
Contents

1 Introduction 1

1.1 A note on units 3
1.2 General principles and the importance of natural history 3

2 Energy and heat 6

2.1 Energy 7
2.2 The First Law of Thermodynamics 7
2.3 Energy at the atomic scale 11
2.4 Internal energy 14
2.5 Energy and heat 15
2.6 Thermodynamic systems 16
2.7 Work and energy revisited 17
2.8 Entropy 17
2.9 The Second Law of Thermodynamics 22
2.10 The Third Law of Thermodynamics 23
2.11 Gibbs (free) energy 24
2.12 Summary 25

3 Temperature and its m easurem ent 29

3.1 The Zeroth Law of Thermodynamics 29
3.2 W hat exactly is temperature? 29
3.3 Thermometry: the m easurem ent of tem perature 32
3.4 The gas therm om eter and absolute zero 34
3.5 The thermodynamic tem perature scale 35
3.6 A new definition of tem perature? 37
3.7 Types of scale 37
3.8 Thermometry: the practical m easurem ent of tem perature 38
3.9 The International Temperature Scale 39
3.10 The m easurem ent of tem perature in ecology 39
3.11 Some general points about therm om etry in ecology 46
3.12 M easuring past temperatures: palaeotherm om etry 47
3.13 Summary 51



4 Energy flow in organisms 56

4.1 Conduction 57
4.2 Convection 60
4.3 Thermal radiation 62
4.4 Thermal relationships of organisms 68
4.5 Evaporation 73
4.6 The full biophysical treatment of fluxes 73
4.7 Flows of chemical potential energy 74
4.8 A complete energy budget? 79
4.9 Summary 79

5 Water 82

5.1 Water and life on Earth 82
5.2 Why water? 83
5.3 The hydrogen bond 85
5.4 The physical properties of water 86
5.5 Temperature and water 88
5.6 Solubility of gases (oxygen and carbon dioxide) 92
5.7 Calcium carbonate solubility 94
5.8 The hydrophobic interaction 95
5.9 Water in cells 98
5.10 Summary 99

6 Freezing 103

6.1 The freezing of water 103
6.2 Ice in the natural environment 104
6.3 Freezing and organisms: some general principles 107
6.4 Cryobiology and ecology 109
6.5 Single cells in the environment 110
6.6 Freezing and multicellular organisms 113
6.7 Freezing and fish 113
6.8 Freezing in intertidal marine invertebrates 117
6.9 Freezing in arthropods 118
6.10 Freezing in terrestrial vertebrates 123
6.11 Freezing in plants 124
6.12 Concluding remarks: the wider context 125
6.13 Summary 127

7 Temperature and reaction rate 131

7.1 Rate of reaction 131
7.2 Temperature and reaction rate 134
7.3 Transition state theory 137
7.4 Enzyme-catalysed reactions 138
7.5 Evolutionary adaptation of reaction rate to temperature 140
7.6 Managing the cellular environment 147



7.7 The paradox of adaptation 152
7.8 A subtle problem: describing the relationship between

physiological rates and temperature 153
7.9 Summary 159

8 Metabolism 163

8.1 Metabolism is simple 163
8.2 Gaining electrons 166
8.3 Photosynthesis 166
8.4 Where is the energy? 167
8.5 Using electrons: metabolism 168
8.6 Control of ATP synthesis 171
8.7 Metabolism in ecology 172
8.8 What processes comprise resting metabolic rate? 177
8.9 Temperature and metabolic processes at the molecular level 182
8.10 Temperature and whole-organism metabolism 182
8.11 Why does resting metabolism increase with temperature? 188
8.12 Metabolic cold adaptation 189
8.13 Summary 191

9 Temperature regulation 196

9.1 Behavioural thermoregulation 200
9.2 How do animals sense temperature? 201
9.3 Generating heat 204
9.4 Avoiding overheating 209
9.5 Summary 211

10 Endothermy 214

10.1 What is endothermy? 214
10.2 Body temperature in endotherms 215
10.3 Control of body temperature 218
10.4 Ecology and body temperature in endotherms 219
10.5 What sets the maximum body temperature an endotherm can have? 221
10.6 How do endotherms generate their heat? 727
10.7 A general picture of obligate heat generation in endotherms 227
10.8 Thermoregulation 228
10.9 Winter is coming: keeping warm below the TNZ 230
10.10 Keeping cool: endotherms above the TNZ 232
10.11 The evolution of endothermy 234
10.12 Summary 240

11 Torpor and hibernation 245

H I Daily torpor 247
11.2 Hibernation 249
11.3 Ecology of torpor and hibernation 250
11.4 The physiology of torpor 257



11.5 Torpor, hibernation and size
11.6 A phylogenetic perspective
11.7 Summary

260
263
264

12 The Metabolic Theory of Ecology 267

12.1 The influence of size: scaling 267
12.2 The scaling of metabolic rate 268
12.3 The West, Brown and Enquist model 271
12.4 The influence of temperature 276
12.5 The central equation of the Metabolic Theory of Ecology 277
12.6 The status of the MTE as a theory 278
12.7 MTE and mammals revisited 279
12.8 Does the Metabolic Theory of Ecology constitute a general

theory of thermal biology? 280
12.9 Summary 280

13 Temperature, growth and size 285

13.1 How should we measure growth rate? 285
13.2 The energetics of growth 286
13.3 Temperature and growth 289
13.4 Growth and temperature in the natural environment 293
13.5 Modelling growth 296
13.6 Temperature and size 299
13.7 Summary 304

14 Global temperature and life 308

14.1 The global distribution of temperature on land 308
14.2 The global distribution of oceanic temperatures 314
14.3 Are there thermal limits to life? 316
14.4 Temperature thresholds for life 318
14.5 Low temperature limits 319
14.6 The special case of endotherms 321
14.7 High temperature limits to life 321
14.8 The thermal limits to life on Earth 324
14.9 Summary 325

15 Temperature and diversity 329

15.1 What is biological diversity? 329
15.2 Some practical issues 330
15.3 Global diversity: land and ocean 331
15.4 Global patterns of diversity 333
15.5 Mechanism 336
15.6 Temperature and diversity 338
15.7 Diversity and energy 342
15.8 Confounding energy with temperature 345
15.9 Can energy explain everything? 346



15.10 A final comment: the role of time 346
15.11 Summary 349

16 Global climate change and its ecological consequences 354

16.1 The Earth's atmosphere 354
16.2 Why is the Earth's temperature what it is? 355
16.3 The greenhouse effect 356
16.4 The temperature at the Earth's surface 359
16.5 Ice ages 361
16.6 Recent climate change 363
16.7 Organism response to climate change 371
16.8 Responses to recent climate change 374
16.9 Final comments 383
16.10 Summary 384

17 Ten principles of thermal ecology 391

17.1 A few final thoughts 393

References 395
Index 455


