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 2 

Summary. Patterns of late Quaternary body size change in small-bodied 19 

vertebrates remain poorly understood. The now-extinct Puerto Rican island-20 

shrew Nesophontes edithae exhibits size variation across late Quaternary sites, 21 

but the chronology and correlates of this variation are unclear. Nesophontid 22 

material from two Pleistocene-Holocene sites demonstrates that a small morph 23 

was present for >30,000 years during the Last Glacial Period and was replaced 24 

by a large morph after the Last Glacial Maximum. Differing δ13C values indicate 25 

the small morph was associated with open savanna and the large morph was 26 

associated with tropical forest. This allochronic change does not match the Island 27 

Rule or Bergmann’s Rule, and may have been driven by an end-Pleistocene shift 28 

to high-productivity forest. Size morph replacement could reflect distributional 29 

shifts in niche-differentiated species or a rapid evolutionary response to climatic 30 

change. Our study demonstrates the resilience of some species to natural change 31 

but their vulnerability to anthropogenic pressures. 32 

 33 

Keywords: climatic change, island evolution, late Quaternary, microevolution, 34 
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 3 

INTRODUCTION 36 

Late Quaternary climatically-driven environmental changes had substantial 37 

impacts on terrestrial vertebrate communities. As well as being implicated in the 38 

global extinction of approximately 100 megafaunal mammal genera1-3, climatic 39 

and vegetational shifts across the Pleistocene-Holocene boundary are also 40 

associated with allochronic body size reductions in many large-bodied 41 

vertebrate lineages1,4-6. Patterns of Quaternary body size change in large-bodied 42 

mammals are often used as support for the ‘Island Rule’, an extensively debated 43 

theme in island biogeography proposes that large species typically become 44 

smaller on islands, whereas small species become larger7-9. This phenomenon is 45 

shown most clearly by dwarfed populations of large-bodied mammal taxa (e.g. 46 

proboscideans, cervids, xenarthrans) that became isolated on small islands by 47 

rising sea-levels during the late Quaternary, and experienced evolutionarily 48 

rapid decreases in body size associated with reduced resource availability10-12. 49 

Other megafaunal taxa representing ancient insular lineages also show 50 

considerable fluctuations in body size over short timescales during the late 51 

Quaternary in response to rapid sea-level changes13. 52 

Conversely, less is known about patterns of faunal turnover or 53 

morphological change in small mammals over the late Quaternary. Many small-54 

bodied lineages are known to have increased considerably in body size following 55 

isolation on islands, consistent with the Island Rule, but these changes typically 56 

occurred over longer evolutionary time-periods7-9,14. Some small mammal 57 

populations are also known to have experienced size decreases across the late 58 

Quaternary15,16, and decreases in body size that contradict expectations of the 59 

Island Rule and may instead be associated with late Quaternary temperature 60 
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 4 

change (‘Bergmann’s Rule’) are documented in some insular rodents and 61 

eulipotyphlan insectivores across the Pleistocene-Holocene boundary17,18. 62 

Allochronic size variation in small-bodied island mammals across periods of late 63 

Quaternary climatic change may therefore be influenced by a range of 64 

environmental selection pressures, and the wider patterns, rates, and ecological 65 

correlates of morphological change in such taxa remain poorly understood. 66 

The insular Caribbean contained one of the world’s most diverse non-volant 67 

island mammal faunas for much of the late Quaternary, although nearly all of 68 

these species became extinct during the Holocene, probably due to human 69 

activities19. One of the most unusual components of the Caribbean land mammal 70 

fauna was the now-extinct nesophontids or ‘island-shrews’ (Nesophontes spp.), 71 

small-bodied eulipotyphlan insectivores with an ancient evolutionary history20. 72 

Nesophontid individuals from Holocene contexts in Cuba and Hispaniola show 73 

substantial size variation, which radiometric, morphometric and phylogenetic 74 

analyses have shown to represent multiple co-occurring size-differentiated 75 

species21-23. Considerable size variation is also observed in late Quaternary 76 

nesophontid samples from Puerto Rico, where island-shrews persisted into the 77 

late Holocene24. Only one species, Nesophontes edithae, has been described from 78 

Puerto Rico25; it is the largest known island-shrew, possibly due to ecological 79 

release in the absence of co-occurring large-bodied solenodons on this island. 80 

Puerto Rican nesophontids differ morphologically from all other Caribbean 81 

nesophontids (e.g., larger size, relative lack of reduction of third premolars 82 

compared to second premolars, larger relative size of third lower molar 83 

compared to second lower molar26), indicating that the presence of different 84 

morphs does not represent overwater colonization by a known species from 85 
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 5 

another island, and estimated evolutionary divergence times between other 86 

nesophontid species substantially pre-date the known or inferred age of late 87 

Quaternary Caribbean fossil sites containing nesophontid material22. Size 88 

variation in late Quaternary samples from the island has instead been variously 89 

interpreted as sexual dimorphism, multiple co-occurring endemic species, or 90 

allochronic plasticity21,25,27,28. Indeed, as large-scale sexual dimorphism is 91 

unknown in other recent eulipotyphlans, this variation was used as part of the 92 

justification for erecting a new family, Nesophontidae, to accommodate the 93 

genus25. 94 

Puerto Rico experienced a substantial decrease in subaerial land area across 95 

the Pleistocene-Holocene boundary, with predominant Caribbean vegetation 96 

types shifting from open savannah to closed moist broadleaf tropical forest 97 

during this period29-31. These shifts constitute major environmental drivers of 98 

biodiversity change, and could have been associated with phenetic change in the 99 

island’s terrestrial fauna. However, well-stratified Quaternary palaeontological 100 

deposits are rare in Caribbean caves, and early collectors often failed to record 101 

the stratigraphic provenance of Caribbean Quaternary material, resulting in 102 

mixing of potentially allochronic nesophontid material within cave sites. 103 

Although stable isotope analysis has been used to reconstruct the trophic 104 

ecology of some extinct Caribbean species32-34, diagenetic loss of collagen and 105 

other complex biomolecules through geologically recent sample degradation 106 

under tropical conditions is also a persistent problem for Caribbean Quaternary 107 

fossils, limiting the potential for radiometric dating and phylogenetic analysis for 108 

many specimens19. A dated temporal-ecological framework for interpreting size 109 

variation in N. edithae against regional late Quaternary climatic and 110 
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 6 

environmental changes, to identify correlates of body size evolution in small-111 

bodied island mammals, has therefore remained elusive. 112 

During palaeontological excavations in the northern karst belt of Morovis 113 

Principality, Puerto Rico in 2005, we collected new nesophontid material from 114 

two adjacent late Quaternary fossil sites: Nesophontes Cave, a previously 115 

excavated site35, and Nesophontes II Cave, which was discovered during our 116 

fieldwork. This material demonstrates substantial morphological size variation, 117 

and we are able to demonstrate that Puerto Rican nesophontids of differing sizes 118 

are associated with different temporal horizons and past environmental 119 

conditions, providing an important example of plasticity in phenotypic response 120 

to Quaternary environmental change by a small-bodied island mammal. 121 

 122 

RESULTS 123 

 124 

Fossil sites 125 

Nesophontes II Cave (2030320 N, 0769577 E) consists of a short (<10m) raised, 126 

closed passageway immediately adjacent to the southern entrance of 127 

Nesophontes Cave. The new site contained a rich deposit of small-bodied 128 

vertebrate bones below a ledge against the eastern wall of the cave 129 

approximately 8m from the entrance, consisting of >10,000 individual remains in 130 

total. Based on faunal composition, highly localized accumulation, and pattern of 131 

skeletal modification (e.g. skull, mandibular ascending ramus and long bone 132 

breakage; surface corrosion from digestive acids36), this deposit is interpreted as 133 

a prey accumulation made by an owl, probably the now-extinct endemic owl Tyto 134 

cavatica37. The deposit extended from the sediment surface to a depth of 30cm 135 
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 7 

and contained an extremely dense lens of bones between 20–24cm depth (Fig. 136 

1). The entire deposit was excavated and collected. Cranial and postcranial 137 

elements of N. edithae were abundantly represented throughout most of the 138 

deposit (although there were few well-preserved specimens from the oldest 139 

layers). The deposit also contained five bat species, a diverse bird assemblage 140 

containing at least 39 genera, large amounts of lizard material, and a second 141 

extinct endemic non-volant mammal (the caviomorph rodent Heteropsomys 142 

insulans) (Table S1). Bones collected from 0–24cm depth (‘upper layer’) were 143 

pale to dark brown in colour, whereas bones collected from below the dense lens 144 

(24-30cm, ‘lower layer’) were paler yellow in colour and often partially veneered 145 

by a thin calcite coating, suggesting two distinct depositional intervals. 146 

Collection of further Quaternary mammal fossil material including N. edithae 147 

and other extinct endemic mammal taxa (the sloth Acratocnus odontrigonus and 148 

the giant caviomorph rodent Elasmodontomys obliquus) was also conducted 149 

through opportunistic sampling of the top 20 cm of unstratified paleosol deposits 150 

in the southern entrance slope of the neighbouring Nesophontes Cave (see ref. 151 

35 for a description of this site). Fossil material from this site similar in 152 

preservational appearance to the deepest fossil material recovered from 153 

Nesophontes II Cave. 154 

 155 

Morphometric comparisons 156 

Nesophontes edithae specimens from the upper layer at Nesophontes II Cave are 157 

markedly larger and correspondingly more robust than specimens from the 158 

lower layer and from the entrance slope of Nesophontes Cave (Fig. 2). 159 

Unfortunately, damage to both cranial and postcranial elements characteristic of 160 
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 8 

owl predation36 limits quantitative analysis of size differences using many 161 

standard mandibular or postcranial measurements, and nearly all specimens are 162 

too damaged to permit more complex multivariate morphometric analysis such 163 

as principal component analysis, which has been used to understand patterns of 164 

intraspecific and interspecific variation in nesophontids from other Caribbean 165 

islands21,22. It also precludes analysis of the small number of nesophontid 166 

specimens from the lower Nesophontes II layer (<25 fragmentary specimens in 167 

total, with 3-4 comparative measurements only possible for three femora). 168 

However, specimens from the upper layer are significantly larger than those 169 

from Nesophontes Cave in statistical comparisons of eight mandibular characters 170 

(comparative sample sizes: upper Nesophontes II layer, n=19-99; Nesophontes 171 

Cave, n=10-21) and eight femoral characters (comparative sample sizes: upper 172 

Nesophontes II layer, n=8-113; Nesophontes Cave, n=10-26) (one-tailed 173 

heteroscedastic t-tests, p≤0.01 for all statistical comparisons, p≤0.0001 for 14 of 174 

16 comparisons; Table S2). The largest measurement datasets show different 175 

unimodal size distributions for specimens from the upper Nesophontes II layer 176 

and from Nesophontes Cave, indicating a single size morph is present in each 177 

deposit (Fig. S1). 178 

Using established regression equations for calculating eulipotyphlan body 179 

masses from M1 and m1 length-width proportions38, we estimate that 180 

individuals from the upper Nesophontes II layer had a mean body mass of 202.6g 181 

(n=31, SD=51.9), whereas individuals from the lower Nesophontes II layer had a 182 

mean body mass of 98.1g (n=7, SD=21.4), and individuals from Nesophontes 183 

Cave had a similar mean body mass of 82.9g (n=19, SD=13.2). 184 

 185 
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 9 

Temporal framework 186 

Owl and other raptor-derived prey accumulations associated with suitable 187 

perches or roost/nest sites can be deposited by different individuals over 188 

thousands or tens of thousands of years39,40. A possible Late Pleistocene age for 189 

the lower Nesophontes II layer was suggested by the occurrence of the bat 190 

palaeosubspecies Stenoderma rufum anthonyi27 in this level. Pre-screening of 40 191 

fossil bone samples from the two caves (35 N. edithae samples, four avian 192 

postcranial elements and one Heteropsomys mandible) at the Oxford 193 

Radiocarbon Accelerator Unit revealed that all samples had experienced almost 194 

complete diagenetic loss of collagen, likely due to the high thermal age of 195 

Quaternary deposits in humid tropical Caribbean landscapes19, which 196 

unfortunately prevents direct AMS 14C dating of our nesophontid material. A 197 

temporal framework for interpreting body size change in N. edithae was 198 

therefore established through AMS 14C dating of charcoal stratigraphically 199 

associated with the upper Nesophontes II layer, and direct uranium-series dating 200 

of nesophontid skeletal material from Nesophontes Cave and both layers at 201 

Nesophontes II Cave (Table S3). 202 

This dual dating approach demonstrated that nearly all samples from the 203 

upper Nesophontes II layer are Holocene in age, with charcoal samples from 204 

bone-containing layers above the bone bed dating to 1,164±27 ybp (OxA26282, 205 

4–6cm depth) and 4,113±32 ybp (OxA26283, 14–16cm depth), and four 206 

nesophontid specimens from the bone bed dating between 6,947 and 7,966 ybp. 207 

A fifth bone sample from the bone bed dated to the Late Pleistocene Bølling–208 

Allerød interstadial, 13,486 ybp (2σ: 13,135–13,837). In contrast, all dated bone 209 

samples from the lower Nesophontes II layer and from Nesophontes Cave are 210 
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 10 

much older: two bone samples from the lower Nesophontes II layer dated to 211 

32,682 ybp (2σ: 31,759–33,602) and 42,051 ybp (2σ: 40,789–43,307), and two 212 

bone samples from Nesophontes Cave dated to 16,382 ybp (2σ: 15,936–16,827) 213 

and 50,585 ybp (2σ: 49,074–52,089) (Table 1, Fig. 3). 214 

 215 

Stable isotope analysis 216 

Stable carbon isotope analysis using biogenic apatite (tooth enamel carbonate), 217 

which is widely used to assess palaeodiet in fossil mammals and is minimally 218 

susceptible to post-depositional alteration41-43, was conducted on cheek teeth 219 

from 40 nesophontid mandibles (large morph: upper Nesophontes II layer, n=20; 220 

small morph: lower Nesophontes II layer, n=6, Nesophontes Cave, n=14). 221 

Biogenic apatite δ13C values are inherited from plants at the base of local food 222 

chains, and will reflect the values for plant carbon consumed by nesophontids via 223 

their presumed invertebrate diet, with minimal trophic-level fractionation likely 224 

to occur between plant material and invertebrate prey44. Leaves of C3 plants 225 

growing in forest understoreys have δ13C values 2-5‰ lower than those growing 226 

in open environments45,46, and these differences are magnified further if open 227 

areas include C4 grasses with significantly higher δ13C values, which occur today 228 

in drier parts of the insular Caribbean and are likely to have been regionally 229 

more widespread during the Late Pleistocene47. Although there is overlap 230 

between the δ13C values shown by the two nesophontid size morphs, the two 231 

sets of values are significantly different, with lower values shown by the large 232 

morph (mean=−10.3‰ V-PDB, SD=0.98) compared to the small morph 233 

(mean=−7.9‰ V-PDB, SD=2.03) (two-tailed heteroscedastic t-test, p<0.001; 234 

Table S4, Fig. S2). 235 
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 236 

DISCUSSION 237 

Our multidisciplinary investigation of a new prehistoric stratified owl deposit 238 

and neighbouring cave site overcomes many of the taphonomic problems that 239 

hinder reconstruction of Quaternary faunal change in the tropical Caribbean, and 240 

provides a temporal-ecological framework for understanding size variation in an 241 

enigmatic extinct island mammal. Our findings demonstrate that in our study 242 

sites, the smaller nesophontid size morph dates from the Last Glacial Period, 243 

whereas the larger nesophontid size morph, which was over twice its mass, 244 

instead post-dates the Last Glacial Maximum (LGM). These allochronic size 245 

morphs also show differences in δ13C values that are consistent with the 246 

different distinct environmental conditions that prevailed in Puerto Rico during 247 

different periods of the late Quaternary, with the small older morph displaying 248 

an isotopic signal associated with more open savanna-type habitats typical of the 249 

Late Pleistocene, and the large younger morph displaying a signal associated 250 

with more closed forest habitats typical of the Holocene. 251 

In contrast to spatiotemporal patterns of nesophontid diversity on both 252 

Cuba and Hispaniola, where multiple size-differentiated species co-occurred in 253 

Holocene horizons within the same landscapes21-23, the two late Quaternary size 254 

morphs of N. edithae are not present in contemporaneous deposits within our 255 

study sites. We consider it very unlikely that multiple size morphs were coeval 256 

within this landscape during the late Quaternary but were undetected by our 257 

fossil sampling, as our abundant nesophontid measurement series are unimodal, 258 

and we also collected all other currently-recognised endemic Puerto Rican non-259 

volant land mammals during our excavations in Nesophontes Cave and 260 
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Nesophontes II Cave24,48. Tytonid owl-derived mammalian prey accumulations 261 

have been demonstrated to show close ecological fidelity to landscape-level 262 

patterns of species richness and abundance in autochthonous small mammal 263 

communities36,49, and the Nesophontes II owl deposit also contains a range of 264 

other terrestrial vertebrate taxa that vary widely in body size and ecology, 265 

including birds that range in size from small passerines and todies to large 266 

Patagioenas pigeons and Saurothera and Crotophaga cuckoos (Table S1). We 267 

therefore consider it highly unlikely that Tyto cavatica would have selectively 268 

predated only one size morph if multiple nesophontids had been 269 

contemporaneous in the local environment of the Morovis caves. Indeed, Tyto 270 

species that hunt across both forested and open habitats in other systems are 271 

shown to oversample small mammals in grasslands50, suggesting that the 272 

savanna-associated small nesophontid morph should be present in the 273 

Nesophontes II owl deposit if it existed anywhere within the wider Holocene 274 

landscape across which the owl hunted. We are therefore confident that distinct 275 

size-differentiated nesophontid populations occurred in our study landscape 276 

during different periods of the late Quaternary. These results refute the original 277 

hypothesis of strong sexual dimorphism in Puerto Rican nesophontids25, and 278 

thus raise the question of what environment factors were responsible for size 279 

variation in individuals from our study landscape. 280 

Puerto Rican nesophontids show a marked increase in size over time, with 281 

the shift from small morph to large morph being chronologically associated with 282 

temperature increase, sea-level rise, and reduction in Puerto Rico’s total land 283 

area after the LGM (Fig. 3). This shift does not align precisely with the 284 

Pleistocene–Holocene boundary; instead, the oldest dated large morph in our 285 
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study is from the Bølling–Allerød interstadial, an interval when warm, moist 286 

conditions similar to those of the Holocene also prevailed in the Caribbean 287 

region30,31. Interestingly, the pattern of allochronic size variation shown by 288 

Puerto Rican nesophontids across the late Quaternary does not match the 289 

predictions of either the Island Rule or Bergmann’s Rule, the two main 290 

evolutionary models previously proposed to explain size change in insular small 291 

mammals8,9,17,18. Whereas continental small-bodied mammal lineages, including 292 

eulipotyphlans51, typically become larger after they colonize islands (although 293 

there is considerable variation around this general trend7), insular vertebrate 294 

body size is positively correlated with island area and associated resource 295 

availability, which would therefore predict a decrease in nesophontid size as sea 296 

levels rose and island area shrank52,53. As larger body size is positively correlated 297 

with colder environments, Bergmann’s Rule would also predict a decrease in 298 

nesophontid size as temperatures increased17,18. 299 

Instead, size change in Puerto Rican nesophontids may have been driven by 300 

an ecological shift from open savanna to closed tropical forest habitat. This shift 301 

is evidenced by the statistical difference in δ13C values shown by different size 302 

morphs. Although global fluctuations in the concentration (pCO2) and 13C value 303 

of atmospheric CO2 are well-documented during the period covered by our 304 

samples, this variation has been measured at a maximum of ±0.3‰54,55, which 305 

would not be enough to explain differences in 13C composition between 306 

allochronic nesophontid size morphs from the same site. Recent studies have 307 

challenged the premise of limited pCO2 effects on plant 13C values56 and have 308 

demonstrated that pCO2 and δ13C can exhibit strong correlations57, making it 309 

difficult to categorically interpret the different isotopic signals shown by small 310 
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and large nesophontid size morphs as evidence of a local habitat shift, as this 311 

trend can be also affected by changes in pCO2 beyond ±0.3‰. However, the 312 

different isotopic signals are consistent with the known regional Late 313 

Pleistocene-Holocene shift in vegetation types29-31. A change to tropical forest 314 

conditions in the Holocene at our study landscape is also supported by 315 

taxonomic composition of the rich avifaunal material available in the owl-316 

deposited bone bed in the upper Nesophontes II layer, which contains several 317 

indicator species that are dependent today upon closed forest habitat (e.g. 318 

Amazona vittata, Geotrygon and Patagioenas pigeons, Otus nudipes)58 (Table S1). 319 

Populations of several small mammal species show larger body sizes in 320 

closed forest habitat compared to more open fragmented landscapes59, and 321 

mammalian body sizes are higher in ecosystems with high primary productivity 322 

such as tropical rainforests60. However, tropical savannas can also show high 323 

primary productivity61,62, and other studies have shown a possible trend of 324 

increasing body size across multiple small mammals in relation to increased 325 

habitat fragmentation rather than connected forest habitat, although this might 326 

reflect an ‘island’ isolation effect rather than being associated with changing 327 

habitat openness63,64. More research is required into the relationship between 328 

body size variation and habitat structure and productivity in small mammals, 329 

and into the ecosystem parameters of successive Caribbean Quaternary 330 

environments. 331 

Direct dating of specimens demonstrates that the small nesophontid morph 332 

was present at our study landscape for over 30,000 years, from the later part of 333 

the Last Glacial Period ~50,000 ybp and across the LGM, with the youngest 334 

specimen dating from less than 16,500 ybp. The change from small morph to 335 
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large morph at this site occurred within 3,000 years, with the oldest large morph 336 

dating from ~13,500 ybp. This rapid turnover may simply reflect ecological 337 

shifts in the local distribution of two niche-differentiated nesophontid species, 338 

representing open-habitat and forest specialists that had already evolved 339 

through earlier cladogenesis and that were tracking terminal Pleistocene 340 

climate-driven changes in savanna and forest cover. Although savanna-type 341 

habitats were widely distributed across the Caribbean region during the LGM, 342 

mesic refugias are also known to have persisted on Puerto Rico through this 343 

period31,65. Both of these putative nesophontid species could therefore have co-344 

occurred on the island throughout the late Quaternary but restricted to different 345 

landscapes characterized by distinct habitat types, with the savanna morph 346 

becoming replaced by the forest morph in the vicinity of the Morovis caves as 347 

open habitats were locally replaced by closed habitats. The holotype of 348 

Nesophontes edithae is a small morph (interpreted as a female individual by 349 

Harold E. Anthony, who described the species25), so if further research confirms 350 

that two nesophontid species did formerly exist on Puerto Rico, the larger-351 

bodied species would require a new taxonomic name. Dynamic patterns of local 352 

loss and replacement are also documented in other small mammal populations 353 

in response to environmental instability and climate fluctuations during the Late 354 

Pleistocene15,66. 355 

It is difficult to predict the relationship between size differentiation and co-356 

occurring community assembly in small mammal congeners67,68, especially on 357 

islands69,70. However, the hypothesis of rigidly habitat-differentiated 358 

nesophontid species inhabiting exclusive landscapes with no environmental 359 

overlap contrasts with nesophontid diversity on Cuba and Hispaniola, where 360 
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multiple size-differentiated species co-occurred within the same ecosystems21-23. 361 

Multiple soricid eulipotyphlan species are also distributed sympatrically on 362 

several southeast Asian islands that are similar in size to Puerto Rico71. It is thus 363 

possible that the rapid nesophontid size shift observed at our site instead 364 

represents a punctuated evolutionary anagenetic shift within the same 365 

population. Rapid morphological and body size differentiation in response to 366 

changing environmental conditions, especially novel ecological states present on 367 

islands72,73, has been observed in several other vertebrate populations at 368 

millennial or even multi-century scales74-77, with smaller-bodied species able to 369 

undergo morphological change at faster rates78. Severe climatic change, such as 370 

that experienced by nesophontid populations at the end of the Pleistocene, is 371 

predicted to be able to prompt rapid within-population evolutionary responses 372 

in terrestrial vertebrates79. Interestingly, marked size increase unaccompanied 373 

by genetic differentiation is also shown by some populations of Eurasian water 374 

shrew Neomys fodiens80. Soricids also exhibit substantial phenotypically plastic 375 

seasonal changes in skull size in response to varying resource availability 376 

(‘Dehnel’s phenomenon’)81,82, indicating the potential for both genetic and plastic 377 

contributions to climatically-driven morphological change79. 378 

Our study provides an important example of mammalian body size change, 379 

identifying the likely drivers of this evolutionary shift and potentially tracing the 380 

course of an anagenetic event rather than just seeing its end-point. Size change 381 

can constitute a rapid evolutionary response to changing environmental 382 

conditions, and our findings emphasize the body size hypervariability of island 383 

mammals72,73. Puerto Rican nesophontids were remarkably resilient to climatic 384 

change, thus demonstrating that despite representing an evolutionarily ancient 385 
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‘living fossil’ mammal lineage19, they retained a dynamic capacity for adaptation 386 

and innovation. However, despite this evolutionary and ecological flexibility, 387 

they became extinct following human introduction of invasive mammal 388 

predators around 500 years ago24,83. Their extinction highlights the vulnerability 389 

of unique island biodiversity to ongoing anthropogenic pressures9, and acts as a 390 

reminder that the historical loss of island taxa has impacted our understanding 391 

of many fundamental evolutionary and ecological processes84,85. 392 

 393 

LIMITATIONS OF THE STUDY 394 

The almost complete loss of organic content from all our samples unfortunately 395 

prevents analysis of the evolutionary relationships between allochronic small 396 

and large morphs using biomolecular phylogenetic methods (proteomics or 397 

ancient DNA, which is less likely to preserve than collagen21,86), and previous 398 

screening of samples from the upper layer failed to yield DNA20. We therefore 399 

cannot determine whether the two morphs have a direct ancestor-descendant 400 

relationship within a single anagenetic lineage or represent sister taxa that 401 

evolved through older cladogenesis, and thus whether nesophontid size change 402 

observed at our sites represents an ecological shift or a punctuated evolutionary 403 

shift. We hope that biomolecular phylogenetic analysis is possible for better-404 

preserved specimens of both size classes, and we recommend further 405 

investigation of Puerto Rican nesophontid material at sites that could have 406 

sampled past savanna-forest ecotones or that occur within Holocene savanna 407 

landscapes, to investigate potential co-occurrence of different size morphs or 408 

persistence of the small morph into the Holocene in suitable habitats. 409 
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Due to the small size and fragmentary condition of our nesophontid samples, 410 

we were also unable to conduct uranium-series dating and stable isotope 411 

analysis upon the same specimens, meaning that we can only assign animals of 412 

known isotopic ecology to stratigraphic horizons with associated dates, rather 413 

than having direct dates for individuals that are specifically linked to open or 414 

closed habitats. 415 

 416 

RESOURCE AVAILABILITY 417 

 418 

Lead contact 419 

Further information and requests for resources should be directed to and will be 420 

fulfilled by the lead contact, Samuel Turvey (samuel.turvey@ioz.ac.uk). 421 

 422 

Materials availability 423 

All fossil material from Nesophontes Cave and Nesophontes II Cave collected 424 

during this study is currently housed in the collections of the Institute of Zoology, 425 

Zoological Society of London (mammal and other non-bird material) and the bird 426 

collections of the Natural History Museum at Tring, Hertfordshire, UK (bird 427 

material). 428 

 429 

Data and code availability 430 

• All data necessary to interpret and replicate results are available in the main 431 

text and Supplemental Data, Supplemental Figures, and Supplemental Tables. 432 

• This paper does not report original code. 433 
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Any additional information required to reanalyze the data reported in this paper 434 

is available from the lead contact upon request. 435 

 436 

STAR METHODS 437 

Detailed methods are provided in the online version of this paper and include the 438 

following: 439 

• KEY RESOURCES TABLE 440 

• METHOD DETAILS 441 

o Radiometric dating analyses 442 

o Stable isotope analysis 443 

• QUANTIFICATION AND STATISTICAL ANALYSIS 444 
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Table 1. AMS 14C dates on charcoal and uranium-series dates on Nesophontes 733 

bones from the Morovis caves, Puerto Rico (N Cave = Nesophontes Cave, N-II 734 

Cave = Nesophontes II Cave). 735 

 736 

Horizon Specimen Method Lab number Date, BP 
(2σ range) 

Detrital-corrected 
date, BP (2σ range) 

13C 

N-II Cave, upper 
layer (4–6cm) 

charcoal AMS 14C OxA26282 1164  
(1137–1191) 

— -26.48 

N-II Cave, upper 
layer (14–16cm) 

charcoal AMS 14C OxA26283 4113  
(4081–4145) 

— -26.28 

N-II Cave, upper 
layer (20–24 cm) 

mandible U-series — 7060  
(6913–7207) 

6947  
(6743–7151) 

— 

N-II Cave, upper 
layer (20–24 cm) 

mandible U-series — 7669  
(7532–7806) 

7640  
(7448–7832) 

— 

N-II Cave, upper 
layer (20–24 cm) 

mandible U-series — 7749  
(7601–7897) 

7657  
(7450–7864) 

— 

N-II Cave, upper 
layer (20–24 cm) 

mandible U-series — 7982  
(7828–8136) 

7966  
(7748–8184) 

— 

N-II Cave, upper 
layer (20–24 cm) 

maxilla U-series — 13,500  
(13,251–13,749) 

13,486  
(13,135–13,837) 

— 

N-II Cave, lower 
layer  

mandible U-series — 32,698 
(32,046–33,349) 

32,682 
(31,759–33,602) 

— 

N-II Cave, lower 
layer  

mandible U-series — 42,057  
(41,165–42,946) 

42,051  
(40,789–43,307) 

— 

N Cave mandible U-series — 16,393  
(16,078–16,708) 

16,382  
(15,936–16,827) 

— 

N Cave mandible U-series — 50,783  
(49,711–51,851) 

50,585  
(49,074–52,089) 

— 

  737 
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Figures 738 

 739 

Fig. 1. Puerto Rican late Quaternary fossil sites where nesophontid material was 740 

collected. A, Location of Morovis caves in Puerto Rico. B, Interior of Nesophontes 741 

II Cave. C, Entrance to Nesophontes II Cave (indicated with arrow). Photograph 742 

taken from southern entrance of Nesophontes Cave, with slope deposit at cave 743 

entrance shown to the right, demonstrating the immediate proximity of the two 744 

caves. D, Plan view of Nesophontes II Cave. E, Excavated section at Nesophontes 745 

II Cave, showing dense bone layer at 20–24 cm depth and stratigraphic 746 

distribution of large and small nesophontid size morphs. Scale bar represents 15 747 

cm. 748 

 749 

Fig. 2. Nesophontid size morphs from the Morovis caves, Puerto Rico. A-C, Large 750 

morph from upper layer at Nesophontes II Cave, showing varying intactness of 751 

specimens from the owl deposit. Top image reversed for comparison with other 752 

specimens. D, Small morph from Nesophontes Cave, showing partial veneer with 753 

thin calcite coating indicative of older deposition. Scale bar = 5 mm. 754 

 755 

Fig. 3. Dated temporal distribution of small and large nesophontid size morphs 756 

at the Morovis caves across late Quaternary climatic fluctuations (illustrated by 757 

NGRIP 18O curve)87 until extinction in the late Holocene.  758 
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STAR Methods 759 

 760 

KEY RESOURCES TABLE 761 

 762 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Deposited data   

Morphometric data for nesophontid material from 
Nesophontes Cave and Nesophontes II Cave, analysed 
data 

This paper Table S2, Fig. S1 

AMS 14C data for charcoal from Nesophontes II Cave, 
raw data 

This paper Table 1 

Uranium-series data for nesophontid material from 
Nesophontes Cave and Nesophontes II Cave, raw data 

This paper Table 1, Table S3, 
Fig. S2 

Stable isotope data (carbon and oxygen) for 
nesophontid material from Nesophontes Cave and 
Nesophontes II Cave, raw data 

This paper Table S4 

Bird fossils from Nesophontes II Cave, raw data This paper Table S1 

Software and algorithms   
R v.4.2.2 R Foundation for 

Statistical Computing, 
Vienna, Austria 

https://cran.r-
project.org/ 

 763 

METHOD DETAILS 764 

 765 

Radiometric dating analyses 766 

Radiocarbon dating of specimens by accelerator mass spectrometry (AMS) was 767 

carried out at the University of Oxford, UK. 768 

Uranium-series analyses were carried out at the NERC-Open University 769 

Uranium-Series Facility laboratories at the Open University, Milton Keynes, UK, 770 

following standard methods88. Bone samples selected for U-series analysis 771 

(<0.5g) were extracted from the internal surface of specimens using a hand-held 772 

Dremel drill, rinsed in iso-propyl alcohol and dilute nitric acid, and completely 773 

dissolved in double-distilled concentrated nitric acid. A mixed 229Th/236U spike 774 

was added, which was calibrated against gravimetric standards prepared from 775 
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CRM112a for uranium and CRM3159 for thorium. Uranium and thorium 776 

fractions were separated on 2-mL anion exchange columns89, and were both 777 

diluted to 10 ppb and run on the Nu Instruments Multi-Collector Inductively 778 

Coupled Plasma Mass Spectrometer (MC-ICP-MS)90. A dynamic peak-switching 779 

routine was employed measuring 234U/236U and 235U/236U (a proxy for 238U, 780 

assuming a natural 238U/235U ratio of 137.88) and separately for 230Th/229Th and 781 

232Th/229Th (232Th abundance is not required for age calculation but was 782 

measured to monitor detrital Th input)91. A standard sample bracketing 783 

technique was used for the Nu plasma to monitor and correct for drift. Two 784 

internal solution standards and one rock standard were used to assess external 785 

reproducibility. Two total procedure blanks for 238U and 232Th (run in parallel 786 

with these samples) yielded 9 pg and 13 pg, respectively, which are insignificant 787 

for the measured samples. Ages and fully propagated uncertainties were 788 

calculated using standard methods88,92. Detrital corrections to account for the 789 

fraction of 230Th that is not authigenic were made on the assumption that the 790 

detritus has Th/U=3.12 and is in secular equilibrium; the magnitude of the 791 

correction is small, and corrected ages are within the 2σ uncertainty range of 792 

uncorrected ages. 793 

 794 

Stable isotope analysis 795 

Analysis was conducted at the National Environmental Isotope Facility, British 796 

Geological Survey, Keyworth, UK. Teeth were cleaned by ultrasonication in 797 

distilled water, rinsing three times. Roots were removed; samples were too small 798 

to separate dentine from enamel, but given the lack of collagen preservation in 799 

the samples (see above), any remaining organic material will have been removed 800 
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with the subsequent NaOCl wash. Samples <10mg in weight were either 801 

combined with other teeth from the same mandible (to achieve a minimum of 802 

10mg weight) or analyzed whole after the 2% NaOCl stage. Clean, trimmed teeth 803 

were crushed to a powder, placed in 2% NaOCl overnight to remove organic 804 

matter, and washed five times by centrifugation. The powder was then placed in 805 

0.1M acetic acid for two hours and washed five times by centrifugation to 806 

remove any carbonate adsorbed onto the apatite crystal surface. Average loss of 807 

sample during preparation was 20%. Approximately 1-1.5mg of the resulting 808 

structural carbonate was loaded into glass vials and transferred to a 809 

GVMultiprep system for CO2 conversion using anhydrous phosphoric acid at 810 

90◦C. The resultant CO2 was cleaned and collected cryogenically for isotope 811 

analysis using a GV IsoPrime dual inlet mass spectrometer. Isotope values (13C) 812 

are reported as per mille (‰) deviations of isotopic ratios (13C/12C) calibrated to 813 

the V-PDB scale using a within-run laboratory standard (Keyworth Carrara 814 

Marble, KCM) that is scaled against NBS standards (NBS-18 and NBS-19). The 815 

analytical precision of CO2, assessed by multiple analyses of KCM, is <0.02‰ for 816 

13C (1σ, n=14). The analytical precision for multiple analyses of an 817 

archaeological enamel standard was <0.03‰ for 13C (1σ, n=6). 818 

 819 

QUANTIFICATION AND STATISTICAL ANALYSIS 820 

All statistical analyses were carried out using R v.4.2.2 https://cran.r-821 

project.org/. Statistical tests included: 822 

1) One-tailed heteroscedastic t-tests to test whether Nesophontes specimens 823 

from the upper layer of Nesophontes II Cave are significantly larger than 824 

specimens from Nesophontes Cave. These t-tests included comparisons of eight 825 
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mandibular characters (comparative sample sizes: upper Nesophontes II layer, 826 

n=19-99; Nesophontes Cave, n=10-21) and eight femoral characters 827 

(comparative sample sizes: upper Nesophontes II layer, n=8-113; Nesophontes 828 

Cave, n=10-26). Full details of data and test statistics for comparisons of all 16 829 

characters are reported in Table S2 and are summarized in the “Morphometric 830 

comparisons” section of the main Results. 831 

2) Two-tailed heteroscedastic t-test to test whether the δ13C values shown by 832 

the two nesophontid size morphs are significantly different. This t-test included 833 

comparison of n=20 large morph specimens (mean=−10.3‰ V-PDB, SD=0.98) 834 

and n=20 small morph specimens (mean=−7.9‰ V-PDB, SD=2.03). The data 835 

used for this statistical comparison are reported in Table S4 and Figure S2, and 836 

the data summary and test statistic are reported in the “Stable isotope analysis” 837 

section of the main Results. 838 

 839 

Table S1. Bird material from Nesophontes II Cave. 840 
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• The extinct Caribbean island-shrew Nesophontes edithae showed major size variation 
 

• A small morph occurred in the LGM and was replaced by a large morph in the 
Holocene 
 

• Isotopic data show size change was linked to a shift from savanna to forest habitat 
 

• Size change may represent a rapid evolutionary response to severe climatic change 
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KEY RESOURCES TABLE 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Deposited data   

Morphometric data for nesophontid material from 
Nesophontes Cave and Nesophontes II Cave, analysed 
data 

This paper Table S2, Fig. S1 

AMS 14C data for charcoal from Nesophontes II Cave, 
raw data 

This paper Table 1 

Uranium-series data for nesophontid material from 
Nesophontes Cave and Nesophontes II Cave, raw data 

This paper Table 1, Table S3, 
Fig. S2 

Stable isotope data (carbon and oxygen) for 
nesophontid material from Nesophontes Cave and 
Nesophontes II Cave, raw data 

This paper Table S4 

Bird fossils from Nesophontes II Cave, raw data This paper Table S1 

Software and algorithms   

R v.4.2.2 R Foundation for 
Statistical Computing, 
Vienna, Austria 

https://cran.r-
project.org/ 
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