
Contents

Foreword. . . . . . . . . . . . . . . . . . . . . .

Executive Summary

Introduction. . . . . . . . . . . . . . . . . . . . .

PART I ECOLOGICAL EFFECTS

Ecological Principles Relevant to Nuclear War. . . . . . .
Thomas C. Hutchinson, Wendell P. Cropper, Jr., and

Herbert D. Grover
1.1 Introduction. . . . . . . . . . . . . . . . . . . . .
1.2 Ecophysiology . . . . . . . . . . . . . . . . . . . .

1.2.1 Plant Responses to Low Temperatures. . . . . .
1.2.1.1 Chilling-Sensitive Plants. . . . . . . . .
1.2.1.2 Differences in Freezing Resistance and

Killing Temperatures. . . . . . . . . .
1.2.1.3 Acclimation and Hardening. . . . . . . .
1.2.1.4 Supercooling and Dehydration- Mechanisms

of Frost Hardening. . . . . . . . . .
1.2.2 Responses of Plants to Low Light. . . . . . . . .

1.2.2.1 Plant Responses to Prolonged Light
Reductions. . . . . . . . . . . . . .

1.2.2.2 Effects of Shade on Photosynthesis. . . .
1.2.3 Animal Responses to Low Temperatures. . . . .

1.2.3.1 Freezing Tolerance of Terrestrial Insects. .
1.2.3.2 Freezing Resistance in Freshwater Fishes. .
1.2.3.3 Response of Amphibians to Cold

Temperatures. . . . . . . . . . . . .
1.2.3.4 Freezing Resistance in Frogs. . . . . . .
1.2.3.5 Response of Reptiles to Cold

Temperatures. . . . . . . . . . . . .
Responses of Birds to Cold Stress. . . . .
Responses of Hibernating Animals. . . . .
Responses of Non-Hibernating Mammals to

ColdTemperatures. . . . . . . . . .
1.2.3.9 Survivability. . . . . . . . . . . . . . .

1

1.2.3.6
1.2.3.7
1.2.3.8

XIII

XXIII

XXX

XXXIV

3

3
4
4
6

9
16

26
31

31
35
40
41
42

42
43

43
44
45

46
46



xiv Ecological and Agricultural Effects

1.3 Plant Strategies Relevant to Nuclear War. . . . . . . .
1.3.1 Introduction. . . . . . . . . . . . . . . . . .
1.3.2 Primary Strategies of Established Plants. . . . . .
1.3.3 Strategies of Growth Response to Temperature. .
1.3.4 Regenerative Strategies. . . . . . . . . . . . .
1.3.5 Susceptibility During an Acute Phase Following a

Nuclear War. . . . . . . . . . . . . . . . .
1.3.6 Recovery After an Acute Phase. . . . . . . . . .
1.3.7 Summary. . . . . . . . . . . . . . . . . . . .

1.4 Seed Banks and Regeneration. . . . . . . . . . . . .
1.4.1 Occurrence of Seed Banks. . . . . . . . . . . .
1.4.2 Regeneration from a Seed Bank. . . . . . . . .
1.4.3 Regeneration by Vegetative Means. . . . . . . .

1.5 Community Succession. . . . . . . . . . . . . . . .
1.6 World Biomes. . . . . . . . . . . . . . . . . . . .

1.6.1 Introduction. . . . . . . . . . . . . . . . . .
1.6.2 Distribution of Biomes. . . . . . . . . . . . .
1.6.3 Production within World Biomes. . . . . . . . .
1.6.4 Soil Factors. . . . . . . . . . . . . . . . . .

References. . . . . . . . . . . . . . . . . . . . . . . .

2 Vulnerability of Ecological Systems to Climatic Effects of
Nuclear War. . . . . . . . . . . . . . . . . . . . . .

Mark A. Harwell, Thomas C. Hutchinson,
Wendell P. Cropper, Jr., and Christine C. Harwell

2.1 Introduction. . . . . . . . . . . . . . . . . . . . .
2.2 Potential Effects on Northern Temperate Terrestrial

Ecosystems. . . . . . . . . . . . . . . . . . . . .
2.2.1 Potential Effects on Arctic and Boreal Ecosystems.

2.2.1.1 Estimation of-Vulnerabilities to Acute
Climatic Disturbances. . . . . . . . .

2.2.1.2 Vulnerabilities to Chronic Climatic
Disturbances. . . . . . . .' . . . . .

2.2.1.3 Inferences from Previous Modelling
Studies. . . . . . . . . . . . . . . .

2.2.2 Potential Effects on Forest Ecosystems. . . . . .
2.2.2.1 Vulnerabilities to Acute Climatic

Disturbances. . . . . . . . . . . . .
2.2.2.2 Vulnerabilities to Chronic Climatic

Disturbances. . . . . . . . . . . . .

2.2.2.3 Results from Previous Modelling Studies. .
2.2.3 Potential Effects on Temperate Grassland

47
47
48
49
52

54
55
57
57
57
58
59
60
61
61
61
67
67
70

81

81

85
85

85

89

90
91

91

93
94



Comems

Ecosystems. . . . . . . . . . . . . . . . . .
2.2.3.1 Vulnerabilities to Acute Climatic

Disturbances. . . . . . . . . . . . .
2.2.3.2 Vulnerabilities to Chronic Climatic

Disturbances. . . . . . . . . . . . .
2.2.3.3 Results from Modelling Studies. . . . . .

2.2.4 Potential Effects on Arid and Semi-arid
Ecosystems. . . . . . . . . . . . . . . . . .

2.2.4.1 Introduction. . . . . . . . . . . . . . .
2.2.4.2 Vulnerabilities to Potential Acute

Climatic Disturbances. . . . .
2.2.4.3 Vulnerabilities to Potential Chronic

Climatic Disturbances. . . . .
2.3 Potential Effects on Aquatic Ecosystems. . . . .

2.3.1 Effects on Marine and Estuarine Ecosystems. . . .
2.3.1.1 Introduction. . . . . . . . . . . . . . .
2.3.1.2 Vulnerability of Open Ocean Ecosystems to

Potential Climatic Disturbances. . . . .
2.3.1.3 Vulnerability of Coastal Ocean Ecosystems

to Potential Climatic Disturbances. . . .
2.3.1.4 Vulnerability of Estuarine Ecosystems to

Potential Climatic Disturbances. . . . .
2.3.2 Potential Effects on Freshwater Ecosystems. . . .

2.3.2.1 Vulnerabilities to Potential Climatic
Disturbances to Surface Water Systems

2.4 Potential Effects on Tropical Ecosystems. . . . . . . .
2.4.1 Introduction. . . . . . . . . . . . . . . . . .
2.4.2 Vulnerabilities of Tropical Ecosystems to Potential

Climatic Disturbances. . . . . . . . . . . . .
2.4.2.1 Evergreen Tropical Rainforest. . . . . .
2.4.2.2 Deciduous (Seasonal) Forests. . . . . . .
2.4.2.3 Montane-Cloud Forest. . . . . . . . .

2.4.2.4 Tropical Alpine Systems. . . . . . . . .
2.4.2.5 Tropical Grasslands and Savannahs
2.4.2.6 Mangroves. . . . . . . . . . .

2.5 Potential Effects on Southern Hemisphere
Ecosystems. . . . . . . . . . . , . . . . . . . . .

2.5.1 Vulnerability of Terrestrial Ecosystems to Climatic
Disturbances. . . . . . . . . . . . . . . . .

2.5.1.1 Introduction. . . . . . . . . . . . . . .
2.5.1.2 Potential Vulnerabilities of Australian

Ecosystems. . . . . . . . . . . . . .
2.5.1.3 Potential Vulnerabilities of New Zealand

xv

99

99

100
100

109
109

110

111
112
112
112

113

119

122
133

133
143
143

145
145
147
149
151
152
155

158

158
158

159



xvi Ecological and Agricultural Effects

Ecosystems. . . . . . . . . . . . . .
2.5.2 Potential Effects on the Southern Ocean and

Antarctica. . . . . . . . . . . . . . . . . .
Appendix. . . . . . . . . . . . . . . . . . . . . .

References. . . . . . . . . . . . . . . . . . . . . . . .

3 Additional Potential Effects of Nuclear War on
Ecological Systems. . . . . . . . . . . . . . . . . . .

Thomas C. Hutchinson, Mark A. Harwell,
Wendell P. Cropper, Jr., and Herbert D. Grover

3.1 Introduction. . . . . . . . . . . . . . . . . . . . .
3.2 Responses and Effects of UV-B. . . . . . . . . . . . .

3.2.1 Introduction. . . . . . . . . . . . . . . . . .
3.2.2 Biological Sensitivity Functions. . . . . . . . . .
3.2.3 Effects on Terrestrial Plants. . . . . . . . . . .
3.2.4 Effects on Marine Ecosystems. . . . . . . . . .
3.2.5 Effects on Human Health. . . . . . . . . . . .

3.3 Atmospheric Pollutants. . . . . . . . . . . . . . . .
3.3.1 Introduction. . . . . . . . . . . . . . . . . .

3.3.2 Dust Effects on Vegetation. . . . . . . . . . . .
3.3.3 Asbestos. . . . . . . . . . . . . . . . . . . .
3.3.4 Oxides of Nitrogen. . . . . . . . . . . . . . .
3.3.5 Ozone. . . . . . . . . . . . . . . . . . . . .
3.3.6 Sulphur Dioxide. . . . . . . . . . . . . . . .
3.3.7 Pollutant Interactions. . . . . . . . . . . . . .
3.3.8 Acid Rain and Low Temperature Acid Mists. . . .

3.4 Biological Responses to Ionizing Radiation. . . . . . .
3.4.1 Introduction. . . . . . . . . . . . . . . . . .
3.4.2 Distribution and Levels of Fallout. . . . . . . .

3.4.2.1 Local Fallout. . . . . . . . . . . . . .
3.4.2.2 Global Fallout. . . . . . . . . . . . . .
3.4.2.3 Deposition and Retention on Plants

3.4.3 Effects of Ionizing Radiation on Plants and
Animals. . . . . . . . . . . . . . .

3.4.3.1 Introduction. . . . . . . . . . . . . . .
3.4.3.2 Sensitivity of Plants to Radiation. . . . .
3.4.3.3 Sensitivity of Seeds to Radiation. . . . . .
3.4.3.4 Sensitivity of Animals to Radiation

Effects. . . . . . . . . . . . . . . .
3.4.3.5 Effects of External Beta Radiation on

Biota. . . . . . . . . . . . . . . . .
3.4.3.6 Effects of External Radiation on Terrestrial

Ecosystems. . . . . . . . . . . . . .

160

161
163
165

173

173
174
174
175
177
179
182
184
184
185
185
185
186
187
191
194
196
196
199
199
200
202

203
203
204
205

205

210

212



COil/ems

3.4.4 Fate and Transport of Radionuclides in
Ecosystems. . . . . . . . . . . . . . . . . .

3.4.4.1 Biomagnification of Radionuclides in
Terrestrial Ecosystems. . . . . . . . .

3.4.4.2 Fate and Transport of Radionuclides in
Freshwater Ecosystems. . . . . . . . .

3.4.4.3 Fate and Transport of Radionuclides in
Marine Ecosystems. . . . . . . . . .

3.4.5 Internal Dose and Pathways to Humans. . . . . .
3.4.6 Summary of Direct Effects of FalIout on Biota. . .

3.5 Ecological Effects of Fire. . . . . . . . . . . . . . .
3.5.1 Introduction. . . . . . . . . . . . . . . . . .
3.5.2 Fire Ignition. . . . . . . . . . . . . . . . . .
3.5.3 Potential for Fires. . . . . . . . . . . . . . . .
3.5.4 Abiotic Effects. . . . . . . . . . . . . . . . .

3.5.5 Biological Effects. . . . . . . . . . . . . . . .
3.5.6 Recovery Potential. . . . . . . . . . . . . . .
3.5.7 Secondary Fires. . . . . . . . . . . . . . . . .
3.5.8 Summary. . . . . . . . . . . . . . . . . . . .

3.6 Summary of Effects on Ecological Systems. . . . . . .
3.6.1 Introduction. . . . . . . . . . . . . . . . . .

3.6.2 Summary of Consequences. . . . . . . . . . . .
3.6.3 Recovery Processes. . . . . . . . . . . . . . .
3.6.4 Ecosystem Carrying Capacities for Humans. . . .

References. . . . . . . . . . . . . . . . . . . .

PART II AGRICULTURAL EFFECTS

4 Potential Effects of Nuclear War on Agricultural
Productivity. . . . . . . . . . . . . . . . . . . . . .

Mark A. Harwell and Wendell P. Cropper, Jr.
4.1 Introduction. . . . . . . . . . . . . . . . . . . . .

4.2 Vulnerability of Agricultural Productivity to Climatic
Perturbations. . . . . . . . . . . . . . . . . . . .

4.2.1 General Issues Concerning the Effects of Climatic
Perturbations on Agricultural Productivity. . . .

4.2.2 Summary. . . . . . . .'. . . . . . . . . . . .
4.3 Potential Vulnerability of Northern Temperate

Agriculture. . . . . . . . . . . . . . . . . . . . .
4.3. I Response to Acute Extreme Climatic

Perturbations. . . . . . . . . . . . . . . . .
4.3.2 Responses to Potential Chronic Climatic

Perturbations. . . . . . . . . . . . . . . . .

xvii

215

215

217

223
227
230
234
234
240
240
242
244
245
246
247
247
247
250
252
254
258

271

271

274

274
283

285

285

290



xviii Ecological and Agriculwral Effects

4.3.2.1
4.3.2.2
4.3.2.3
4.3.2.4
4.3.2.5

AnalyticalApproaches. . . . . . . . . .
Historical Approach. . . . . . . . . . .
Statistical Approaches. . . . . . . . . .
Physiological Analysis Approach. . . . .
Simulation Model Approach. . . . . . .
4.3.2.5.1 Canadian wheat and barley

simulations. . . . . . . . . .
4.3.2.5.2 Effects of reductions in average

growing season temperature
4.3.2.5.3 Effects of reducing thermal time

only. . . . . . . . . . . . .
4.3.2.5.4 Effects of transient climatic

perturbations. . . . . . . . .
4.3.2.5.5 Conclusions from Canadian grain

analyses. . . . . . . . . . .
4.3.2.6 Soybean Simulation Analyses. . . . . . .

4.3.3 Consensus of Temperature Agricultural
Workshop. . . . . . . . . . . . . . . . . .

4.4 Potential Vulnerability of Tropical Agriculture. . . . . .
4.4. I General Considerations. . . . . . . . . . . . .
4.4.2 Temperature Stresses. . . . . . . . . . . . . .
4.4.3 Vulnerability to Precipitation Stress. . . . . . . .
4.4.4 Energy Subsidy Losses. . . . . . . . . . . . . .
4.4.5 Potentially Ameliorating Factors. . . . . . . . .
4.4.6 Vulnerability of Rice to Climatic

Perturbations. . . . . . . . . . . . . . . . .
4.4.6.1 General Characteristics of Rice

Production. . . . . . . . . . . . . .
4.4.6.2 Potential Vulnerability of Rice to Nuclear

War-Induced Climatic Perturbations. . .
4.5 Potential Vulnerabilities of Extra-tropical Southern

Hemisphere Agriculture. . . . . . . . . . . . . . .
4.5. I Introduction. . . . . . . . . . . . . . . . . .
4.5.2 Vulnerabilities to Possible Acute Climatic

Effects. . . . . . . . . . . . . . . . . . . .
4.5.3 Vulnerabilities to Potential Chronic Climatic

Effects. . . . . . . . . . . . . . . . . . . .

4.6 Potential Effects on Agriculture of Alterations in
Human Subsidies. . . . . . . . . . . . . . . . . .

4.6. I Introduction. . . . . . . . . . . . . . . . . .

4.6.2 Fossil Fuel Energy Subsidies of Agricultural
Production. . . . . . . . . . . . . . . . . .

4.6.3 Human and Animal Labor Inputs to Production. .

290
292
294
296
298

298

301

301

304

313
314

316
320
320
321
322
322
322

324

324

327

329
329

331

331

338
338

339
343



COlllellls

4.6.4 Veterinary Subsidies. . .
4.6.5 Conclusions. . . . . . . . . . . . . . . . . .

Appendix. . . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . .

PART III HUMAN EFFECTS

5 Food Availability After Nuclear War. . . . . . . . . . . .
Wendell P. Cropper. Jr. and Mark A. Harwell
5.1 Introduction. . . . . . . . . . . . . . . . . . . . .
5.2 Methods and Assumptions. . . . . . . . . . . . . . .

5.2.1 Introduction. . . . . . . . . . . . . . . . . .
5.2.2 Dietary Assumptions. . . . . . . . . . . . . .
5.2.3 Calculation Methods: Vulnerability in the Acute

Phase. . . . . . . . . . . . . . . . . . . .
5.2.4 Calculation Methods: Vulnerability in the Chronic

Phase. . . . . . . . . . . . . . . . . . . .
5.3 Results: Analysis of 15 Representative Countries. . . . .

5.3.1 Introduction. . . . . . . . . . . . . . . . . .
5.3.2 Argentina. . . . . . . . . . . . . . . . . . .
5.3.3 Australia. . . . . . . . . . . . . . . . . . . .
5.3.4 Brazil. . . . . . . . . . . . . . . . . . . . .
5.3.5 Canada. . . . . . . . . . . . . . . . . . . .
5.3.6 China. . . . . . . . . . . . . . . . . . . . .
5.3.7 Costa Rica. . . . . . . . . . . . . . . . . . .
5.3.8 India. . . . . . . . . . . . . . . . . . . . . .
5.3.9 Indonesia. . . . . . . . . . . . . . . . . . . .
5.3.10 Japan. . . . . . . . . . . . . . . . . . . . .
5.3.11 Kenya. . . . . . . . . . . . . . . . . . . . .
5.3.12 Nigeria. . . . . . . . . . . . . . . . . . . . .
5.3.13 Philippines. . . . . . . . . . . . . . . . . . .
5.3.14 United Kingdom. . . . . . . . . . . . . . . .
5.3.15 USA. . . . . . . . . . . . . . . . . . . . . .
5.3.16 USSR. . . . . . . . . . . . . . . . . . . . .

5.4 Sensitivity Analyses. . . . . . . . . . . . . . . . . .
5.5 Summary and Global Analysis. . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . .

6 Experiences and Extrapolations from Hiroshima and Nagasaki
Christine C. Harwell (Editor)
6.1 Lessons from Hiroshima and Nagasaki. . . . . . . . .

6.1.1 Introduction. . . . . . . . . . . . . . . . . .
6.1.2 Immediate Effects on Humans. . . . . . . . . .

6.1.2.1 Blast. . . . . . . . . . . . . . . . . .

XIX

346
347
347
350

359

359
361
361
362

363

368
370
370
371
374
377
380
383
386
390
393
395
399
402
405
407
411
414
417
419
425

427

428
428
430
430



xx Ecological and Agricultural Effects

6.1.2.2 Thermal Radiation. . . . . . . . . . . .
6.1.2.3 Ionizing Radiation. . . . . . . . . . . .
6.1.2.4 Epidemics. . . . . . . . . . . . . . .

6.1.3 Psychological Responses of Victims. . . . . . . .
6.1.3.1 Acute Psychological Responses. . . . . .
6.1.3.2 Long-term Psychological Impacts. . . . .

6.1.4 Outside Assistance. . . . . . . . . . . . . . .
6.2 Extrapolations from Hiroshima and Nagasaki and Other

Disasters. . . . . . . . . . . . . . . . . . . . . .

6.2.1 Comparisons with Other Major Disasters for Urban
Systems. . . . . . . . . . . . . . . . . . .

6.2.1.1 Earthquakes. . . . . . . . . . . . . . .
6.2.1.2 Conventional Bombings of World War II. .
6.2.1.3 Leningrad. . . . . . . . . . . . . . . .
6.2.1.4 Plague. . . . . . . . . . . . . . . . .
6.2.1.5 Famines. . . . . . . . . . . . . . . .
6.2.1.6 Other Hazards. . . . . . . . . . . . .

6.2.2 Extrapolation Beyond Hiroshima and Nagasaki. . .
6.2.3 Direct Effects of a Modern Warhead: Hiroshima as

a Case Example. . . . . . . . . . . . . . . .
6.2.3.1 Background. . . . . . . . . . . . . . .
6.2.3.2 Simulations of a 1 MT Detonation. . . . .
6.2.3.3 Other Concerns. . . . . . . . . . . . .

6.2.4 Additional Effects from Global Stresses. . . . . .
6.2.4.1 Estimating Effects on Social Structure and

Processes. . . . . . . . . . . . . . .

6.2.4.2 Estimating Effects on Economic Systems. .
6.3 Summary. . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . .

7 Integration of Effects on Human Populations. . . . . . . .
Mark A. Harwell and Christine C. Harwell
7.1 Introduction. . . . . . . . . . . . . . . . . . . . .
7.2 Effects during the Initial Year. . . . . . . . . . . . .

7.2.1 Direct Effects of Nuclear Detonations. . . . . . .
7.2.2 Effects on Humans of Reduced Temperatures. . .
7.2.3 Effects from Loss of Food Imports. . . . . . . .
7.2.4 Effects from Reduced Food Production. . . . . .
7.2.5 Duration of Food Stores. . . . . . . . . . . . .

7.3 Effects during Subsequent Years. . . . . . . . . . . .
7.3.1 Chronic Food Production Effects. . . . . . . . -
7.3.2 Ecosystem Considerations. . . . . . . . . . . .
7.3.3 Summary. . . . . . . . . . . . . . . . . . . .

432
433
435
436
436
437
438

440

440
441
446
448
448
449
451
452

453
454
454
456
457

458
460
462
463

469

469
470
470
472
472
476
478
481
481
484
484



Contents

7.4 Factors Affecting Long-term Agricultural Redevelopment.
7.4.1 Physical Factors. . . . . . . . . . . . . . . . .
7.4.2 Biological Factors. . . . . . . . . . .. ...
7.4.3 Human and Social Factors. . . . . . . . . . . .

7.5 Summary. . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . .

Appendix A-List of Participants. . . . . . . . . . . . . . .

Appendix B-Recommendations for Further Research. . . . . .

Appendix C-Executive Summary of Volume I . . . . . . . . .

Index

XXI

485
485
487
488
490
491

493

501

505

519






