
Contents

Preface vii

1 Evolutionary Thermal Biology 1
1.1 The challenge o f evo lu tiona ry  the rm a l b io lo gy  1
1.2 T herm a l reaction norm s 3
1.3 The ro le o f theory  5
1.4 Theoretica l approaches to  evo lu tiona ry  the rm a l b io lo gy  6

1.4.1 O p tim a lity  m odels 6
1.4.2 Q ua n tita tive  genetic m odels 8
1.4.3 A lle lic  m odels 10
1.4.4 The com p lem en ta rity  o f  theory  13

1.5 E m pirica l tools o f the e vo lu tio n a ry  therm al b io log is t 13
1.5.1 Q u a n tify in g  selection 14
1.5.2 Experim ental evo lu tio n  14

1.5.3 C om para tive  analysis 15
1.6 Conclusions 18

2 Thermal Heterogeneity 19
2.1 O pera tive  env ironm en ta l tem perature  20
2.2 G lobal patterns o f opera tive  tem perature  23

2.2.1 L a titu d in a l clines 23
2.2.2 A lt itu d in a l clines 27

2.3 Q u a n tify in g  local va ria tio n  in  opera tive  tem peratures 29
2.3.1 M athem atica l m odels 29
2.3.2 Physical m odels 31
2.3.3 Statistical m odels 32

2.4 Conclusions 33

3 Thermal Sensitivity 35
3.1 Patterns o f the rm a l se n s itiv ity  35
3.2 Proxim ate m echanism s and  tradeoffs 41

3.2.1 T herm a l effects on enzym es (and o the r p ro te ins) 41
3.2.2 M em brane s truc tu re  43
3.2.3 O xygen lim ita t io n  44

3.2.4 Conclusions from  cons idering  p rox im ate  m echanism s 45
3.3 O p tim a l perform ance curves 47

3.3.1 O p tim a l perfo rm ance curves: su rv iv o rs h ip  and related perform ances 47
3.3.2 O p tim a l perfo rm ance curves: fecu nd ity  and related perform ances 51
3.3.3 C ontrasting  the tw o  m odels 53



3.4 U s ing  m odels to  unders tand  na tura l pa tte rns 54
3.4.1 S u rv ivo rsh ip  56
3.4.2 Locom otion  62
3.4.3 D eve lopm ent 66
3.4.4 G ro w th  66
3.4.5 R eproduction  68
3.4.6 W h y  d o  certa in  patte rns d iffe r  from  predicted ones? 69

3.5 H ave w e  m ischaracterized the rm a l clines? 70
3.5.1 Reciprocal transp lan t experim ents 70
3.5.2 Labo ra to ry  selection experim ents 71
3.5.3 C onclus ions from  reciprocal transp lan t and labo ra to ry  selection experim ents 74

3.6 H ave ph eno typ ic  constra in ts  been correctly  iden tified?  75
3.6.1 A  jack o f a ll tem peratures can be a m aster o f a ll 75
3.6.2 T he  p rox im a te  basis o f perform ance determ ines tradeoffs 75

3.7 D o a ll perform ances affect fitness? 76
3.8 Does genetic va ria tio n  constra in  the rm a l adapta tion? 79

3.8.1 A  q u a n tita tive  genetic m odel based on m u ltiv a ria te  selection theory  81
3.8.2 A  genetic m odel fo r su rv ivo rsh ip  and related perform ances 81
3.8.3 A  genetic m ode l fo r  fe cu n d ity  and related perform ances 83
3.8.4 P red ictions o f  q u a n tita tive  genetic m odels depend on genetic param eters 84

3.9 Does gene f lo w  constra in  the rm a l adap ta tion? 85

3.10 C onc lus ions 87

4 Thermoregulation 88
4.1 Q u a n tify in g  patte rns o f  the rm oregu la tion  88
4.2 Benefits and costs o f  the rm oregu la tion  91

4.2.1 Benefits o f the rm oregu la tion  91
4.2.2 Costs o f the rm oregu la tion  96

4.3 A n  o p tim a lity  m odel o f  the rm oregu la tion  98
4.4 D o organ ism s the rm oregu la te  m ore precisely w hen the benefits are greater? 102
4.5 N onenergetic  benefits  o f  the rm oregu la tion  105

4.5.1 T herm oregu la tion  d u r in g  in fec tion  105
4.5.2 T herm oregu la tion  d u r in g  pregnancy 106

4.6 D o organ ism s the rm oregu la te  less precise ly w hen the costs are greater? 107
4.7 N onenergetic costs o f the rm oregu la tion  111

4.7.1 Aggressive in te ractions w ith  com petito rs  111
4.7.2 R isk o f p reda tion  o r parasitism  113
4.7.3 R isk o f desiccation 116
4.7.4 M issed op p o rtu n itie s  fo r feeding o r rep roduction  116

4.7.5 In teractions between d iffe re n t costs 118
4.8 E ndothe rm ic  the rm oregu la tion  119

4.8.1 The  e vo lu tio n a ry  o rig in s  o f  en do th e rm y  119
4.8.2 O p tim a l the rm oregu la tion  by endo therm s 122

4.9 C onclus ions 125

5 Thermal Acclimation 126
5.1 Patterns o f the rm a l acc lim ation  126
5.2 The benefic ia l acc lim ation  hypothesis 127

5.2.1 D eve lopm enta l acc lim ation  127
5.2.2 Reversible acc lim ation  131
5.2.3 Beyond the benefic ia l acc lim ation  hypothesis 135



5.3 Costs o f  the rm a l acc lim ation  135
5.3.1 Costs o f  energetic dem ands 136
5.3.2 Costs o f  tim e  lags 139
5.3.3 In teraction between costs 139

5.4 O p tim a l acc lim ation  o f  perfo rm ance curves 140
5.4.1 O p tim a l developm enta l acc lim ation  141
5.4.2 O p tim a l reversib le acc lim ation  143
5.4.3 Relaxing assum ptions about fitness 145

5.5 Evidence o f op tim a l acc lim ation  146
5.5.1 Does the therm a l o p tim u m  acclim ate m ore than the perfo rm ance breadth? 146
5.5.2 D o organism s from  variab le  env ironm en ts  acclim ate m ore  than

organism s from  stable environm ents? 146
5.6 C onstra in ts on the evo lu tion  o f  acclim ation  149

5.6.1 Genetic variance and covariance 149
5.6.2 Gene f lo w  152

5.7 Toward ecological relevance 154
5.8 Conclusions 155

6 Temperature and the  Life History 157
6.1 The lin k  between perform ance and the life  h is to ry  157
6.2 General patterns o f age and size at m a tu r ity  158

6.2.1 T herm a l p las tic ity  o f age and size at m a tu r ity  158
6.2.2 T herm a l clines in  age and size a t m a tu r ity  159
6.2.3 E xperim enta l e vo lu tio n  o f age and size at m a tu r ity  161

6.3 O p tim a l reaction norm s fo r age and size a t m a tu rity  162
6.3.1 Л  com parison o f tw o  m od e ling  approaches 163
6.3.2 Therm al effects on ju ven ile  m o rta lity  164
6.3.3 Therm al constra in ts on m axim al body  size 166
6.3.4 Therm al effects on po pu la tio n  g ro w th  169
6.3.5 A  synergy o f evo lu tiona ry  m echanisms 170

6.4 General pa tte rns o f rep rod uc tive  a lloca tion  171
6.4.1 Therm al p las tic ity  o f o ffsp rin g  size 171
6.4.2 Therm al clines in  o ffsp rin g  size 171
6.4.3 E xperim enta l evo lu tion  o f  o ffsp rin g  size 172

6.5 O p tim a l size and num ber o f  o ffsp rin g  174

6.5.1 D irect effect o f tem perature on the o p tim a l o ffsp rin g  size 174
6.5.2 Ind irect effects o f tem perature o n  the o p tim a l o ffsp rin g  size 176
6.5.3 Teasing apart d irect and in d ire c t effects on rep rod uc tive  a lloca tion  177

6.6 O p tim a l va ria tio n  in  o ffsp rin g  size 178
6.7 Conclusions 179

7 Thermal Coadaptation 181
7.1 Traits in te ract to  de te rm ine  fitness 181
7.2 C oadapta tion o f the rm a l se n s itiv ity  and therm a l acclim ation  182
7.3 C oadapta tion o f the rm a l phys io logy and the rm oregu la to ry  behav io r 186

7.3.1 M echanism s favo rin g  a m ism atch between preferred tem peratures and
therm al op tim a  189

7.3.2 P red icting coadapted phenotypes 193
7.4 C oadaptation o f  the rm oregu la to ry  behavior, the rm a l physio logy, and life  h is to ry  195
7.5 C onstra in ts on coadaptation 196
7.6 Conclusions 196



8 Thermal Games 199
8.1 F illin g  the ecological vacuum  199

8.2 Approaches to  the s tud y  o f  frequency-dependent selection 200
8.3 O p tim a l the rm oregu la tion  in  an evo lu tiona ry  gam e 200

8.3.1 C o m p e titio n  d u r in g  the rm oregu la tion  201
8.3.2 P redation d u r in g  the rm oregu la tion  203
8.3.3 Relaxing assum ptions o f s im p le  m odels 205

8.4 O p tim a l perfo rm ance curves in  an evo lu tiona ry  game 207
8.4.1 The coevo lu tion  o f  the rm a l op tim a  between species 207
8.4.2 The coe vo lu tion  o f  the rm a l breadths between species 210
8.4.3 Gene f lo w  and the coevo lu tion  o f  the rm a l op tim a  211

8.5 L ife -h is to ry  e vo lu tio n  in  a the rm a l game 212
8.6 Conclusions 213

9 Adaptation to  Anthropogenic Climate Change 214
9.1 Recent patterns o f c lim ate  change 214

9.1.1 G loba l change 214
9.1.2 Regional change 215
9.1.3 Local change 216

9.2 O bserved responses to  recent the rm a l change 216
9.2.1 Shifts in  pheno logy 216
9.2.2 Shifts in  geograph ic ranges 217
9.2.3 D is ru p tio n  o f ecological in te ractions 217
9.2.4 Changes in  p r im a ry  p ro d u c tiv ity  218

9.3 P red ic ting  ecological responses to  g loba l w a rm in g  218
9.3.1 C o rre la tive  versus m echanistic m odels 219
9.3.2 M echan istic m odels o f responses to  env ironm en ta l w a rm in g  220
9.3.3 P red ic ting  d iffe re n tia l responses o f  po pu la tio ns  and species 223

9.4 A da p ta tio n  to  d irec tiona l the rm a l change 224
9.4.1 A da p ta tio n  o f  the rm oregu la tion  227
9.4.2 A da p ta tio n  o f  the the rm a l o p tim u m  229
9.4.3 A da p ta tio n  o f  the perfo rm ance bread th 231

9.5 T herm a l games in  a w a rm in g  w o r ld  232
9.6 E v o lu tio n a ry  consequences o f gene f lo w  in  a w a rm in g  w o r ld  233

9.6.1 S pa tia lly  heterogeneous w a rm in g  can reduce the flo w  o f

m aladapted genotypes 233
9.6.2 S pa tia lly  heterogeneous w a rm in g  can increase the f lo w  o f

preadapted genotypes 235
9.7 Conclusions 236

References 238

Author Index 277

Species Index 283

Subject Index 285


