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17 Abstract

18 Body size is a key factor in dictating the fate of interaction between an organism and 

19 its surrounding environment. A negative temperature-size relationship (TSR) has been 

20 suggested as one of the universal responses to climatic warming. It is also predicted that 

21 groups with narrow latitudinal range, tropical affinity and higher body size, would show 

22 higher sensitivity to climatic fluctuation. Moreover, because of the difference in thermal 

23 sensitivity, it is also expected that the response to climatic fluctuation would be different 

24 between epifaunal and infaunal groups. To confirm the generality of these relationship 

25 among marine families, we compiled the relationship between body-size and global 

26 temperature trends over Cenozoic using a database of marine benthic molluscs of class 

27 gastropoda and bivalvia resolved to temporal stages. We evaluated the dependence of 

28 climate induced body-size response to the existing size and latitudinal spread via correlating 

29 the first-difference correlation coefficient of temperature-size (ρ1st (size-temp)) with maximum 

30 size and latitudinal spread of family respectively. Cenozoic record of this highly diverse 

31 group does not show any signature of TSR for molluscan class or for any other regional, 

32 ecological groups during the past 66My long climatic fluctuation. We did not find any 

33 evidence supporting heightened response to climatic fluctuation in groups with limited 

34 latitudinal spread or with large body- size. The tropical species did not show significant 

35 difference in their body-size response in comparison to temperate species. It also shows lack 

36 of any difference in response between ecological groups of molluscs with varying substrate 

37 relationship and hence, refutes the predicted variation due to difference in thermal 

38 specialization. Although a negative correlation between maximum latitudinal spread and ρ1st 

39 (size-temp) is observed for infaunal families, it is not statistically significant. Our results 

40 highlight the limited validity of “universal rules” in explaining the climate induced 
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41 morphological response of marine communities in deep time and underscores the 

42 complexity in generalizing the biotic outcome of future climatic fluctuation.

43

44 Introduction

45 Body size of an organism has long been considered as one of the most important 

46 biological parameters because it is related to various physiological, life- history and 

47 ecological traits influencing community structure and functioning of ecosystem [1- 7]. 

48 Variations in body size, although studied for many terrestrial ectotherms and endotherms, 

49 remains poorly understood for marine ectotherms especially in the context of temperature 

50 influence [8- 11]. Changes in body size have important implications for the thermal biology 

51 and energetics of endotherms and ectotherms because body size directly affects energy

52 and water requirements for thermoregulation, energy and life-history characteristics [2, 12, 

53 13]. Change in body size will, therefore, have consequences for resilience of a group in the 

54 event of climate change. It has been recognized that many of the biological predictions 

55 about body size response to climatic variation, that have been developed primarily based on 

56 data from terrestrial vertebrates, are nonexistent or lack significance when applied for 

57 marine organisms [10]. Limitation of such extrapolation regained considerable interest in 

58 the present decades, primarily because of its relevance in the biotic response to recent 

59 climate crisis of global warming. The overall effect of global warming on ecosystem is 

60 appreciated, but general rules to predict the fate of a specific group, as it responds to climate 

61 warming, is largely absent. This is especially true for marine ectotherms, though they 

62 represent more than 80% of the marine species on Earth [14, 15].

63 A negative relationship between temperature and body size, known as temperature-

64 size rule (TSR) considered as one of the few general rules and is supported by many recent 

65 and past marine records [10, 11, 16- 18], but counterexamples also exist [19]. Moreover, 
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66 studies supporting the existence of TSR have been primarily performed at population and 

67 community level; it is yet to be validated at the species level using wide temporal data. It is 

68 important to note that the response of body size to climatic shift might not be homogeneous 

69 across groups [20] and individual ecology may play a significant role in guiding the 

70 response. It has been speculated that climate warming is expected to affect body size of 

71 groups adapted to various climate with different severity. For example, species that are 

72 restricted to a narrow latitudinal range, such as stenotherms and tropical species, would 

73 show higher degree of body size change during any climatic fluctuation compared to 

74 widespread taxa [14, 20]. Temperate species occupying wider ranges of habitats, hence 

75 phenotypically more variable than tropical species, should respond differently [21].

76 On a similar note, body size change is thought to be dependent on existing body size of a 

77 species due to size specific difference in thermal sensitivity [22, 23] and hence, smaller 

78 individuals are more likely to be affected by climatic fluctuation. Moreover, it has been 

79 recognized that there is a strong ecological selectivity in response of the biota to climatic 

80 shifts [24]. It has been observed that short-term exposure to high or low temperature usually 

81 causes increased tolerance to acute thermal extremes whereas long-term exposure to 

82 moderate temperatures can induce heightened thermal sensitivity [25, 26]. Consequently, 

83 we expect a difference in the thermal specialization and consequent body size response 

84 between epifauna and infauna. 

85  It is well established that climate induced variability in body size could take decades 

86 to become observable and hence can easily be missed in ecological timescale [8, 18, 23, 

87 17]. Because the effect of climatic fluctuation on body-size is difficult to model from a 

88 single event of present global warming or to simulate from laboratory experiments due to its 

89 complexity [6], ancient climatic fluctuations and associated body-size response provide 

90 critical insight. One way of addressing this issue would be to look at the fossil record of 
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91 marine groups and evaluate the pattern of body size change during geologic intervals with 

92 marked climatic shifts. Molluscan group fits the description perfectly because they have 

93 high preservation potential and experiences different levels of temperature fluctuation 

94 depending on their lifemode [28- 30]. Cenozoic marks a time period with numerous 

95 paleoclimatic fluctuations that have been reconstructed with well constrained data [31]; 

96 moreover, Cenozoic fossil record is more complete [32] compared to the earlier periods. 

97 Therefore, Cenozoic molluscan fossil record gives the ideal scenario to test the following 

98 hypotheses: 

99 (i) The existence of a negative TSR for molluscan body size during last 66Ma. 

100 (ii) Families of smaller body size and narrow latitudinal range should show higher 

101 magnitude of change.

102 (iii) The body-size response of species with tropical affinity should be different in 

103 comparison to temperate species.

104 (iv) The body-size response of species that are infaunal should be much more 

105 pronounced than epifaunal species.

106 In this article, we tested these hypotheses using data on body size and ecological 

107 information for 10,388 occurrences of marine benthic molluscs of class gastropoda and 

108 bivalvia from the Paleobiology Database (paleodb.org), with published paleotemperature 

109 estimates [33] resolved to temporal stages.

110

111 Materials and methods

112 Dataset compilation

113 Two classes of benthic molluscs, bivalvia and gastropoda, from 18 established stages 

114 of Cenozoic are used for this study. The other classes of molluscs either have a poor fossil 
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115 record or are not contributing significantly during Cenozoic [34]. Our database contains 

116 10,388 fossil occurrences representing 154 unique families (gastropod- 97, bivalve- 57). We 

117 traced the temperature change over last 66 my using the curve published by Zachos et al. 

118 [33] based on stable oxygen isotopic variation during Cenozoic. Using the variation in 

119 temperature within each of the 18 time bins, we calculated stage-specific mean temperature. 

120 Data on body-size, ecological character, stratigraphic range and latitudinal 

121 distribution for all the species were collected from the Paleobiology Database by 

122 downloading “measurements of specimens” for specific geologic stages 

123 (http://fossilworks.org/; date: 17th March, 2016). Each downloaded datasheet for a specific 

124 time bin contained the occurrence data of species along with location, size and number of 

125 specimens used for measurements. A total of 15,554 individuals were used for the size 

126 measurements (S1 Table). We considered the greatest dimension (length or width) as a 

127 proxy of size. For each species, we extracted size information along with the specific 

128 latitude where they have been recorded in a particular time bin. This size is the geometric 

129 mean of measurements of multiple specimens belonging to a single species in a specific 

130 time bin. The size data is then log transformed (base 10) for all subsequent analyses. Hence, 

131 a particular species is represented by multiple size information in a single time bin if the 

132 species appeared in multiple locations. A specific time bin, therefore, contains body-size of 

133 various species belonging to different families. 

134 For calculating ρ1st (size-temp) for a specific family, we considered maximum body-size 

135 of a species (belonging to that specific family) in a specific time bin. Hence, various time 

136 bins can be represented by different species of the same family. These family specific ρ1st 

137 (size-temp) is later used for evaluating its dependence on body size and latitudinal spread. For 

138 Fig 3, the x-axis value (Maximum size) of any point represents the largest measures of the 

139 body-sizes of all species belonging to a particular family over Cenozoic. For Fig 4, the same 
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140 method is used to calculate maximum latitudinal spread from the tropics of a family over 

141 Cenozoic. This exercise was conducted for all families and then dividing them into 

142 ecological groups (infauna, epifauna). 

143 We assigned each species to an ecological group based on their substrate relationship. 

144 We divided the species into two groups (tropical and temperate) based on their latitude of 

145 occurrence. A specific species is considered to be a tropical species if its occurrences during 

146 Cenozoic is restricted between 23.5° N to 23.5° S. A similar rationale was followed to 

147 identify temperate species when a species occurrence is strictly restricted between 23.5° to 

148 66.5° in each hemisphere throughout Cenozoic. If a species appears in both tropical and 

149 temperate latitudes (mixed latitudinal zone), they are not considered in the analyses. 

150  

151 Statistical analyses

152 In order to evaluate the general trend of body-size response during climatic 

153 fluctuation, we correlated individual size measures (average, minimum and maximum) with 

154 temperature binned over Cenozoic. We used correlation test on values detrended by a first-

155 differences transformation of species level data [35]. 

156 In this correlation test, we excluded a total of 69 families from our dataset because 

157 they are either present in less than 4 time bins or the size variation between any two 

158 consecutive bins is zero. Rest of the 85 families (gastropod- 54, bivalve- 31) are later used 

159 for testing the dependence of families on existing body-size and latitudinal spread. Mean 

160 body-size, although, gives the central tendency of overall data [36], the effect of any 

161 temperature fluctuation is more likely to be observed in maximum body-size [37]. Hence, 

162 we used the correlation between maximum body-size of each family and their 

163 corresponding ρ1st (size-temp) to evaluate the effect of existing body-size of families (“existing 

164 size dependence”). We used the correlation between maximum latitudinal spread of 
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165 individual family and their corresponding ρ1st (size-temp) to evaluate the effect of latitudinal 

166 extent of a family on its body-size response to climatic fluctuation (“latitudinal spread 

167 dependence”). The same exercise is done on a subset of the data based on their ecological 

168 character. We used Pearson’s correlation test to evaluate the direction and magnitude of all 

169 relationships for this study. Calculating significance for multiple comparison, we used False 

170 discovery rate procedure described in Curran-Everett, [38]. To evaluate the difference in 

171 body size response between pairs (infauna- epifauna, tropical- temperate), we used Cramer 

172 test. All the analyses are performed in R software [39].

173

174 Results

175 The congruence between body size and temperature is observable only for raw data 

176 (ρ= -0.01; P= 0.02) (Fig 1) when body size and temperature estimates are both binned by 

177 geological stages; however, this relationship is not found in the detrended data, corrected 

178 for autocorrelation by first differencing (ρ= 0.18; P= 0.48) (Fig 2A), implying a lack of size-

179 reduction due to climatic warming during Cenozoic. This lack of temperature-size 

180 relationship holds true in a wide range of data treatments, such as considering different 

181 measures of size (maximum, minimum) (Fig 2B-C, Table 1).

182

183 Fig 1. Cenozoic history of climatic fluctuation and body-size change of marine benthic 

184 molluscs. The relationship between mean body-size and mean temperature (green line) is 

185 showing a negative relationship. The red circles represent bivalves and the blue triangles 

186 represent gastropod species occurrences. Size data is log transformed. G, Gelasian; PI, 

187 Piacenzian; Z, Zanclean; M, Messinian; T, Tortonian; S, Serravallian; L, Langhian; B, 

188 Burdigalian; A, Aquitanian; C, Chattian; R, Rupelian; PR, Priabonian; BA, Bartonian; LU, 

189 Lutetian; Y, Ypresian; TH, Thanetian; SE, Selandian; D, Danian.
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190

191 Fig 2. Detrended data (first difference values binned by geologic stages) is not showing 

192 any evidence of climate induced body-size reduction in last 66Ma. The detrended 

193 relationship between body-size (blue) and temperature (orange) considering average body-

194 size (A), maximum body size (B) and minimum body-size (C). Size data is log transformed.

195

196 Table 1. Relationship between body-size and temperature during Cenozoic. 

197 The significance is set at a value determined by False discovery rate procedure.

198

199 No correlation is observed between maximum body-size and ρ1st (size-temp) i.e. the 

200 coefficient of correlation between 1st difference of maximum body-size vs temperature for 

201 overall data, bivalves or gastropods (Fig 3). Same is true for latitudinal spread and ρ1st (size-

202 temp) (Fig 4) (Table 2)

203

204 Fig 3. Climate induced body-size response has not been affected by the existing size. 

205 Dependence of climate induced body-size response on existing body-size of families of all 

206 (A), bivalves (B) or gastropods (C) families during Cenozoic Era. The vertical axis 

Mean Maximum Minimum

ρ1st 

(Size-

P ρ1st (Size- P ρ1st (Size- P
Temp) Temp) Temp)

Overall 0.18 0.48 -0.11 0.69 0.09 0.73

Latitudinal Tropical 0.07 0.8 0.42 0.09 0.005 0.98
zone

Temperate 0.23 0.36 -0.12 0.66 0.23 0.37

Substrate Epifauna 0.1 0.7 - 0.11 0.67 0.12 0.64
relationship

Infauna 0.29 0.3 0.08 0.77 -0.2 0.44

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 8, 2018. ; https://doi.org/10.1101/438002doi: bioRxiv preprint 

https://doi.org/10.1101/438002
http://creativecommons.org/licenses/by/4.0/


207 represents the coefficient associated with detrended correlation between temperature and 

208 mean body-size at family level. Size data is log transformed.

209

210 Fig 4. Climate induced body-size response has not been affected by the latitudinal 

211 spread.  Dependence of climate induced body-size response on latitudinal spread of all (A), 

212 bivalves (B) or gastropods (C) families during Cenozoic Era. The vertical axis represents 

213 the coefficient associated with detrended correlation between temperature and mean body-

214 size at family level. Size data is log transformed.

215

216 Table 2. Correlation ρ1st (Size- Temp) with existing body-size and latitudinal spread. 

217

218  The significance is set at a value determined by False discovery rate procedure.

219

220

221 There is no significant difference in the body size response to temperature between 

222 tropical and temperate species (Fig 5, Table 3). 

223

224 Fig 5. Detrended correlation between temperature and body-size do not show any 

225 difference in response between tropical and temperate species. The detrended 

Size dependence Latitudinal dependence

ρ1st (Size- Temp) P ρ1st (Size- Temp) P

Overall 0.07 0.53 0.11 0.33

Bivalve 0.01 0.99 -0.34 0.06

Gastropod 0.09 0.49 -0.11 0.41

Infauna -0.20 0.38 -0.51 0.01

Epifauna 0.13 0.30 -0.12 0.36
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226 relationship between body-size and temperature considering average body-size (A), 

227 maximum body size (B) and minimum body-size (C). The blue triangles represent tropical 

228 species and the red circles represent temperate species. Size data is log transformed.

229

230 Table 3. Results of Cramer test to evaluate the difference in response among species of 

231 varied latitudinal zones and ecology.  

Mean Maximum Minimum

ρ1st (Size-

Temp)
P

ρ1st (Size- 

Temp)
P

ρ1st (Size- 

Temp)
P

Tropical- Temperate 1.83 0.99 1.79 0.99 1.81 0.99

Infaunal- Epifauna 1.81 0.99 1.82 0.99 1.77 0.99

232

233

234 Both epifauna and infauna showed lack of correlation between temperature and body 

235 size in the detrended data. There is no significant difference in the body size response to 

236 temperature between infaunal and epifaunal species (Fig 6, Table 3). No correlation is 

237 observed between maximum body-size and ρ1st (size-temp) for either epifaunal or infaunal 

238 families (Fig 7A-B, Table 2). A negative correlation for infaunal families exists between ρ1st 

239 (size-temp) and latitudinal spread (ρ= -0.51; P= 0.01) (Fig 7C, Table 2); however, with false 

240 discovery rate procedure, this result is no longer significant implying infaunal families with 

241 limited latitudinal spread did not show any difference in the magnitude of body-size change 

242 compared to widespread taxa. Such latitudinal range dependence is absent among epifaunal 

243 families (ρ= -0.12; P= 0.36) (Fig 7D, Table 2). 

244

245
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246 Fig 6. Detrended correlation between temperature and body-size do not show any 

247 difference in response between epifaunal and infaunal species. The detrended 

248 relationship between body-size and temperature considering average body-size (A), 

249 maximum body size (B) and minimum body-size (C). The red circles represent infaunal 

250 species and the blue squares represent epifaunal species. Size data is log transformed.

251

252 Fig 7. Climate induced body-size response has not been affected by the existing size or 

253 the latitudinal spread for infauna and epifauna. Dependence of climate induced body-

254 size response on existing body-size of family for infauna (A) or epifauna (B). Dependence 

255 of climate induced body-size response on maximum latitudinal spread of family for infauna 

256 (C) or epifauna (D). The vertical axis represents the coefficient associated with detrended 

257 correlation between temperature and mean body-size at family level. Size data is log 

258 transformed.

259

260 Discussion 

261 In recently documented effect of Recent climate change on biota, reductions in body 

262 size has been suggested as the third universal response to global warming, along with 

263 changes in the phenology and distributions of species [17, 40-42]. A review of recent 

264 studies, however, also shows nonuniformity in the magnitude and direction of size 

265 responses across taxa and ecology [43]. This underscores the necessity to validate such 

266 claims with phylogenetically controlled comparative analyses of large temporal changes. 

267 Recent studies also point to a serious lack of comprehensive studies on marine ectotherms. 

268 Because, theoretical models of size-dependent thermoregulatory and metabolic responses 

269 are largely done on terrestrial endotherms, large scale analysis on body-size response of 

270 marine ectotherms is likely to contribute to our understanding of the underlying 
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271 mechanisms of size shifts for such groups. This would, therefore, refine the ability to 

272 predict the sensitivities of species to climate change. Our study attempts to fill this gap by 

273 evaluating the body size response of marine fauna to climatic fluctuation in deep time.

274

275 Absence of size reduction during events of climatic warming

276 The remarkable absence of the negative trend between body size and temperature in 

277 our observation of 66 My fossil record raises questions about the validity of TSR rule at 

278 species level for marine invertebrates. It is important to note, however, that the maximum 

279 size shows a negative relationship with temperature, albeit non-significant. There could be a 

280 number of reason for not finding the expected negative trend. The first possibility could be 

281 that the preservation bias may have destroyed the pattern that really existed [44]. However, 

282 the global nature of the database and relatively higher degree of preservation of this specific 

283 group, would reduce the chances of taphonomically induced changes in the result – a 

284 scenario that has already been established for the evolutionary patterns for this group [45]. 

285 More importantly, it would be hard to imagine a causal mechanism that would selectively 

286 remove a particular size class from a specific time bin, especially within a relatively narrow 

287 range of size spectrum (two orders of magnitude).

288 The second possibility is that the expectation of a species level TSR for marine 

289 molluscs is not valid. The idea of TSR at species level over a broad temporal span stems 

290 from widely accepted temperature–size relationships documented in geographically 

291 separated modern populations (Bergmann’s Rule). It has been argued that species and 

292 lineages that conform to Bergmann’s Rule should show a larger size during times of 

293 climatic cooling [10]. Marine molluscs have often shown latitude-dependent body size 

294 variation [46] and hence, expected to show the predicted negative relationship. The fact that 

295 they do not show the trend during Cenozoic climatic events probably indicates a more 
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296 complex mechanism of body size evolution. Because body size is influenced by a variety of 

297 ecological and evolutionary tradeoffs between growth, resource availability, reproduction, 

298 predation, longevity among other factors, inter-specific patterns may fail to be simple 

299 extensions of intra-specific processes [19].

300 The third possibility could be related to the multifaceted nature of climate change 

301 itself and its complex influence on ecology. The mechanism of climate induced body size 

302 change may be influenced by other biotic and abiotic factors that may in turn have additive 

303 and multiplicative effects on size. A number of alternate studies have been proposed 

304 involving temperature-related variation in seasonality, growth constraints, oxygen 

305 requirement, and nutritional stress [47- 50]. Hence, a lack of expected trend may arise 

306 because so many environmental factors are interacting during climatic shifts and not 

307 necessarily because of a lack of causal mechanism. Climate change, for example, is greatly 

308 associated with changes in nutrient availability apart from modifying temperature which 

309 may play a significant role in climate induced body size evolution during Cenozoic. For 

310 instance, Equatorial Pacific upwelling occurred in Eocene – a time of substantial climatic 

311 warming, increased the nutrient utilization and rate of metabolism [51]. Such intervals of 

312 higher nutrient availability would allow the development of larger body size [52] – a 

313 scenario which is in sharp contrast to the prediction of temperature-induced reduction in 

314 body size for the same time interval. On a similar line, Nawrot et al [53] demonstrated a 

315 size increase in the Mediterranean mollusc due to warming induced invasion. The effect of 

316 global warming indirectly led to an increase in the large bivalve species in the 

317 Mediterranean Sea by facilitating the entry and subsequent spread of tropical aliens. This 

318 study shows an outcome of increasing body-size during a time of warming that is opposite 

319 to the expectations based on the general TSR of marine ectotherms. Such contrasting 

320 outcomes from multiple events are likely to obscure the overall negative pattern of 
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321 temperature-size relationship even if it exists at species level; hence, a complied dataset 

322 such as the present one may fail to show the expected negative relationship over broad 

323 temporal span.

324 Finally, the mechanism of body size change and speed of the process may play a role 

325 in dictating the nature of temperature-size relationship in deep time. A curve describing the 

326 relationship between a trait and the environmental variable – the reaction norm – has been 

327 predicted to have a negative slope for body-size and temperature. This slope depicts the 

328 sensitivity of the trait to the environment [54]. Such reaction norm is also characterized by 

329 an elevation i.e. the trait value in the average environment. A general temperature–size rule 

330 has been proposed to explain the pattern in ectotherms in the context of development 

331 reaction norms for size [55, 56], but the causes of size patterns remain hotly debated [57- 

332 60]. The controversy over size reductions stems from the debate on the nature of size shifts. 

333 Some argue that such size response represents evolved genetic responses to climate change 

334 and hence would be a slow process [61]. However, other researchers view it a phenotypic 

335 plasticity in response to changes in the surrounding environment (such as climate) and 

336 hence would be fast [62, 63]. This is an important issue because the likelihood that species 

337 can respond fast enough to climate change will ultimately depend on whether their response 

338 is genetic or plastic [42, 61, 64, 65]. Moreover, a phenotypically plastic response to 

339 temperature extremes would also mean a quick reversal of the trait value to the elevation of 

340 the reaction norm once the temperature changes to more average value. Such short lived 

341 morphological changes are less likely to leave a very distinct record in a time-averaged 

342 fossil succession.

343

344 Lack of selectivity in the morphological response
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345 Ohlberger et al [23] predicted that groups with narrow latitudinal spread should 

346 respond significantly to climatic fluctuation. However, we did not find any support for this 

347 claim. Lack of response could be due to a few issues. The first issue is related to the nature 

348 of our data and subsequent treatment. The family level data might be too coarse to 

349 document the pattern. The second issue could be related to the evolution of the thermal 

350 gradient through Cenozoic and its dissimilarity to modern one. The nature of thermal 

351 gradient between tropics and poles have changed over time. The strong gradient that we 

352 observe today, might have been absent in early parts of Cenozoic. Hence tropical fauna 

353 might not have behaved very strongly like today. The third issue could again be related to 

354 the type of response of a species to climatic fluctuation. A group can respond in different 

355 ways to a climatic fluctuation that includes change in the phenotype distribution via 

356 phenotypic plasticity [54], relocation to suitable habitats, and genetic change, i.e. 

357 microevolution [61, 66, 67]. The rate of adaptation without genetic change can be very high 

358 because phenotypic plasticity works in no time. If phenotypic plasticity is working 

359 alongside relocation of groups to suitable habitats, the resulting changes should not be 

360 expected to happen at any specific locale. 

361 The relative increase in metabolic costs with temperature is greater in warmer 

362 climates such as tropics due to the exponential increase in metabolic rate, and thermal 

363 windows tend to be narrower in tropical compared to temperate environments due to lower 

364 temperature variability [68, 69]. Tropical species, therefore, typically have an upper thermal 

365 limit for survival closer to the optimum temperature than their temperate counterparts. 

366 Temperate species have broader thermal tolerances and generally experience climates with 

367 average temperatures below their thermal optima [68, 70]. Based on this, Ohlberger et al 

368 [23] predicted that groups with tropical affinity should respond significantly to climatic 

369 fluctuation. Contrary to this prediction, our data shows that the body- size response of 
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370 temperate species is similar to the response of tropical species. Such lack of tropical 

371 sensitivity in response can be explained by other factors controlling body-size. Another 

372 cause of changing body size apart from temperature is the change in the availability or 

373 quality of food that, in turn, affects nutrition, and this has been implicated as a mechanism 

374 in the majority of the studies to date [61]. Changes in nutrition could result from changing 

375 temperature, for example via changes in the length of growing season [71, 72] or via 

376 changes in temperature-dependent activity budgets that constrain feeding [73] in terrestrial 

377 habitats. In the ocean, however, nutrient distribution and productivity is controlled by a 

378 combination of global and regional factors. Moreover, specific marine provinces are 

379 characterized by different combinations of temperature and productivity [74, 75]. Hence, 

380 biotic response of the shallow marine fauna should be strongly dependent on regional 

381 variation of annual SSTs [75], pointing to the role of provincial nature of the marine thermal 

382 structure in shaping the productivity profiles. The combined effects of the seasonality of 

383 solar energy outside the tropics, increasing with latitude, and the episodic nature of 

384 upwelling at any latitude, creates a positive correlation between seasonal variation and 

385 mean annual values in productivity, but one that is not linearly related to latitude [76]. In 

386 spite of such regional variations, solar radiation is the primary controlling factor in making 

387 the surface water warmer and less dense than deeper waters. Such stratification is highest in 

388 the tropical shelves with the greatest density difference between surface and deeper waters. 

389 This stratification promotes stability within the shallow water column, inhibiting vertical 

390 water motion and tending to stabilize productivity in the euphotic zone [77]. The shallow 

391 tropical waters, thermally stratified and thus relatively stable, are often relatively nutrient 

392 poor, and productivity is therefore low but also tends to be relatively stable. Consequently, 

393 low latitudes are characterized by highest SST in the shallow sea, but not the productivity; 

394 higher mid-latitudes show highest productivity values. Because of the relative stability in 
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395 productivity in tropics, tropical fauna is less likely to show severe body-size response, 

396 unlike the prediction based solely on temperature induced morphological changes. The 

397 major influence of regional character of ocean basin and the interaction of those factors is 

398 likely to be important in guiding the body size trajectory of marine species than simplistic 

399 general rules predicting heightened response of tropical species.

400

401 Absence of ecological selectivity

402 The ecological selectivity of recent global warming is one of the most debatable 

403 issues. The complex interplay of ecology and climate change in shaping macroevolutionary 

404 pattern of marine groups has been documented for Cenozoic [78] highlighting the 

405 importance of ecological attribute of a group in dictating various physiological response to 

406 abiotic factors. There have been predictions about differential morphological response of 

407 various ecological groups of molluscs due to their habitat. Thorson [29] claimed that 

408 infaunals are shielded from temperature fluctuation because of burrowing and hence they 

409 would not show the classical LBG. According to this postulation, the infaunals are less 

410 likely to show any body size response to climatic variation due to such shielding in 

411 comparison to epifaunals that are always exposed to temperature change. However, an 

412 opposite argument can be made from the point of inherent difference in the thermal 

413 specialization [26]. Exposure to very high or low temperature for a short period usually 

414 causes increased tolerance to acute thermal extremes whereas long-term exposure to 

415 moderate temperatures can induce heightened thermal sensitivity [25, 26]. This mechanism 

416 has been used to explain the observed difference in body size reduction between marine and 

417 terrestrial groups as a response to temperature. Most terrestrial ectotherms experience 

418 stronger short-term variability than marine species due to their lower thermal buffering and 

419 show a less pronounced reduction in body-size in response to warming compared to those of 
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420 the marine organisms [79]. Similarly, epifauna facing larger variation in temperature, 

421 should show a higher temperature tolerance and less sensitivity to climate induced body-

422 size change unlike infaunas that are acclimatized to a narrow temperature zone and likely to 

423 show a greater response due to their higher thermal sensitivity [14]. This difference should 

424 be more pronounced for infauna of narrow latitudinal extent – both of these factors are 

425 known to generate lower thermal tolerance [14]. Our results, however, does not demonstrate 

426 strong ecological selectivity in controlling the sensitivity of climate-induced morphological 

427 change pointing to limitation of these generalized predictions. 

428

429 Conclusions

430 We showed that generalized body size reduction to climatic warming may not have 

431 existed at species level for marine benthic molluscs during Cenozoic events of climatic 

432 fluctuation. The prediction of heightened response of the groups with narrow latitudinal 

433 range, tropical affinity or with higher body size, also fails to show consistent pattern in their 

434 body-size response during the past 66My long climatic fluctuation. In spite of the general 

435 predictions of higher response of tropical species, our data do not demonstrate any 

436 significant difference in body-size response between tropical and temperate species during 

437 the climatic fluctuations of Cenozoic. Based on the prediction based on thermal 

438 specialization, molluscs with varying substrate relationship are expected to respond 

439 differently with climatic change. Our comparison between epifaunal and infaunal molluscan 

440 group, however, does not show any support for this prediction. The two groups do not show 

441 significant difference in their body-size response during times of climatic fluctuation of the 

442 past. Although, infaunal families with narrow latitudinal spread showed higher degree of 

443 climate influenced size variation compared to the epifaunals, this pattern in not statistically 

444 significant. These observations are pointing to a complex interplay between temperature and 
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445 other regional factors during climatic fluctuation and the limited validity of “universal 

446 rules” in governing the species response in marine ecosystems. These results underscore the 

447 complex nature of climate induced morphological change among marine species and the 

448 need for detailed regional study to evaluate the controlling factors in the absence of a 

449 universal rule governing marine ecosystems.

450
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467 species, Zone: Latitudinal zone of occurrence of a species, Temperature: Average 

468 temperature of each time bin.
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