and unoiled locations in three fringe habitats during
1990-1991 ... o i e e e
Total above-ground biomass (t/ha) estimated from height and
girth of Rhizophora mangle plants in respective sites of
mangrove forests in oiled and unoiled locations in three fringe
habitats during 1990-1991 ......... ... .. .. it
Abundance of epibiota on submerged roots of Rhizophora
mangle in October 1981 and January 1982 ................
Study sites, site codes, and monitoring dates . .. ............
Number of days when oil slicks were visible along the mangrove
fringe ...t e e
Characteristics of the outer mangrove fringe on the oiled and
unoiled opencoast .......... ... . ... i it
Characteristics of the outer mangrove fringe in oiled and
unoiled channels and lagoons . . . . .............. ... .. ...
Characteristics of the outer mangrove fringe in oiled and
unoiled drainage streams ........... ...,
Density of live and dead roots per 0.25 m? on the mangrove
fringe ... e e
Three-way repeated-measures analysis of variance on habitat,
oiling, and year: root length, random censuses .............
Probability levels for repeated-measures analysis of variance on
root length: annual and seasonal tests . ..................
Three-way repeated-measures analysis of variance on habitat,
oiling, and season: root length, random censuses ...........
Three-way repeated-measures analysis of variance on habitat,
oiling, and year: root length, community development cohort ..
Three-way repeated-measures analysis of variance on habitat,
oiling, and season: root length, community development
00 110 o
Probability levels for 3-way repeated-measures analysis of
variance on root length: effects of root group (community
development vs. long-term census roots) and oiling (oiled and
unoiled), by habitat type ........... ... ... ...
Analysis of variance summary for percent dead roots by habitat
type
Analysis of variance of light transmission to the water’s surface
by habitat: probability levels for 2-way ANOVAs by habitat
type
Open coast repeated-measures ANOVAs: summary table .. ...
Channel and lagoon repeated-measures ANOVAs: summary
table

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

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

xliii



xliv
Table 9.18

Drainage stream repeated-measures ANOVAs: summary
table . ... ... e e 760
Table 9.19  Analysis of variance table for the Mytilopsis transplant
EXPETIMENt ... ...ttt eeeenneeenennnnns 776
Table 10.1  Oil spills affecting seagrassbeds ....................... 798
Table 10.2  Site descriptions of the seagrass beds studied .............. 802
Table 10.3 Hydrocarbons in seagrass sediments determined by ultraviolet
fluorescence (UVF) and by gas chromatography (GC-URE) ... 803
Table 104 Infaunal counts and percentages for cores collected at oiled and
unoiled sites for all censuses combined .................. 812
Table 10.5 Index used to evaluate levels of ovarian fullness and brooded-
egg developmental stages for the caridean shrimp Hippolyte
zostericola and Latreutes fucorum . ...................... 817
Table 10.6 Total counts of epifaunal taxa from November 1986 through
April 1988 ... .. e 819
App. Table A.1 Tanker spills occurring in tropical waters, 1974-15 June
1990 .. e 899
App. Table B.1 Analyses of mangrove root sentinel organisms ........ 907
App. Table B.2 Analyses of mangrove sediments .................. 917
App. Table B.3 Sites and dates of samples analyzed for hydrocarbons .. 935
App. Table B4 Triterpane peaks identified in Burns (Chap. 3) based on
pattern provided by Battelle Laboratories and
confirmation at BBSR based on relative retention times
as measured from pure standards and further
confirmation based on molecular ion retention times ... 938
App. Table C.1 Percent cover of common coral species, total coral cover,
and number of coral species, by depth, reef, and date of
CEMSUS &+ & vttt tne sttt i taneeene e tnesoneeannsnn 941
App. Table C.2 Percent cover of common sessile organisms (except
scleractinians) by depth, reef, and date of census ...... 947
App. Table C.3 Yearly mean growth rates (mm) from 1977 to 1986 for
Siderastrea siderea on 11 reefs grouped by level of oiling
in 1986 (unoiled, moderately oiled, and heavily oiled) .. 950
App. Table C.4 Yearly mean growth rates (mm) from 1977 to 1986 for
Montastrea annularis on eight reefs grouped by level of
oiling in 1986 (unoiled, moderately oiled, and heavily
oiled) ... ... e 951
App. Table C.5 Yearly mean growth rates (mm) from 1977 to 1986 for
Porites astreoides on 10 reefs grouped by level of oiling
in 1986 (unoiled, moderately oiled, and heavily oiled) .. 952
App. Table C.6 Yearly mean growth rates (mm) from 1977 to 1986 for

Diploria strigosa on eight reefs grouped by level of oiling
in 1986 (unoiled, moderately oiled, and heavily oiled) .. 953



App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

App.

Table D.1

Table D.2

Table D.3

Table D.4

Table D.5

Table D.6

Table D.7

Table D.8

Table D.9

Table D.10

Table D.11

Table D.12

Table D.13

Mean length (L; cm), width (W; cm), weight (W%, g), and
wet area (cm’) of fresh green leaves (Wet) and oven-
dried leaves (Dry) collected from the 26 sites of the
study area ......... ...t i i
Height frequency of leafy shoots (N = 21) measured
from the top of the canopy in 26 sites ..............
Mean annual salinity (o/00) and temperature (°C) for the
litter/shoots sites, for the periods June 1989 to June
1990 and June 1990 to June 1991 .................
Oil concentration in mangrove sediments (ug/g)
determined by the UVF method for the litter/shoots
SIS it i et it e
Structural characteristics of the forests for the
litter/shoots sites . . . .. ... ... ...
Mean annual standing crop (leaves per shoot) and
annual production rates for new leaves and leaves lost
(numbers of leaves/100 shoots/d) in Rhizophora mangle
canopies in the 26 litter/shoots sites . ..............
Annual litter-fall rate (number/m?/day) for five
components of Rhizophora mangle canopies: leaves,
stipules, total reproductive parts (TR), flowers, and
mature hypocotyls (MH) ........................
Annual litter-fall rate (g dry weight/m?) for five
components of Rhizophora mangle in the 26 litter /shoots
sites: stipules, leaves, reproductive parts, wood, and total
components; ND =nodata ......................
Derived parameters of canopy condition, based on shoot
observations, litter-fall studies, and allometric
relationships for the 26 litter/shoots sites, during 1989 -
1990 ...
Canopy leaf biomass (t/ha) estimated from shoot
observations and litter fall of Rhizophora mangle, and
annual leaf production (t/ha) determined from monthly
litterfall; ND =nodata ........................
Mean growth parameters of Rhizophora mangle seedlings
in refinery oil gaps and natural gaps of similar age in
two fringe habitats scored between late 1989 and late
1990 . ... e
Five parameters of forest structure for Witwater spill
sites, measured in October 1991, in two fringe habitats .
Five structural parameters for four trees of Rhizophora
mangle growing in a site approximately 10 yr old,
sampledin May 1990 ..........................

xlv



xlvi

App.
App.

App.
App.

App.
App.
App.

App.
App.

App.

App.

App.

App.

App.

App.

Table D.14

Table E.1

Table E.2
Table E.3

Table E.4
Table E.5
Table E.6

Table E.7
Table E.8

Table F.1

Table F.2

Table F.3

Table F.4

Table F.5

Table F.6

Listing of 12 studies and the specific sites used in the
mangrove forest project . ......... ... ... o oL
Observations of oil in mangrove-sediment cores at oiled
SIS . e e e
Mean depth in centimeters ......................
G-tests for heterogeneity among sites: fringe structure,
May 1991 ... . . i e e
Root condition, March-August 1987 . . ..............
G-tests for heterogeneity among sites in root condition
Calculation of the percent of the mangrove fringe
(310 F: 1111117 OO
Substratum characteristics at each site; qualitative
description ..............c. ittt
List of foliose algae collected from mangrove roots on
the Caribbean coast of Panama ..................
Maximum-likelihood (Wald) tests of significance of fixed
effects for biomass of plants from core samples collected
at oiled and unoiled sites . .................. ...
Maximum-likelihood (Wald) tests of significance of fixed
effects for counts of major taxonomic groups sorted from
core samples collected at oiled and unoiled sites . ....
Maximum-likelihood (Wald) tests of significance of fixed
effects for counts of major taxonomic groups sorted from
push-net samples collected at oiled and unoiled sites . .
Maximum-likelihood (Wald) tests of significance of fixed
effects for counts of shrimp species sorted from push-net
samples collected at oiled and unoiled sites .........
Maximum-likelihood (Wald) tests of significance of fixed
effects for counts of three brooding types sorted from
push-net samples collected at oiled and unoiled sites . .
Maximum-likelihood (Wald) tests of significance of fixed
effects for frequencies of recruits and reproductive stages
of two shrimp species



xlvii
Acknowledgments

The Smithsonian Tropical Research Institute wishes to thank the following
people for their participation in the study and contribution to this report:

Victoria Batista, Smithsonian Tropical Research Institute (B.S., Universidad de
Bogota "Jorge Tadeo Lozano," 1978). Technician and coauthor of Chapter 10,
Effects of the 1986 Bahia Las Minas, Panama, Oil Spill on Plants and Animals
in Seagrass Communities.

Kathryn A. Burns, Bermuda Biological Station for Research, Inc. (Ph.D,,
Massachusetts Institute of Technology/Woods Hole Oceanographic Institution,
1975). Scientist-in-charge and author of Chapter 3, Hydrocarbon Chemistry.

Roy L. Caldwell, University of California, Berkeley (Ph.D., University of Iowa, 1969).
Co-scientist-in-charge and coauthor of Chapter 6, Reef Flat Stomatopods.

Judith L. Connor, Monterey Bay Aquarium Research Institute (Ph.D., University of
California, Berkeley, 1985). Coauthor of Chapter 4, Effects of the 1986 Bahia
Las Minas Oil Spill on Reef Flat Sessile Biota, Algal-turf Infauna, and Sea
Urchins.

John D. Cubit, Smithsonian Tropical Research Institute (Ph.D., University of
Oregon, 1975). Scientist-in-charge and coauthor of Chapter 1, Introduction;
Chapter 2, Weather, Sea Conditions, and Topography Affecting Oil
Deposition During the 1986 Bahia Las Minas Oil Spill; and Chapter 4, Effects
of the 1986 Bahia Las Minas Oil Spill on Reef Flat Sessile Biota, Algal-turf
Infauna, and Sea Urchins.

Norman C. Duke, Smithsonian Tropical Research Institute (Ph.D., James Cook
University, 1988). Scientist-in-charge and coauthor of Chapter 8, Mangrove
Forests.

M. Helena Fortunato, Smithsonian Tropical Research Institute (Ph.D., State
University M. V. Comonosov, 1987). Data management technician.
Stephen D. Garrity, Coastal Zone Analysis (B.A., University of Massachusetts, 1978).
Scientist-in-charge and coauthor of Chapter 1, Introduction; Chapter S, Effects
of an Oil Spill on the Gastropods of a Tropical Intertidal Reef Flat; and
Chapter 9, Patterns of Damage and Recovery from a Major Oil Spill: the

Mangrove Fringe and the Epibiota of Mangrove Roots.

Carlos Gonzélez, Smithsonian Tropical Research Institute (B.S., Universidad de
Panam4, 1980). Technician and coauthor of Chapter 5, Effects of an Oil Spill
on the Gastropods of a Tropical Intertidal Reef Flat.

Xenia S. de Guerra, Smithsonian Tropical Research Institute (B.S. and B.A., Saint
Edward’s University, 1986). Data management technician.

Héctor M. Guzmén, Smithsonian Tropical Research Institute (M.S., Universidad de
Costa Rica, 1986). Co-scientist-in-charge and coauthor of Chapter 1,
Introduction and Chapter 7, Changes and Recovery of Subtidal Reef Corals.



xlviii

Irene Holst, Smithsonian Tropical Research Institute (M.S., Paris-Lodron University,
1987). Technician and coauthor of Chapter 7, Changes and Recovery of
Subtidal Reef Corals.

Jeremy B. C. Jackson, Smithsonian Tropical Research Institute (Ph.D., Yale
University, 1971). Chief scientist, report coeditor, co-scientist-in-charge, and
coauthor of Chapter 1, Introduction; Chapter 7, Changes and Recovery of
Subtidal Reef Corals; and Chapter 11, Conclusions.

Gabriel E. Jacome C., Smithsonian Tropical Research Institute (B.S., Universidad
de Bogoté Jorge Tadeolozano, 1984). Data management technician.

Karl W. Kaufmann, Smithsonian Tropical Research Institute (M.S., Lehigh
University, 1969). Data manager.

Brian D. Keller, Smithsonian Tropical Research Institute (Ph.D., Johns Hopkins
University, 1976). Project manager, report coeditor, and coauthor of Chapter
1, Introduction and Chapter 11, Conclusions.

Sally C. Levings, Coastal Zone Analysis (Ph.D., Harvard University, 1981). Data
analyst and coauthor of Chapter 2, Weather, Sea Conditions, and Topography
Affecting Oil Deposition During the 1986 Bahia Las Minas Oil Spill; Chapter
5, Effects of an Oil Spill on the Gastropods of a Tropical Intertidal Reef Flat;
and Chapter 9, Patterns of Damage and Recovery from a Major Oil Spill: the
Mangrove Fringe and the Epibiota of Mangrove Roots.

Michael J. Marshall, Mote Marine Laboratory (Ph.D., University of Florida, 1985).
Scientist-in-charge and coauthor of Chapter 10, Effects of the 1986 Bahia Las
Minas, Panama, Oil Spill on Plants and Animals in Seagrass Communities.

Digna Matias, Smithsonian Tropical Research Institute (B.S., Colegio Felix Olivares
C., 1981). Technician and coauthor of Chapter 10, Effects of the 1986 Bahia
Las Minas, Panama, Oil Spill on Plants and Animals in Seagrass Communities

Zuleika S. Pinzén, Smithsonian Tropical Research Institute (B.S., Universidade
Rural de Pernambuco, 1986). Technician and coauthor of Chapter 8,
Mangrove Forests.

Richard Steger, Richard Gump South Pacific Biological Research Station, University
of California, Berkeley (Ph.D., University of California, Berkeley, 1985). Co-
scientist-in-charge and coauthor of Chapter 6, Reef Flat Stomatopods.

We thank the following staff of the Minerals Management Service (MMS) for
technical review and assistance: Dr. James J. Kendall (Contracting Officer’s
Technical Representative) and Dr. Thomas Ahlfeld (Branch of Environmental
Studies). The final MMS Contracting Officer was Ms. Sandra L. McLaughlin. Dr.
Donald V. Aurand (former Chief, Branch of Environmental Studies) helped initiate
the project. During 1992, funding was provided by the Marine Spill Response
Corporation (MSRC) and field and laboratory equipment by the MMS to support
continuation of the hydrocarbon chemistry, reef coral, and mangrove forest
components of this project.



xlix

We thank the members of the Scientific Review Board (SRB) for their
participation and advice:

Dr. Robert S. Carney (chairman), Louisiana State University.
Dr. Richard E. Dodge, Nova University.

Dr. Roger H. Green, University of Western Ontario.

Dr. Yossi Loya, Tel Aviv University.

Dr. Edward S. Van Vleet, University of South Florida.

Dr. Paul D. Boehm (A. D. Little, Inc.), a former member of the SRB, also provided
useful advice and criticism. Dr. Donald V. Aurand (MSRC) participated in the final
SRB meeting and provided comments on the report.

We thank additional technical and support staff of the Smithsonian Tropical
Research Institute (except where noted) listed below:

Luis Acosta, STRI student assistant, Subtidal Reef Corals.

Bonita Benis, biological technician (University of California, Berkeley), Reef
Flat Stomatopods.

Leonel Bethancourt, data entry technician.

Jeffrey D. Brawn, data analysis consultant (Illinois Natural History Survey).

Consul Chamorro, facilities worker, Galeta Marine Laboratory.

Marco Diaz, biological technician, Subtidal Reef Corals.

Gladys Dunnell, biological technician, Reef Flat Communities.

Karen A. Goetz Moss, data management technician.

Elisabethe Grings, biological technician, Subtidal Reef Corals.

Carlos Guevara, technician, Environmental Sciences Program.

Celia Hackett, technician (Bermuda Biological Station for Research [BBSR)),
Hydrocarbon Chemistry.

Esther Jaén, biological technician, Reef Flat Communities.

Carlos Jiménez, biological technician, Subtidal Reef Corals.

David Jorissen, technician (BBSR), Hydrocarbon Chemistry.

Suzanne Loo de Lao, statistician.

Andrés Lee, facilities worker.

Alberto Le6n, STRI student assistant, Subtidal Reef Corals.

~ Jennifer MacPherson, technician (BBSR), Hydrocarbon Chemistry.

Belinda Marengo de Bethancourt, data entry technician.

Doris Martiz, secretary and accountant.

Alicia Pino, accountant.

Martha Prada, STRI student assistant, Mangrove Forests.

Pablo Rodriguez, facilities worker, Galeta Marine Laboratory.

Axioni Romero, STRI student assistant, Subtidal Reef Corals.

Felix Sanchez, facilities worker, Galeta Marine Laboratory.

Osmila Sanchez-Galan, secretary.

Oris Sanjur de Puga, biological technician, Subtidal Reef Corals.



Matthew Stoelting, technician (BBSR), Hydrocarbon Chemistry.

Ricardo Thompson, chief technician, Environmental Sciences Program and
laboratory manager, Galeta Marine Laboratory.

Julie Tierney, technician (BBSR), Hydrocarbon Chemistry.

Bernardo Vargas, STRI student assistant, Subtidal Reef Corals.

Olga Visquez, biological technician, Reef Flat Communities.

Mavis Wong, biological technician, Reef Flat Communities.

Roberto Yau, group leader, Facilities Management.

Lauren Yelle, senior technician (BBSR), Hydrocarbon Chemistry.

We also thank Ernesto Weil, University of Texas, for developing techniques
and surveying coral reefs prior to and soon after the spill, and for comparing
sampling techniques with Héctor Guzmaén.

We thank the following staff from the Smithsonian Tropical Research Institute
and the Smithsonian Institution (SI) for their support:

Ira Rubinoff, Director.

James R. Karr, Acting Director (1987-1988).

Tony Coates, Deputy Director.

John H. Christy, Assistant Director for Marine Research.
Elena Lombardo, Assistant Director for External Affairs.
Leonor G. Motta, Executive Officer.

Mercedes Arroyo, Procurement.

Leopoldo Le6n, Budget Analyst.

Gloria Maggiori, Travel.

Carmen Sucre, Personnel.

Carlos Tejada, Facilities Manager.

Carlos Urbina, Accounting.

Rosa Zambrano, Accountant.

Robert S. Hoffmann, Assistant Secretary for Research (SI).
Ross Simons, Deputy Assistant Secretary for Research (SI).
David R. Short, Grant and Contract Administrator (SI).

The data management group, Karl Kaufmann, Suzanne Loo de Lao, Xenia
Guerra, and Gabriel Jadcome, played a major role in producing this report. We owe
a special gratitude to this effort, as well as help with some of the study designs, data
entry and verification, and data analysis and presentation.

Finally, we thank Direcci6én General de Recursos Marinos, Ministerio de
Comercio e Industrias, and Instituto Nacional de Recursos Naturales Renovables of
the Republic of Panama for permission to conduct our studies.



li
Abbreviations and Acronyms

Refer to Keller et al. (Chap. 1) for a listing of site acronyms (Table 1.4; Fig.
1.5).

ANCOVA analysis of covariance
ANOVA analysis of variance

API American Petroleum Institute

BBSR Bermuda Biological Station for Research, Inc.
BCI Barro Colorado Island, Panama

BLM Bahia Las Minas

BMDP BMDP Statistical Software, Inc.

CID collection identification

CONSURYV name of a database (Cubit and Connor, Chap. 4)
CPI carbon preference index

EC, effective concentration for 50% of the test population
EOM extractable organic matter

ESP Environmental Sciences Program, Smithsonian Institution
ex/em excitation/emission

FID flame-ionization detector

GC gas chromatography

HPLC high-performance liquid chromatography

HWL high-water line

HWM high-water mark

IAEA International Atomic Energy Agency

I0C Intergovernmental Oceanographic Commission
IRHE Instituto de Recursos Hidrailicos y Electrificacién
IS internal standard

IUCN International Union for Conservation of Nature and Natural Resources
LAI leaf area index

LMW low molecular weight

LSD least-significant difference

MANOVA multivariate analysis of variance

MHW mean high water

MLW mean low water

MMS Minerals Management Service

MS mass spectrometry

m/z mass/charge

NRC National Research Council

NSL non-saponifiable lipid

OCS outer continental shelf

PAH polynuclear aromatic hydrocarbon

PCC Panama Canal Commission

ppm parts per million
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ppt
PVC
REDGE
RF
RRI
SAS
SCUBA
SD

SE

SI

SIM

SL
SPM
SPSS
SRB
STRI
UNEP
UNESCO
URE
UVF
VMIC

parts per thousand (o/00)

polyvinyl chloride

name of a database (Cubit and Connor, Chap. 4)
response factor

relative retention index

SAS Institute, Inc.

self-contained underwater breathing apparatus
standard deviation

standard error

Smithsonian Institution

selected-ion monitoring

saponifiable lipid

suspended particulate matter

SPSS, Inc.

Scientific Review Board

Smithsonian Tropical Research Institute

United Nations Environmental Program

United Nations Educational, Scientific and Cultural Organization
unresolved

ultraviolet fluorescence

Venezuelan/Mexican Isthmian Crude, the type of oil spilled at Bahia
Las Minas
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9
Patterns of Damage and Recovery from a Major Oil
Spill: the Mangrove Fringe and the Epibiota of
Mangrove Roots

Stephen D. Garrity and Sally C. Levings

9.1 Abstract

The submerged prop roots of mangroves on the outer fringe of mangrove
forests support diverse assemblages of sessile invertebrates and algae, and act as
nursery areas for various mobile animals, including commercially valuable fishes and
invertebrates. This study examined effects of a major oil spill on both the physical
structure of the mangrove fringe and the assemblages of attached epibiota on
submerged prop roots over a S-yr period. We studied three assemblages of epibiota,
each typical of a different fringing habitat: open coasts, channels and lagoons, and
drainage streams. Because the presence of an epibiotic assemblage is first dependent
upon the presence of biogenic substrata, structural changes to fringing mangroves and
the health, size, and abundance of submerged prop roots also were examined.

Initial oiling was heavy in all three habitats. Oil persisted longest and in the
largest amounts in drainage streams; there was less oil in channels and on the open
coast. The spill reduced the area of mangrove fringe in all habitats: 33% on the
open coast, 38% in channels, and 74% in drainage streams. This reduction in habitat
lowered the productivity of the mangrove fringe by structural reductions, independent
of any toxic effects of persistent hydrocarbons.

Prior to the spill and in unoiled habitats postspill, the most common species
or groups of epibiota in each habitat were (1) foliose algae and sessile invertebrates
on the open coast, (2) the oyster Crassostrea virginica in channels, and (3) the false
mussel Mytilopsis sallei in drainage streams. On the open coast, foliose algae and
sessile invertebrates were coated with oil and died. Both groups gradually
repopulated oiled areas, reaching approximate equality with unoiled areas in the fifth
year after the spill. However, differences remained in the species and groups present
at oiled and unoiled sites. Oyster populations were reduced in oiled channels within
Bahia Las Minas for at least 5 yr postspill. Detecting this persistent effect was
dependent on analysis of salinity regimes while evaluating the physical similarity of
repolicate study sites. The spill virtually eliminated false mussels from oiled drainage
streams, false mussels were rare to absent 5 yr after the spill. Adult false mussels
transplanted to oiled and unoiled streams were significantly less likely to survive in
oiled streams. Settlement occurred at both oiled and unoiled sites in the presence
of adults, suggesting that gregarious settlement might play a role in repopulation.
Biological interactions affecting repopulation remain to be investigated.
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The reduction in the amount of shoreline fringed with mangroves and the slow
convergence through time in the composition and abundance of epibiotic assemblages
at oiled and unoiled sites demonstrated the extent and persistence of the 1986 oil
spill at Bahfa Las Minas. These persistent effects on the mangrove fringe and
attached epibiota may have had cascading negative effects on species associated with
mangrove-fringe nursery grounds.

9.2 Introduction
9.2.1 The Importance of the Mangrove Fringe

The narrow interface between the ocean and the land is among the most
productive zones on earth. In temperate regions, saltmarshes line sheltered bays and
estuaries, and act as nurseries for fishes and myriad other organisms. In the tropics,
mangrove forests dominate such shores. Their outermost fringes function similarly,
providing nursery and feeding areas and shelter for many species. In a habitat
otherwise dominated by soft or unconsolidated sediments, the submerged trunks and
prop roots of fringing mangroves serve as living hard substrata for a diverse and
abundant group of plants and sessile animals. Such attached species, or epibiota, not
only contribute to the high productivity of mangroves, but also support many mobile,
higher-trophic-level organisms, including fish and crustaceans. Thus, the submerged
maze of roots and epibiota of the mangrove fringe adds significant structural and
trophic complexity and increased diversity to the mangrove forest, and to the
nearshore ecosystem as a whole. In this report we document the effects of a major
oil spill on the outer fringe of Rhizophora forests around Bahia Las Minas, focusing
primarily on the epibiota of submerged mangrove prop roots.

9.2.2 Review of Existing Knowledge

Mangrove forests are characteristic of tropical and subtropical coastlines
worldwide (Chapman 1976). Mangroves have been exploited and affected by
mankind in numerous ways for thousands of years (Macnae 1968; Walsh 1977). On
the Atlantic coast of the New World, the red mangrove Rhizophora mangle occurs in
coastal forests from Bermuda to Argentina (West 1977; Riitzler and Feller 1987).
It grows along much of the southern peninsula of Florida (Odum et al. 1982; Kangas
and Lugo 1990) and is found patchily elsewhere along the southeastern coast of the
United States. Red mangroves form mono- or nearly monospecific stands on the
seaward fringe of mangrove forests and on the banks of channels, lagoons, and
streams within such forests (Lopez 1978; Chapman 1976).

Rhizophora produces multiple, adventitious aerial (hanging) roots (Gill and
Tomlinson 1969). The production of lateral roots along with multiple branching and
high growth rate of aerial roots (Gill and Tomlinson 1969, 1971; Simberloff et al.
1978) result in the formation of a labyrinthine system of roots around the tree.
These roots extend through the intertidal zone and eventually anchor the tree at
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multiple points, supporting vertical and lateral growth (Gill and Tomlinson 1969; cf.,
Fig. § in Kolehmainen et al. 1974). Roots also exclude salt (Hatcher et al. 1989) and
take in oxygen through lenticels (Odum and Johannes 1975). Rhizophora prop roots
can stabilize sediments (Hatcher et al. 1989) by influencing the flow of water through
tidal forests (Wolanski et al. 1980; Wilcox et al. 1975).

Submerged prop roots are host to a wide variety of epibiotic organisms
(Riitzler and Feller 1987). As aerial and lateral prop roots grow downward through
the water, they represent a limited resource in an otherwise primarily soft-substratum
environment: hard substratum available for the attachment of marine plants and
animals.

Both structurally and functionally, the leading edge of the red mangrove fringe
differs from interior sections. Outer, seaward edges of red mangrove stands receive
more available light at root level, are in deeper water, and have a greater proportion
of hanging, unattached roots vs. attached roots than interior "zones" (cf., Figs. 30a,
b in Riitzler and Macintyre 1982; Figs. 1-5 in Kolehmainen and Hildner 1975).
Productivity, species number, and biomass of epiphytic algae are highest on roots at
the edge of the mangrove fringe and lowest in the interior of mangrove stands
(Rodriguez and Stoner 1990; Kolehmainen and Hildner 1975; Round 1981; Wilcox
et al. 1975; see also Post 1963; Taylor et al. 1986). Although most productivity
studies have concentrated on mangrove trees themselves (Golley et al. 1962; Lugo
and Snedaker 1974), epiphytic algae on prop roots contribute substantially to the
mangrove habitat’s primary productivity (Burkholder et al. 1967; Burkholder and
Almodovar 1974; Lugo et al. 1975; Wilcox et al. 1975; Potts 1979; Rodriguez and
Stoner 1990).

Fringing prop roots also support a diverse group of sessile marine
invertebrates. Studies throughout the range of Rhizophora along the Atlantic and
Caribbean coasts of the Americas suggest a general root epifauna dominated by
sponges, bivalve molluscs, barnacles, or ascidians, with other groups patchily
abundant to rare (e.g., Odum et al. 1982 for Florida; Kolehmainen 1972, Robinson
1979 for Puerto Rico; Voss and Voss 1960, Wilcox et al. 1975 for the Bahamas;
Riitzler and Feller 1987, Ellison and Farnsworth 1990 for Belize; Espinosa 1980 for
Mexico; Perez and Victoria 1980 for Colombia; Flores 1980, Sutherland 1980 for
Venezuela; Glynn 1972, Batista 1980 for Panama).

Like epiphytic algae, sessile invertebrates on prop roots are distributed
unevenly within mangrove stands. Kolehmainen and Hildner (1975) found more
species and greater biomass in two outer root zones (on the edge of the forest),
compared to the few or no macroinvertebrates on roots in two interior zones.
However, even in the outer fringe variability in species number and biomass can be
considerable (Kolehmainen et al. 1974; Sutherland 1980; Riitzler and Feller 1987).
Sutherland (1980) examined recruitment and species composition of epifauna on
subtidal roots in Venezuela, and attributed the large, within-site variability among
roots to low rates of settlement and stochastic processes.

Little work has been done on functional aspects of prop root epifauna. Perry
(1988) experimentally found encrusting barnacles decreased hanging root growth and
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root production in a Pacific, Costa Rican mangrove forest. In contrast, Ellison and
Farnsworth (1990) showed that sponges and ascidians protected hanging roots from
attack by boring isopods in Belize. Several species of bivalve mollusc are harvested
from prop roots in the Caribbean and Gulf of Mexico (Mattox 1949; Nikolic et al.
1976; Espinosa 1980; Siung 1980) and some have been evaluated for possible
aquaculture (Nikolic et al. 1976; Siung 1980). Kolehmainen et al. (1974) lists some
other species or groups that have been studied in detail.

Prop roots and their epibiota support a large and varied group of mobile
organisms (Odum et al. 1982). Snedaker (1990) recently pointed out that although
the legal protection of mangroves in the United States is based wholly on their
associated marine fauna, there is a paucity of research on this same fauna. Scattered
reports exist for some groups in the Caribbean region (Austin and Austin 1971;
Wilcox et al. 1975; Abele 1976; Phillips 1981). Odum et al. (1982) summarized work
on mobile organisms for south Florida mangroves in the most complete work to date.
Some benthic organisms, especially snails and crabs, were listed; documentation of
the use of fringing prop roots by juvenile spiny lobsters was given (see also Marx
1986). Three fringing Rhizophora habitats were used by different fishes (riverine,
estuarine, and oceanic, 111, 117, and 156 species, respectively). Many species feed
on algae and invertebrates associated with prop roots (e.g., App. B in Odum et al.
1982); mangrove roots also serve as physical refugia for juveniles (Hatcher et al.
1989). Eighty-seven of the 90 species of juvenile fishes collected in various habitats
in Florida Bay were found in and around red mangroves (Thayer et al. 1987); they
concluded that mangroves were a major nursery area for fishes, including
commercially valuable species.

The prop roots of fringing Rhizophora and their associated biota clearly make
important contributions to geomorphology, diversity, structural complexity, and
energy flow in tropical and subtropical coastal environments.

9.2.3 Characteristics of Mangrove Fringe and Associated Epibiota in Bahia Las
Minas, Panama

9.2.3.1 Fringe Structure

Red mangrove (Rhizophora mangle L.) lines most of the shore around Bahia
Las Minas. We examined the fringe, or leading edge, of such stands in three habitats
along a gradient of decreasing wave exposure from the open ocean. These stands
include (1) trees fronting the open ocean, (2) those lining the water’s edge in
channels and lagoons, and (3) mangroves along the banks of drainage streams and
creeks (Fig. 9.1).

Areas on the open coast face the ocean and are fronted by shallow reef flats
(Fig. 9.2). There is often deeper water along the edge of the fringe that can be up
to 2 m deep. Rhizophora is the only species of mangrove present. Damaged sections
of fringe are not uncommon. These areas are caused by drift logs, which wash
ashore across the reef flat and bash outer trees and prop roots. Overhanging
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Fig. 9.1 Topography of the outer fringe. A. Open coast — the Rhizophora fringe behind a broad,
shallow reef flat had a depression at its outer edge that ranged from intertidal to >2 m depth, and an
intermittently present berm shoreward, behind which was either a scrub mangrove forest or upland. B.
Channels and lagoons — the outer fringe began over deep (subtidal) water at most sites; an inner berm
was generally not present, instead, because of the highly convoluted nature of the habitat. Shallow inner
mangroves often led to another outer fringe fronting deep water. C. Drainage streams — red mangroves
fringing the banks of streams and drainage ditches extended well out over deeper water. There was no
raised lip or berm; along larger streams other species became abundant in from the banks.
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Fig. 92 Open coast: Rhizophora fringe. June 1991, site = PADM,; right foreground, Thalassia bed and
reef flat; far right center, 15-foot boat (scale).

branches lightly shade most prop roots. The outer fringe is either (1) backed by a
berm, behind which there is either a scrub mangrove forest or upland or (2) backed
by a thicket of short, interior mangroves, which is intermittently overwashed by
shallow water, and leads to an inner edge of deeper water fronting a lagoon.
Buttonwood (Conocarpus erectus) or coconut palm (Cocos nucifera) occurs shoreward
of the outer fringe at some sites.

Channels lead from the open ocean into lagoons of varying sizes that are often
interconnected. The mangrove fringe consists solely of Rhizophora, and there is
generally no inner berm (Figs. 9.1, 9.3). Physical damage to the fringe (e.g., from
logs) is rare. The outer edge generally overhangs deeper water. Behind this, a
thicket of shorter trees in very shallow water can either lead to uplands or to another
section of outer fringe over deep water. Overhanging branches shade most prop
roots along the shoreline.

Natural and man-made drainage streams of various size are found throughout
the Bahia Las Minas area. Red mangroves fringe their banks, and extend over
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Fig. 9.3 Channels and lagoons: Rhizophora fringe. July 1986, western wing of Bahia Las Minas; bank
on the right was patchily oiled — the few defoliated treetops mark (center background) such a patch.

deeper water (Figs. 9.1, 9.4). In larger streams trees are taller than those fringing
channels, the open coast, or smaller streams. Other species (e.g., Avicennia
germinans, Laguncularia racemosa, and Pelliciera rhizophorae) are found in the fringe,
but become more abundant behind the fringe. Occasional gaps result from tree falls,
lightning strikes or cutting by local people. Despite this, most prop roots are heavily
shaded by overhanging branches; typically, there is a continuous canopy of limbs and
foliage over streams.

Fringing habitat types in the Bahfa Las Minas area did not fit neatly into
existing models of mangrove forest structure (Lugo and Snedaker 1974). Channels
had characteristics of both fringe and overwash forest types, as did the open coast.
Drainage streams were similar to "riverine forests," with tall Rhizophora, but there
was no low berm along the banks, pictured as typical of this type of forest, and
smaller streams were not lined by tall trees.



Fig. 9.4 Drainage stream: Rhizophora fringe. September 1991, site = HIDR; canopy extends over
stream from trees on each bank; light area (center, rear) is a light gap resulting from a tree fall.

9.2.3.2 Physical Setting

Bahia Las Minas consists of three major wings, separated by causeways built
during the last 35 yr (Fig. 9.5; Cubit et al. 1985). One or more rivers, and several
smaller streams, feed into each wing. Hydrology and meteorology at Punta Galeta
have been extensively studied (Cubit et al. 1986, 1988a, 1989). These data provide
an integrated view of conditions on reef flats at Bahia Las Minas. Our more limited
data from within Bahfa Las Minas provide a comparative view of physical conditions
in the mangrove fringe.

The daily average range of the tides is ~24.5 cm, with a yearly range of
59.2 cm (Cubit et al. 1986). However, water levels are controlled by a combination
of seasonal trade winds, regional variation in sea level, and tidal fluctuations.
Prevailing north winds (onshore) tend to hold water in the bay and push water levels
up over reef flats. During dry season (approximately December-April), onshore
winds are strong and consistent, water levels are high, and wave action is strong.
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Fig. 9.5 Map of study area and sites. 4. Caribbean coastline of the Republic of Panama, showing
region examined in this study. B. Expanded-scale map of the study area, showing unoiled sites for open
coast habitat during the first year after the spill (August 1986-May 1987); lower left, bounded area shows
the approximate limit of heavy oiling from the spill (dark-shaded area is the refinery complex, solid circle
is STRI’s Galeta Marine Laboratory). See Table 9.2 for explanations of site abbreviations, habitat types,
and monitoring history.

During the early and late wet seasons (May-June and October-November), winds
often drop, leading to lower average water levels and little wave action. Onshore
winds unpredictably blow between July-October, leading to a "little dry season” when
water levels again rise and sea conditions are rough. Water levels within Bahia Las
Minas are also dependent on patterns of runoff, but there are no data available from
within the bay.

Rainfall is strongly seasonal. Dry season usually begins in December and lasts
until April or May. Salinity is oceanic (>300/00) at the entrance to the bay, with
rare drops during periods of heavy rainfall (Cubit et al. 1989). Salinity in channels
and lagoons and in small tidal streams within the bay is nearly oceanic during the dry



544 Chapter 9

|
C 79°50'W
6 ~\
9° 25'N—
Kol
HIDR/ ® Q
SBCW_ CSR
L : Galeta Marine Laboratory, STRI
C :now-closed cement plant
E : electricity generating station
R :refinery; 1986 oil spill
W : stem section, Witwater o . R R
(1968 spill) e
~ ! reef flat margin I tiometers

Fig. 9.5 Map of study area and sites (continued). C. Expanded-scale map of area affected by oil and
locations of the remaining major study sites during the first year after the spill. See Table 9.2 for
explanations of site abbreviations, habitat types, and monitoring history.

and early wet seasons. During wet season, a salinity gradient develops as freshwater
runoff flows over and mixes with saltier bay waters. During periods of heavy rain,
waters deep in the bay may be greatly reduced in salinity. Streams differ in salinity
structure based on runoff patterns. Surface waters in larger streams remain fresh or
low in salinity throughout most of the year; smaller streams fluctuate in surface
salinity in response to local runoff. Flow is greatest during the wet season in streams
and channels and during the dry season on the open coast. Waters on the open coast
at the entrance of the bay are relatively clear oceanic water, while light transmission
is greatly reduced in channels and streams within the bay.
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Fig. 95 Map of study area and sites (continued). D. Expanded-scale map of study area, showing
unoiled sites for open coast habitat during the second through fifth year after the spill. See Table 9.2
for explanations of site abbreviations, habitat types, and monitoring history.

9.2.3.3 Epibiotic Assemblages

At Bahia Las Minas each of the three habitat types (open coast, channel, and
stream) has a distinct assemblage of organisms living on roots. Table 9.1 shows the
rank abundance of various taxa on the open coast, in channels, and in streams based
on roots sampled in October 1981 and January 1982. These pre-oiling samples were
chosen because all habitats were sampled with approximately the same effort at the
same time. Data are the percent of roots on which a given category was found at
least once.

Overall, there was a decrease in the number of categories of percent cover
(including bare space and mixed-species groups) from open coast (36) to channels
(10) and streams (11). This difference appeared although slightly fewer roots
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Fig. 9.5 Map of study area and sites (continued). E. Expanded-scale map of area affected by oil,
showing remaining sites examined during the second through fifth year after the spill. See Table 9.2 for
explanations of site abbreviations, habitat types, and monitoring history; refer to Figure 9.5C legend.

(N = 70) were sampled on the open coast than in channels or streams (N = 75, each
habitat). Individual taxa tended to be rarer in occurrence on the open coast than in
channels or streams. The rarest species in channels and streams occurred on almost
a third of all roots, while only 25% of the species found on the open coast were that
common.

There was limited overlap in species occurrence among habitats, with some
exceptions, such as mixed-species groups (e.g., diatoms and mixed-algal turfs) and the
alga (Polysiphonia subtilissima). Most taxa that occurred in more than one habitat
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Table 9.1 Frequency of epibiota on submerged roots of Rhizophora mangle in October 1981 and January
1982. Data are the percent of roots on which a category appeared at least once out of the total number
of roots sampled.

A. Open Coast B. Channels and Lagoons

N = 70 roots 220 cm long N = 75 roots 220 cm long
Bare space 85.7 Balanus improvisus 100.0
Hydroid sp. 2 771 Crassostrea virginica 100.0
Bostrychia tenella/B. binderi 75.7 Mytilopsis sallei 100.0
Caulerpa verticillata 60.0 Chthamalus sp. 93.3
Crustose coralline algae 571 Isognomon ?alatus 853
Dictyota bartayresii /D. pulchella 45.7 Bare space 853
Polysiphonia subtilissima 45.7 Brachidontes ?exustus 60.0
Mixed algal turf 43 Encrusting bryozoans 46.7
Caloglossa leprieurii [Catanella repens 343 Vermetid spp. 440
Tunicate sp. (brown) 329 Spirorbis spp. 34.7
Dynamena sp. (hydroid) 314
Coelothrix irregularis 314
Ceramium spp./Centrocerus clavulatum 30.0 C. Drainage Streams
Blue-green algae (?Oscillatoria) 300 N = 75 roots 220 cm long
Styelid seasquirts 28.6
Anemone spp. 28.0 Mytilopsis sallei 1000
Herposiphonia tenella 25.7 Balanus improvisus 89.3
Diatoms 229 Bare space 88.0
Chaetomorpha spp. 214 Dead Mytilopsis 733
Ectocarpus breviarticulatus 171 Diatoms 60.0
?Peyssonnelia sp. (crust) 15.7 Mixed algal turf 56.0
Sigmadocia caerulea (sponge) 15.7 Polysiphonia subtilissima 453
Tedania ignis (sponge) 15.7 Crassostrea virginica 320
Purple sponge 15.7 Chthamalus sp. 28.0
Caulerpa sertularioides 143 Spirorbis spp. 28.0
Hydroid sp. 1 143 Chaetomorpha spp. 28.0
Black sponge 143
Homotrema (protozoa) 114
Amphipod tubes 8.6
Brown sponge 8.6
Tunicate sp. (green) 71
Porites furcata 7.1
Pink sponge 5.7
Vermetid spp. 5.7
Red sponge 43
Balanus improvisus 29

differed greatly in abundance between habitats. For example, Chthamalus sp. was
nearly absent from roots in streams and common in channels; Crassostrea virginica
was rare in streams and common in channels. The alga Polysiphonia subtilissima, the
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barnacle Balanus improvisus, and the false mussel Mytilopsis sallei were exceptions.
Polysiphonia was found in approximately equal abundance on the open coast and in
drainage streams, and Balanus and Mytilopsis were similarly or equally frequent in
channels and streams. Some entire groups were absent from a given habitat (e.g.,
bivalve molluscs and encrusting bryozoans from the open coast).

The limited overlap of species was most clearly reflected by differences in the
most common species or group found on roots in each habitat. Roots on the open
coast were dominated by foliose algae (42-62% cover, among-site mean for each
sample date) and sessile filter-feeding invertebrates (13-22%; Figs. 9.6, 9.7). The
edible oyster Crassostrea virginica was the most common species in channels (50-54%,
Fig. 9.8) and the false mussel Mytilopsis sallei covered the most space in streams
(59-64%; Figs. 9.9, 9.10). Thus, each habitat supported a distinct assemblage of
epibiotic organisms.

9.2.4 The Oil Spill

In April 1986 at least 60,000-100,000 bbl of crude oil spilled into the sea from
a storage tank at Refineria Panam4, Isla Payardi, Republic of Panama. Oil washed
into a large area of mangrove forest near the Smithsonian Tropical Research
Institute’s Galeta Marine Laboratory.

A study of the mangrove fringe and the epibiota of submerged prop roots was
initiated for several reasons. First, the maze of prop roots and associated epibiota
along the mangrove fringe form a biologically rich "edge" habitat between the sea and
interior mangrove forests. Roots are covered with a great number and high biomass
of attached organisms compared to those in interior forests. This rich assemblage
is critical to the maintenance of nearshore food webs. Effects of oiling on the
epibiota were essentially unknown, but negative effects are likely to have wide-
ranging consequences. Also, among the attached organisms life histories vary from
ephemeral to long lived, giving a range of possible responses to oiling.

Second, differences in fringing habitat types (sensu Lugo and Snedaker 1974)
presented the opportunity to examine variation in relative oil effects, and to examine
existing models of the effect of oil on fringing mangrove habitats (Getter et al. 1984).

Third, we had sampled the epibiota on hanging roots of fringing R. mangle
near Galeta before the spill. This sampling, and the single-site study of Batista
(1980), provided information on the epibiota of prop roots prior to the Bahia Las
Minas spill. Preliminary results have been presented in Cubit et al. (1987), Jackson
et al. (1989), and Garrity and Levings (1991, 1992).

We here present data on the S-yr span of the study, including abundances of
epibiota on roots, patterns of recruitment, succession, and aspects of the health,
growth, and survival of the mangrove fringe and the roots themselves.
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Fig. 9.6 Open coast fringing roots and epibiota. May 1990, site = PADM. Roots in the center and right
foreground are hanging; root to the left is embedded in sediments; root in the center background is
touching the bottom but is not anchored. Note richness of epibiota on roots (hydroids, sponges, foliose
and crustose algae, and vermetid tubes) compared to sand bottom (one algal species). Also note several
species of fish amidst roots.

9.3 Objectives, Rationale, and Design
9.3.1 Introduction

Each accidental oil spill is a unique event, affected by local hydrographic and
meteorological conditions, topography, amount and composition of oil, and cleanup
attempts. In essence, the sample size of postspill studies is always one. Designing
a sampling program depends upon the spill, the unique characteristics of the site, and
the distribution of closely matched habitats nearby. Ideally, oiled and unoiled sites
are exactly matched and data are available from all sites both before and after the
spill (e.g., main sequence 1 of Green 1979; Table 1.3). However, these ideal
conditions, which approximate those of a planned experiment, are rarely met in
practice. This fact has broad implications in the design and interpretation of
pollution studies.
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Fig. 9.7 Open coast fringing root, submerged tip. June 1991, site = MSM. Segment of root shown is
~15 cm in length. Organisms visible include four species of foliose algae, one algal crust, and
calcareous vermetid tubes.
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Fig. 9.8 Channels and lagoons: fringe and cbiot. June 1991, site = HIDC. White organis ..
roots are Crassostrea. Tagged roots in the background are from the community development cohort.

The goals of our study were to evaluate the effects of the 1986 Bahia Las
Minas oil spill (1) on the epibiota of the mangrove fringe and (2) on the mangrove
fringe itself. We attempted to design a rigorous sampling program that could
critically examine the effects of oiling on a complex assemblage of organisms whose
attachment sites (submerged roots) were themselves alive and potentially affected by
oiling.

The comparison of oiled and unoiled sites within habitats was complicated by
patterns of oil deposition, water flow, physical stress, and differences between
lagoons. In this section, we describe our design, site selection, possible confounding
effects, and statistical analyses.

9.3.2 Objectives

There were two major foci of our study. The first was an examination of
effects of oiling on the epibiota of mangrove roots. This included:
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Fig. 9.9 Unoiled drainage streams: fringing roots and epibiota. May 1990, site = HIDR. Roots

hanging off banks were covered with Mytilopsis sallei.

1. documentation of the basic ecology of epibiotic assemblages in each habitat,
including spatial and temporal variation and major structuring forces (a
necessary prelude to assessment of oiling effects),

2. comparison of epibiota at oiled and unoiled sites, and
3. evaluation of possible causes of any differences observed.

The second major focus was an examination of the structure of the fringe
itself. Epibiota grow on a living substratum that changes through time. Aerial roots
enter the water, grow through the water column, and eventually embed in bottom
sediments or die. They thus are a dynamic substratum that could be directly or
indirectly affected by oiling or other factors. Differences in the physical structure of
the mangrove fringe might be an underlying cause of differences in the epibiota. We
examined:
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Fig. 9.10 Unoiled drainage streams, submerged view of roots. August 1991, site = HIDR. Root at the
left is 85 cm long. False mussels covered most space; fuzzy organisms visible in the center are a mixture
of foliose hydroids and bryozoans.
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1. the size, health, and physical condition of roots in the mangrove fringe,
2. density of live and dead roots,

3. growth rates, and

4. structural characteristics of the fringe.

Our observations and field data document the progression of oiling effects in
the mangrove fringe. We present these here as a description of the time course and
extent of damage from oiling in the mangroves of Bahia Las Minas.

We separate results into two periods: (1) initial effect from the deposition of
oil residues during the first year after the spill, and (2) long-term evaluation of
damage and recovery during the second through fifth year after the spill.

Finally, we combine results from both the structural and biological
components of the study to make an overall evaluation of damage to this productive
and important system, S yr after the spill.

9.3.3 Selection of Study Sites
9.3.3.1 Goals and Limitations

Our goal in selecting study sites was to sample representatively from the area
affected by oiling while making best use of study sites initially sampled in 1981-1982.
Two series of sites were used in the short- and long-term sections of the study. The
first, sampled in 1986-1987, concentrated on areas sampled in 1981-1982. The
second, sampled in 1987-1991, added sites from throughout the area affected by
oiling. Sites were selected to be as similar as possible within each habitat type based
on the structure of the mangrove fringe and location. We had no prior information
on the physical regime at study sites. Beginning in August 1987 at least four sites
were sampled in each of the six treatment types (e.g., open, oiled). A history of site
changes is shown in Figure 9.5. Site names, abbreviations, and dates of monitoring
are listed in Table 9.2, and details are discussed below. Sites will be referred to by
coded abbreviations throughout this report.

Site selection was based upon the assumption that we could correctly identify
oiled vs. unoiled sites by the visible presence of oil and oil residues. Subsequent
sampling and analysis of hydrocarbons from sediments and organisms at our sites
(Burns, Chap. 3) represented a test of our method of site selection, as well as of the
relevance of data presented in this study for damage assessment (Burns et al. 1993).

Control sites included (1) those sampled in 1981-1982 that had remained
visually unoiled (see above methods), (2) other sites within Bahfa Las Minas where
there was no visible evidence of oiling on roots, and (3) sites at some distance from
Bahia Las Minas, physically similar to oiled sites, but where either booms or distance
kept oil from reaching mangroves.



The Mangrove Fringe and the Epibiota of Mangrove Roots

Table 92 Study sites, site codes, and monitoring dates.

555

A. Unoiled Open Coast
Maria Soto Mangrove (MSM)
Portobelo Mangrove (PBM)
Isla del Padre Mangrove (PADM)
Isla Lintén Mangrove (LINM)
B. Oiled Open Coast
Punta Galeta Mangrove (GALM)
Isla Mina Mangrove (MINM)
Pefia Guapa Mangrove (PGM)
Isla Droque Mangrove (DROM)
Punta Muerto Mangrove (PMM)
C. Unoiled Channels and Lagoons
Hidden Channel (HIDC)
Samba Bonita Channel West (SBCW)
Margarita Channel North (MACN)
Margarita Channel South (MACS)
Largo Remo Channel South (LRCS)
D. QOiled Channels and Lagoons
Pefia Guapa Channel (PGC)!
Largo Remo Channel West (LRCW)!
Largo Remo Channel Site CO3 (CO3)"
Payardi Channel East (PCE)
Payardi Channel South (PCS)
Samba Bonita Channel East (SBCE)
Samba Bonita Channel South (SBCS)
E. Newly Qiled Channel
Hidden Channel (HIDC)?
F. Unoiled Drainage Streams
Hidden River (HIDR)
Rio Coco Solo (CSR)
Unnamed River (UNR)
Rio Alejandro (ALER)
Quebrada Las Mercedes (MERR)
G. Oiled Drainage Streams
Largo Remo River South (LRRS)
Largo Remo River North (LRRN)
Payardi River (PAYR)
Punta Muerto River East (PMRE)
Punta Muerto River West (PMRW)

August 1986 — May 1991
August 1986 — May 1991
August 1987 — May 1991
August 1987 — May 1991

October 1981 — August 1987

October 1981 — May 1991
August 1987 — May 1991
August 1987 — May 1991
August 1987 — May 1991

October 1981 — May 1988
August 1986 — May 1991
August 1987 — May 1991
August 1987 — May 1991
August 1988 — May 1991

August 1986 — May 1987
August 1986 — May 1991
August 1986 — May 1987
August 1987 — May 1991
August 1987 — May 1991
August 1987 — May 1991
August 1987 — May 1991

August 1988 — May 1991

October 1981 — May 1991
August 1986 — May 1987
August 1987 — May 1991
August 1987 — May 1991
August 1987 — May 1991

June 1982 — May 1991

August 1986 — May 1987
August 1987 — May 1991
August 1987 — May 1991
August 1987 — May 1991

Names are listed for each site; the abbreviation listed is that found in computer data files on deposit.
'Sections of Pefia Guapa Channel were monitored as Hidden Channel in 1981-1982.
*Hidden Channel was oiled between May and August 1988. See text.
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There was a distinct geographic component to oiling of the mangrove fringe.
The pattern of movement of oil on the open coast was determined by winds and tides
(Cubit et al. 1987; Cubit and Levings, Chap. 2; Cubit and Connor, Chap. 4). Within
the bay, runoff and tidal currents as well as winds and tides affected the path and
extent of oiling. Oil moved into the mouths of the smaller bays within Bahia Las
Minas and penetrated them to varying degrees; freshwater outflows often moved oil
out of channels and streams. The central bay (closest to the source of oil input) was
heavily oiled because winds initially trapped oil within this wing (Cubit et al. 1987).
Relatively less oil reached deep into the bay’s eastern and western wings. As a
result, the mangrove fringe in channels was oiled (1) patchily in the outer sections
of the western wing, (2) throughout the central bay, and (3) into middle sections of
the eastern wing. Smaller streams were heavily oiled because they experienced a
strong tidal influence (two-way flow) and concomitant intrusion of (oily) saltwater.
Large streams remained unoiled because of positive downstream flow.

9.3.3.2 Habitat Definition and Site Selection

Three fringing habitats of the red mangrove Rhizophora mangle in Bahia Las
Minas include (1) shoreward margins of reef flats fronting the open sea, (2) edges
of channels leading inward from the sea, and lagoons into which channels lead, and
(3) banks of streams and man-made cuts that drain interior mangroves or uplands
into lagoons (Figs. 9.2-9.4).

Prior to the spill at Refineria Panama, the cover of space on Rhizophora prop
roots in the above three habitats (hereafter called open coast, channel, and drainage
stream) was surveyed three times (September-October 1981, January 1982, and June
1982). Roughly 1-km stretches of shore (sites) within each habitat were haphazardly
chosen in the western wing of Bahia Las Minas (Fig. 9.5).

After the spill, sites were added to include both oiled and unoiled areas and
to increase sample sizes. For the first year following the spill (August 1986-May
1987), we concentrated on areas studied during 1981-1982 within the western wing
of Bahia Las Minas (Fig. 9.5).

When the long-term study of oiling effects began (August 1987), site changes
were made to sample representatively from the coastline affected by the spill and to
increase distance between sites. Definition of "oiled" vs. "unoiled” areas was based
on examination of aerial photographs of oil slicks, followed by observations by boat.
The coast was surveyed for visible oil throughout the area affected by the spill.
Oiling at individual sites was verified by measurement of percent cover and vertical
extent of fresh oil on prop roots. In each habitat final sites were chosen by randomly
selecting among oiled areas that were similar in fringe structure, with the proviso that
sites were spread throughout the oiled area, rejecting adjacent locations.

On the open coast three points adjacent to the Galeta Marine Laboratory
were sampled as two sites (GALM and MINM) in 1981-1982. These sites were
subsequently oiled in April 1986, and resampled during 1986-1987 as oiled sites along
with a fourth adjacent point to the south (data included in MINM). In August 1987
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three oiled sites around the mouth of Bahia Las Minas were added to MINM, and
quarterly sampling was discontinued at adjacent GALM. Because Punta Galeta had
been monitored prior to the spill, we remonitored it on the fourth and fifth
anniversaries of the spill.

No open, unoiled areas were found near Bahia Las Minas; the closest unoiled
sites were located ~25 km east, at Maria Soto (MSM) and Portobelo (PBM; Table
9.2; Fig. 9.5). In August 1987 two open coast sites were added east of PBM, for a
total of four unoiled sites (Fig. 9.5).

In channels and lagoons two large (>1 km) sections of shore within the
western wing of the bay were sampled in 1981-1982 (data combined as HIDC).
Oiling within this wing was patchy in April 1986; the originally sampled areas ranged
from heavily oiled to unoiled. Areas deeper within the western wing had little or no
visible oil compared with those nearer the mouth (e.g., LRCW vs. HIDC); they were
accordingly split into oiled and unoiled sites. However, we viewed these "control”
areas as being lightly oiled rather than unoiled because of their proximity to oiled
sites and the continued presence of floating oil nearby. Additional sites within this
wing of Bahifa Las Minas were added to previously sampled oiled (2) and unoiled (1)
sites in July 1986 (Fig. 9.5; Table 9.2).

In August 1987 two oiled sites each were added in the central and eastern
wings of Bahia Las Minas, closer to the refinery. We continued to monitor LRCW
in the western wing (Fig. 9.5; Table 9.2).

Because of the possible oiling of at least some control sites within Bahia Las
Minas (see above), we added two unoiled sites (MACN and MACS; Fig. 9.5) located
in a small, shallow lagoon that had been protected by booms during the spill.
Margarita Lagoon is much smaller than Bahia Las Minas, with a restricted opening
to the sea. A branch of Rio Coco Solo drains into its east end. Maximum depth is
<1 m throughout, compared to Bahia Las Minas, which is navigable to ocean-going
ships (through dredged channels) well into the central and east wings.

In August 1988 a control site within the west wing of Bahia Las Minas
(HIDC) was oiled; it was from then on considered newly (lightly) oiled. The source
of the oil was a secondary release of the spilled Venezuelan/Mexican Isthmian crude
(VMIC) from sediments (Burns, Chap. 3). Only one such release reached this site.
A replacement unoiled site within the western wing of Bahia Las Minas (LRCS) was
added to the study at this time (Fig. 9.5; Table 9.2).

Two streams were sampled in 1981-1982 (Fig. 9.5; Table 9.2). One, a narrow,
man-made cut through the center of Isla Largo Remo, was subsequently heavily oiled
throughout its length. We sampled its southwest end as an oiled site (LRRS). The
other, a larger stream draining mangroves and uplands into an inner portion of the
west wing of Bahfa Las Minas, escaped oiling in 1986 (HIDR). In August 1986 we
began to monitor an additional unoiled stream (CSR), and sampled the northeast
entrance of the oiled drainage stream through Isla Largo Remo as a second oiled site
(LRRN).

In August 1987 three oiled and three unoiled streams were added to the study
(Fig. 9.5). Rio Coco Solo (CSR) was removed because of cutting of its watershed by
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local fishermen, and LRRN was removed to make sites more spatially distinct and
because of difficulties in access.

The four unoiled drainage streams were located in and around Bahia Las
Minas (Fig. 9.5). Hidden River (HIDR) was deep in the western wing of the bay
while two others (ALER and UNR) were deep in the eastern wing. Quebrada Las
Mercedes (MERR) was ~4 km east of Bahia Las Minas. A shallow area of reef flat
and seagrass beds fringed its mouth. Of the oiled drainage streams, three were in
the eastern wing of Bahia Las Minas; LRRS bisected Isla Largo Remo.

9.3.4 Confounding Effects

In the mangrove fringe each habitat had a different set of confounding factors
that might affect comparisons of oiled and unoiled sites. For each habitat we
examine the similarity of geographic location and physical factors between oiled and
unoiled sites to evaluate possible confounding effects of site selection.

9.34.1 Open Coast

The coast of Panama changes between Punta Galeta and Isla Grande. On the
open coast, unoiled sites were located ~25 km east of Bahia Las Minas (Fig. 9.5).
All sites were similar in that a healthy mangrove fringe was located behind a fringing
reef flat. Physical conditions on reef flats are controlled by a combination of
meteorological and hydrographical forces that vary with small changes in local
topography and aspect (Cubit et al. 1986, 1989). Differences in location of open
coast sites could thus affect the physical regime in the mangrove fringe behind the
reef flat.

Sites around Bahia Las Minas face directly north. Unoiled sites face
northeast. Prevailing winds on this coast are from the north (Glynn 1972; Cubit et
al. 1989). Oiled and unoiled sites therefore probably have somewhat different
patterns of wind-driven waves. Second, there is a rainfall gradient of ~80 cm/yr
between Cristébal at the Caribbean entrance to the Panama Canal and Portobelo to
the east (long-term averages from PanCanal Company, cited in Windsor 1990;
Guzmén et al., Chap. 7). Unoiled sites probably receive at least S0 cm more rainfall
on average in a year than unoiled ones (Cristébal mean annual rainfall = 3,257 mm,
N = 114; Portobelo mean annual rainfall = 4,069 mm, N = 65; Windsor 1990).

Limited physical data suggest that overall conditions were similar between
oiled and unoiled sites. Salinity was generally >300/00 on the surface and always
>300/00 at 1 m depth at both oiled and unoiled sites (Fig. 9.11). Seasonal variation
was slight, with salinities highest at both depths in dry season (February) and lowest
during mid- to late rainy season (Augusts and Novembers). Water temperature did
not differ between oiled and unoiled open coast sites or between surface and 1 m
depth, but showed a somewhat stronger (and opposite) seasonal pattern to salinity
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(Fig. 9.11). Temperatures were lowest during dry season, when wave action and
water levels were high, and higher in the wet season (particularly May 1989 and
1991), when low water levels and wave action resulted in heating across the reef flat
(see also Cubit et al. 1989).

Open coast sites had high transparency (3-12 m Secchi depth; Fig. 9.12).
Water at unoiled sites was clearer than at oiled sites, but differences were unlikely
to be relevant at the shallow depth range of mangrove roots. Because unoiled sites
were 25 km east of the Bahia Las Minas estuary, the most conservative explanation
is that drainage from Bahia Las Minas tended to lower transparency on the nearby
open coast. This hypothesis is supported by sediment-size distributions on oiled and
unoiled coral reefs in October 1986, before large-scale erosion related to the oil spill
began (see Table 3.2).

On the open coast water movement was highest in dry season and dropped
during the early wet season (Fig. 9.13). This was similar to patterns of water flow on
the fringing reef flat at Punta Galeta (Galeta Environmental Sciences Program, Cubit
et al. 1986, 19884, 1989). In late April and May onshore winds stop and seasonal low
tides lead to long exposures of reef flats (Cubit et al. 1986, 1989; Cubit and Connor,
Chap. 4). There were no differences in water movement between oiled and unoiled
open coast sites.

Open coast sites were of necessity spread ~25 km along the coast. Their
overall structure was similar. Our measurements of physical conditions were roughly
similar, but unoiled sites probably received more rain, and prevailing winds did not
blow directly onshore. We cannot determine the effects of these differences among
sites, but they appear small compared with the effects of oiling.

9.3.4.2 Channels and Lagoons

The mangrove fringe in channels and lagoons was structurally similar, and
sites were located close to one another either in Bahfa Las Minas or the nearby
Margarita Lagoon. However, Margarita Lagoon is much smaller and shallower than
Bahia Las Minas. In addition, there were some differences in the physical regime
between oiled and unoiled sites and between lagoons.

There was a sharp seasonal pattern in surface salinity in unoiled channels and
lagoons, with surface salinities dropping from nearly oceanic during dry season to
~100/00 in late wet season (November 1989 and 1990; Fig. 9.11). In oiled channels
surface salinities showed the same pattern, but seldom dropped below 250/00.
During the dry and early wet seasons (February-May) surface salinities were similarly
high at oiled and unoiled sites. Seasonal and between-treatment (oiled vs. unoiled)
differences were damped at 1 m depth; the only significant drop in salinity occurred
in unoiled channels during November 1989. Water temperature in channels showed
a weak seasonal cycle. As on the open coast, there were no differences in
temperature between oiled and unoiled channels, or between the surface and 1 m
depth.
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Fig. 9.12 Water transparency. Data are overall quarterly means (2 readings/site, 4-5 sites/habitat) for
oiled and unoiled open coast, channel, and stream turbidity measurements. Circles on the x-axis are the
number of sites where the Secchi disk reached the bottom. See text for details.

Surface salinity was correlated with geographic location for oiled and unoiled
channels (Fig. 9.5). Surface salinity in unoiled channels in November in the western
wing of Bahia Las Minas was significantly lower than at oiled sites (oiled
mean = 22.10/00, unoiled mean = 11.40/00; Mann-Whitney U-test, U = 6.5, P <.02,
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Fig. 9.13 Water movement. Data in the left column are mean and SE of weight loss of plaster clods
set subtidally at each site simultaneously for 2 d. Data in the right column are direct measurements of
water flow with associated standard errors. Open circles = unoiled, solid circles = oiled. See text for
methods and details.
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N = 6, 10). Two unoiled sites in Margarita Lagoon (MACN and MACS) had the
lowest surface salinities recorded (< 10o/00 in the 3 November samples). Margarita
Lagoon and the western wing of Bahfa Las Minas have constricted openings to the
sea compared with the central and eastern wings of Bahia Las Minas (Fig. 9.5). This
characteristic probably concentrates freshwater inflow there, resulting in lower
salinities.

Transparency was always low, averaging ~1 m and differing <25 c¢m at oiled
and unoiled sites (Fig. 9.12). Water tended to be clearer at oiled than unoiled sites
(6 of 7 dates), perhaps associated with greater saltwater inflow. Water movement in
channels was not wave-forced; it appeared most affected by patterns of runoff and
tidal flow within the bay. In dry season (February) there was little flow (Fig. 9.13).
Onshore winds held water within the bay (based on observed high-water levels), and
tidal fluctuations were small (Cubit et al. 1989). Little rain, and thus little runoff,
occurred. In April to May the rains began and onshore winds dropped; runoff and
tidal fluctuations increased. These factors resulted in increased water movement
during rainy season.

Between-treatment differences in surface salinity were an unavoidable result
of the pattern of oil movement. All channels close to the mouth of Bahia Las Minas
were oiled; no comparable habitat occurs within range of the Galeta Marine
Laboratory. We note that areas close to the mouth of Bahia Las Minas and those
deep in the western wing had similar epibiotic cover in 1981-1982 (data combined as
HIDC below). Statistical analyses were adjusted to examine these differences.

9.3.43 Drainage Streams

The mangrove fringe and physical regime differed between oiled and unoiled
streams because the processes that controlled oil deposition were related to those
that generated the structure of the mangrove fringe itself.

Drainage streams showed strong seasonal changes in salinity, as well as
differences in salinity between oiled and unoiled streams (Fig. 9.11). Mean surface
salinity was always lower at unoiled than at oiled streams (sign-rank test, P = .002
[2-tailed], N = 10). Differences were greatest during dry season (February 1989,
1990, and 1991). Unoiled streams were larger, and usually maintained positive
outward flow (presumably limiting surface saltwater intrusion). Oiled drainage
streams flowed bayward mainly during periods of strong rainy season runoff, and
could experience reverse flow and surface salinities >300/00 during the dry season.
Oiled and unoiled streams were most similar in surface salinity following heavy rains
during wet season (e.g., November 1989 and August 1990).

Seasonal differences in salinity were damped at 1 m depth (Fig. 9.11). Salinity
was >30o/00 during the dry and early wet seasons in both oiled and unoiled streams,
then dropped during mid- to late wet seasons. The seasonal decrease in salinities at
1 m depth was greater in unoiled than oiled streams. Absolute differences between
salinity at the surface and at 1 m depth were also generally greater in unoiled than
oiled streams, but there was considerable variation among sites. For example, in
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November 1989 salinity at HIDR was Oo/oo both at the surface and at 1 m depth,
while at ALER salinity was 40/00 on the surface and 25.50/00 at 1 m depth.

There was little variation in water temperature at either oiled or unoiled
streams (Fig. 9.11). However, mean surface temperature was higher in oiled than
unoiled streams on 9 of 10 dates (sign-rank test, P = .022 [2-tailed]). Differences
were 2°C or higher on 4 of 9 dates. The range of mean surface temperatures in oiled
streams was 25.5-32.1°C, while the range of temperatures in unoiled streams was
25.5-29.5°C. There were no differences at 1 m depth.

Water in streams was turbid (0.5-1.5 m Secchi depth) with a strong seasonal
pattern (Fig. 9.12). Water was most transparent in dry season and most turbid in
early to mid-rainy season. This difference reflected increased incursion of oceanic
waters and decreased runoff during periods of reduced rainfall. Oiled streams were
more turbid than unoiled ones on 5 of 7 dates, at least in part because of erosion
along banks.

Water movement in drainage streams followed the same pattern as that in
channels. In dry season (February) there was little flow (Fig. 9.13). Onshore winds
held water within the bay and tidal fluctuations were small (Cubit et al. 1989). Little
rain, and thus little runoff, occurred. In April to May the rains began, runoff and
tidal fluctuations increased, and winds dropped. These factors resulted in increased
water movement during rainy season. There were differences between oiled and
unoiled streams. Flow was similar in the dry and early wet season (February and
May). In mid- or late wet season, or both (August and November), flow was as much
as twice as great in unoiled than oiled streams, probably because they drained larger
watersheds.

It was not possible to match exactly the size and runoff pattern of streams.
Differences between oiled and unoiled streams were an unavoidable complication
because they resulted from the pattern of oiling. Smaller streams, with greater
surface tidal intrusion, were more likely to be oiled than larger streams with positive
freshwater outflow in the early wet season. It should be noted, however, that both
Hidden River (HIDR, a large unoiled stream) and Largo Remo River South (LRRS,
a small oiled stream) had similar epibiotic communities before the spill.

9.3.4.4 Matching of Sites Sampled Before and After the Spill

Some sites sampled before the spill were oiled and some were not.
Comparisons between them were the strongest evidence for an effect of the oil spill
on the mangrove fringe and attached epibiota, rather than from natural variation
among sites or over time. However, (1) there was a 4-yr gap between before-and-
after data and (2) the pattern of oiling with respect to sites sampled before the spill
differed among habitats.

On the open coast both sites sampled before the spill were oiled. Thus, we
have no direct measure of variation between 1981-1982 and 1986 with respect to oil
effects (main sequence 2 of Green 1979; Table 1.3). In channels, sections of the
originally sampled shore were oiled and some escaped oiling (LRCW, PGC, and CO3
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vs. HIDC). Thus, differences between these sites meet the criteria for complete
before-and-after matching (main sequence 1 of Green 1979). Two streams were
sampled in 1981-1982. One was oiled and one was not (LRRS vs. HIDR). These
sites also meet matching criteria.

In addition, although quantitative data were collected only three times prior
to the spill, we made multiple trips in the mangroves of Bahia Las Minas between
1981 and 1983. Photographs and notes indicate that the three documented epibiotic
assemblages persisted throughout 1981-1983, and were still present at unoiled sites
when monitoring began in 1986.

9.3.5 Statistical Analyses

Statistical analyses were chosen based on the structure of individual data sets.
We used parametric analyses when data were in the form of continuously distributed
variables and met the appropriate assumptions. In general, we chose repeated-
measures analysis of variance (ANOVA) because sites were revisited over time and
it was possible, though unlikely, that the same root could be resampled. Where data
were independent among years or where only one date was sampled, we used 1- or
2-way ANOVA. Nonparametric analyses were chosen when data were categorical
variables, or where the assumptions of parametric analyses were not met. Details of
particular analyses are given with the results.

Sites were relocated in August 1987 to sample throughout the area affected
by oil (Fig. 9.5; Table 9.2). There are thus two sets of postspill data: sites sampled
in the first year after oiling (N = 4 quarterly monitorings, August 1986-May 1987)
and those sampled 2-5 yr after oiling (N = 16 quarterly monitorings, August 1987-
May 1991). The details of changes and the fate of sites sampled in 1981-1982
determined the exact analyses. We restrict repeated-measures analyses to the 4-yr
data set (August 1987-May 1991).

Percent cover data were arcsine transformed prior to analysis because most
species or groups of interest had percent covers out of the range of 30-70% (Sokal
and Rohlf 1981). Because percent cover data were not independent (i.e., data from
one root must sum to 100% cover), analysis of variance was restricted to groups of
major importance within each habitat: sessile invertebrates and algae on the open
coast; oysters, barnacles, sessile invertebrates, and algae in channels and lagoons; and
false mussels, sessile invertebrates, barnacles, and foliose algae in drainage streams.
These groups totaled <60% cover on roots, and each analysis was treated as
independent.

Data were combined into yearly samples/site because these groupings
controlled for possible seasonal effects and gave a stronger overall picture of
epibiotic cover. These repeated-measures ANOVAs were very conservative.
Effectively, if one oiled site had percent cover equaling that of the lowest cover at
an unoiled site, the effect of oiling was not significant. We thus have confidence that
any differences identified were strong and persistent. We also ran smaller-scale
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analyses (e.g., sign-rank tests) to examine the scale of differences, if any, between
oiled and unoiled sites.

The overall approach suggested by Mead (1988) was followed. Univariate
repeated-measures ANOVA was performed for the entire data set and for individual
years (N = 4). If sphericity assumptions held, unadjusted probability levels were
applied; if sphericity tests failed, Huynh-Feldt corrected probability levels were
applied. In practice, few data sets failed to pass sphericity tests. The set of analyses
was examined to interpret overall patterns of variation. In particular, years that did
or did not differ in single-year analyses were useful in interpreting the pattern of
recovery at oiled sites over time.

Prespill data were used as indicative of the kind of epibiotic assemblage
expected in Bahfa Las Minas, but were excluded from statistical analyses because of
the 4-yr gap between pre- and postspill sampling and slightly different sampling
methodology.

Numbers of roots sampled in a given period varied among sites. Comparisons
of algal species richness were made using rarefaction (Simberloff 1978). A sample
size of 20 roots was chosen for comparisons using long-term census and community
development roots and 10 for comparisons using recruitment dowels.

9.4 Oiling and Reoiling
9.4.1 Introduction, Rationale, and Design

Mangrove roots are a potential substratum for oil deposition as well as for the
settlement of epibiota. We measured the amount of oil deposited on roots
throughout the study and recorded the presence of visible oil. Oil consisted of
progressively weathered tarry residues on roots and attached organisms. For
estimates of dissolved hydrocarbons, see Burns (Chap. 3). The deposition,
accumulation, and degradation of oil stranded on mangrove roots was complicated
by the dynamic, biogenic nature of roots. Root growth, physical condition, and
mortality all affected records of oiling over time. Patterns of oiling on roots were
also complicated by secondary releases of oil from sediments or other sources.

Floating and stranding of oil was a complex issue in Bahia Las Minas. Oil was
present both from the 1986 spill and from other events throughout the study. The
Bahia Las Minas area has been and continues to be strongly disturbed by human
activities (Cubit et al. 1985). The refinery that was the source of the spill continues
to operate, as does an electrical plant at the base of Isla Payardi (Fig. 9.5). Small-
boat, freighter, and tanker traffic is constant, with concomitant inputs of hydrocarbon
residues. Oil from bilge waters pumped from tankers can form large slicks that
subsequently move east with longshore currents (S. Garrity, pers. obs.). Thus, other
sources of hydrocarbon contamination are present and might add oil residues to
those from the spill.

It was impossible to attempt to fingerprint chemically every oil record.
However, there was no chemical evidence that other sources were major
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contaminants (Burns, Chap. 3). Tissues from bivalves collected at oiled sites showed
continuing contamination from VMIC from 1986 through 1991; oil in sediments or
on roots was fingerprinted as that spilled in 1986 (oil samples taken in 1986, 1988,
1989, 1990, and 1991; Burns, Chap. 3). We therefore assume that the oil we
observed on mangrove roots was predominantly VMIC, but note any possible
exceptions from our field observations.

This section documents (1) the amount and persistence over time of oil from
the April 1986 spill in fringing mangroves and (2) the amount and sources of reoiling
along the mangrove fringe for S yr following the spill.

9.4.2 Materials and Methods

Initial measurement of the vertical extent of oil on mangrove roots on open
shores, in channels, and in streams immediately after the spill estimated variability
in oiling among habitats. In July-August 1986 we measured the vertical distance oil
(or oil covered with a film of diatoms) extended on haphazardly chosen prop roots
in oiled streams, channels, and on oiled open coast.

We subsequently measured the amount of oil on roots as percent cover of oil.
Percent cover was measured using a variation of point-intercept sampling. Strings
of varying length with 100 marked points in a stratified-random array were prepared.
An appropriately sized string was held against each root and the number of points
underlaid by oil was recorded. If oil was present on a root but not found under a
point, it was recorded as a "trace" and assigned a cover of 0.01%. For 5 of the 20
roots >75 cm in length, the vertical distribution of oil along the string was recorded,
and subsequently transformed to centimeters below mean high water (MHW).

Three types of roots were sampled. First, we randomly chose 20 roots at each
site every quarter and recorded percent cover (termed long-term census or random;
see Sect. 9.5.3). This sampling gave us an overall estimate of oil cover at each site,
including roots submerged at the time of the spill and those that later grew into the
water. The vertical distribution of oil on a subset of these randomly censused roots
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