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Abstract

:

We used carbon (δ13C) and nitrogen (δ15N) isotopes to examine the foraging ecology of Tenerife giant rats (Canariomys bravoi) and lizards (Gallotia goliath) in northwestern Tenerife, which until recently, were the island’s largest terrestrial vertebrates. We combined new isotope data for 28 C. bravoi and 14 G. goliath with published regional data for both species and then compared these with data for co-occurring extant taxa and modern C3 plants. Isotope data suggest both extinct species relied primarily on C3 resources and were trophic omnivores. However, the two species appear to have partitioned their resources when living in sympatry. Isotopic overlap between C. bravoi and Rattus spp., and between G. goliath, extant Gallotia galloti, and introduced rabbits (Oryctolagus cuniculus) suggests reliance on similar foods. We radiocarbon dated four C. bravoi and two G. goliath with the most extreme isotope values. These new dates do not settle the question of what triggered the demise of either species. Nevertheless, the data are most consistent with anthropogenically-induced extinction. Temporal isotopic trends contradict expectations if regional climate were responsible, and confidence intervals for radiocarbon dates suggest it is highly likely that both species were present when humans first settled the island.
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1. Introduction


Our planet has been undergoing a major extinction event since the late Pleistocene [1]. This is of global concern as biological diversity is critical for maintaining stable ecosystems [2,3]. Determining the ecological roles that now-extinct species played within the ecosystems they inhabited provides critical context for management and conservation of remaining biota, e.g., [4,5,6,7,8,9,10].



Island vertebrates have been particularly vulnerable to recent, anthropogenically-driven species loss due to their low genetic diversity and evolution in relative isolation from diseases, parasites, competitors, and predators [11,12,13,14,15,16]. Like most archipelagos, The Canary Islands, which are part of the Mediterranean biodiversity hotspot [17], have experienced multiple Late Holocene vertebrate extinctions [18,19,20,21,22,23], and a large number of extant native species are currently threatened [24].



Here we use carbon (δ13C), and nitrogen (δ15N) isotope values in bone collagen combined with radiocarbon (14C) dates to investigate the diet and extinction chronology for two extinct taxa, the Tenerife giant rat (Canariomys bravoi) and the Tenerife giant lizard (Gallotia goliath). Canariomys bravoi was one of two species of giant extinct murines that were endemic to the Canaries [25]. Its congener, Canariomys tamarani, lived on Gran Canaria. The genus has tentatively been placed within the Arvicanthi tribe of the African Murinae [26], or as a sister group to this tribe [27], but this needs to be verified genetically [28,29]. Canariomys bravoi weighed slightly less than one kilogram [27]. Postcranial morphofunctional analyses suggest it was a very muscular species that was equally adept in the trees and on the ground. It may also have had some modest digging capabilities [27]. On the basis of mandibular morphology and molar microwear, it likely relied heavily on foliage and may have been an opportunistic omnivore [26,30].



Gallotia goliath was a species of large lacertid lizard that was likely restricted to Tenerife [31]. Two extant species of Gallotia persist on the island: G. intermedia, and G. galloti (reviewed in [31]). Gallotia goliath was larger than the extant species and is thought to have been close to one meter in length, ca. 0.9 m, [32]. In continental settings, lacertid lizards are primarily insectivorous (reviewed in [33]). However, on islands, lacertids tend to be more herbivorous, and extant Gallotia species on Tenerife and other islands in the Canary Archipelago rely heavily on plant matter, e.g., [34,35,36]. For example, fecal analysis suggests that the extant Tenerife lizard, G. galloti is omnivorous, consuming both arthropods and a considerable amount of fruit in northwestern Tenerife [37,38,39]. The degree of herbivory in living Gallotia appears to be positively related to body size (i.e., larger-bodied species have longer and more robust guts, more teeth, and stronger jaws that enable them to process fruit [40]). As G. goliath was, on average, larger than living species of Gallotia, it may be reasonable to presume that the larger G. goliath was primarily herbivorous.



The extinction history of C. bravoi is relatively well established. On the basis of available 14C dates, authors have previously concluded that the species’ demise was likely coincident with initial human arrival on Tenerife, and although hunting by the aboriginal people cannot be completely ruled out, factors like predation, competition for resources with introduced species, and exposure to new parasites and diseases could have been involved in the extinction process, acting either separately or synergistically [18,23]. However, next to nothing is known about the extinction history of G. goliath. Just one date has been published (5650 ±65 calendar years before present or Cal BP [23]). Competition with introduced taxa or habitat loss are plausible explanations, although predation by introduced cats (Felis domesticus) is also possible. Cats have decimated songbird and extant lizard populations in recent decades [41,42].



The foraging ecology of both taxa has been previously evaluated using stable carbon (δ13C) and nitrogen (δ15N) isotopes, e.g., [43,44,45,46]. However, results from these studies differ. For example, on the basis of elevated δ13C and δ15N values, Arnay-de-la-Rosa and colleagues [45] suggested that C. bravoi and G. goliath were both omnivores that consumed some animal protein. It is not clear from where their specimens originated or what their sample sizes were. Conversely, using data for seven C. bravoi and six G. goliath from multiple localities on Tenerife, Bocherens and colleagues [44] asserted that both species were herbivores that consumed C3 plants in a slightly wetter environment than today, and proposed that C. bravoi primarily consumed leaves, fruits, and seeds from relatively open habitats or tree canopies. These alternative interpretations likely reflect small sample sizes, spatial isotopic variability among locations on Tenerife, and lack of comparative data from other co-occurring taxa or environmental baselines. Bocherens et al. [18] further noted a decline in δ15N values over time for five radiocarbon-dated giant rats, and concluded that this most likely reflected a shift in temperature over time. This intriguing result needs to be verified with a larger dataset.



We present new carbon and nitrogen isotope data for 28 C. bravoi and 14 G. goliath, as well as comparative data for a variety of co-occurring extant species. We focused on northwestern Tenerife, which has yielded abundant remains of now-extinct lizards and rats. We also present new radiocarbon (14C) dates for four giant rats and two giant lizards. We combine our new dataset with previously published and unpublished isotope data for C. bravoi and G. goliath as well as modern plants from the region to reevaluate each species’ foraging ecology and most likely extinction window. Our results support broad dietary niches for both species; temporal data are most consistent with anthropogenically-induced extinctions.



1.1. Stable Isotopes in Bone Collagen


The isotopic composition of vertebrate bone collagen incorporates long-term environmental and ecological information. Carbon isotope values are most frequently used to identify diet. Most woody plants and herbs use C3 photosynthesis. Conversely, many kinds of grass use C4 photosynthesis. Some (but not all) succulents rely on a third type of photosynthesis called crassulacean acid metabolism (CAM). Thanks to fundamental differences in how each group fixes carbon, there are pronounced differences in their δ13C values. C3 plants have values ranging from −20 to −37‰ (global average of −28.5‰), C4 plants typically have δ13C values between −12 and −14‰, and CAM plants can exhibit δ13C values comparable to those of C4 or C3 plants depending on water stress and degree of succulence [47,48]. These differences are passed on to animal consumers with some fractionation. Herbivore collagen is typically enriched in 13C by ~5‰ relative to diet (reviewed in [49]), and faunivores (animals that consume vertebrate flesh or arthropods) have only slightly higher δ13C values than their herbivore prey (on the order of 1‰, e.g., [50]. Nitrogen isotope values are typically used to interpret trophic level. Within any given locality, herbivores have higher δ15N values than plants, and faunivores have higher δ15N values than herbivores. The degree of 15N enrichment varies slightly under different conditions and among taxa, but is typically considered to be on the order of 3 to 5 % per trophic level (reviewed in [49]). Consequently, dietary differences among co-occurring individuals or species can be inferred using these two isotopes.



Importantly, δ13C and δ15N values in plants (and the animals that consume them) are also influenced by temperature, precipitation, and relative humidity [51,52,53]. Dry, hot environments have higher δ13C and δ15N values than cool, moist ones. Additionally, within forested habitat, plants growing close to the forest floor (and the animals that consume them) can have substantially lower δ13C values than is typical of canopy vegetation, e.g., [54,55,56,57]. This “canopy effect” is caused by higher relative humidity, lower light availability, and incorporation of microbe-respired CO2 by understory plants. Lastly, individuals living near the ocean, or consuming marine foods, can have elevated δ13C and δ15N values, e.g., [58,59,60,61]. It is critical to account for the influence of habitat when interpreting isotope data, particularly when comparing individuals from different localities.




1.2. Regional Setting


The Canary Islands are a volcanic archipelago of seven main islands located ca. 100 km off the Moroccan coast (Figure 1). Tenerife is the largest, tallest, and most biodiverse of the Canaries (reviewed in [24]). The climate is Mediterranean with a brief rainy season that typically falls between November and December [62,63]. Tenerife’s northern slope, where this study takes place, is divided into several bioclimatic zones that are distinguished based on their rainfall, temperature, and plant communities [24,64,65]. From the coast inland, temperatures decrease and precipitation increases, which strongly affects the vegetation (reviewed in [65]). Succulent scrub is prevalent from the coastline up to approximately 300 m above sea level (asl), thermophilous forest is found between ca. 300 and 500 m asl, cloud forest sits between ca. 500 and 1200 m asl, and pine forest characterizes the highest elevations between ca. 1200 and 2000 m asl [24].



Past climate conditions in northwestern Africa and the Canary Islands have been inferred using a variety of proxies. Oxygen isotope records from mollusk shells indicate that temperatures have not fluctuated dramatically over the past 20,000 years [66]. However, precipitation has varied considerably. The Late Pleistocene was characterized by relatively dry conditions [66,67,68]. Climate is thought to have abruptly become moister ca. 14,800 years ago thanks to a strengthening of the North African Monsoon (reviewed in [68]). Conditions became drier again between ca. 13,400 and 12,300 years ago (roughly corresponding with the Younger Dryas event recorded in Europe and North America) but then returned to a moister state until roughly 7600 years ago [68,69]. This relatively moist period, which is referred to as the African Humid Period, was punctuated by brief spikes in aridity every 1000 to 2000 years (ca. 9600, 8500, 7500, 6500, and 5400 years before the present) that were likely driven by orbital cycling [67,68,69]. Climate gradually transitioned towards more arid conditions until 4700 to 5500 years ago and has been relatively dry to the present day. Periodic spikes in aridity have continued to occur every ca. 1430 years, with particularly arid periods recorded ca. 4700 to 4000, 2700 and 1300 years before present [69].



The precise timing of initial human arrival on Tenerife is unknown. Currently, the earliest reliable presence of humans on Tenerife, based on radiocarbon dated bones from humans an introduced species, is ca. 1270 to 1300 Cal BP [23]. However, dates for introduced species on eastern islands (e.g., Mus musculus on Lanzarote [70]) provide evidence that people were in the Canaries by 1700 Cal BP. Pre-Hispanic settlers have been implicated in the extinction of the dune shearwater (Puffinus holeae) [21], whereas other extinct endemic species, such as the lava shearwater (P. olsoni) and the lava mouse (Malpaisomys insularis) persisted until European contact [22,71]. There is also evidence for early anthropogenic modification of vegetation [72,73]. Following European conquest, anthropogenic activities significantly reduced native vegetation on Tenerife, particularly at lower elevations [24,65]. Habitat fragmentation, exotic plants, and domesticated animals (and their associated diseases) continue to impact native flora and fauna to the present day [74,75,76,77].





2. Materials and Methods


2.1. Site Description and Sample Collection


Our sample included vertebrate specimens that were collected from two sites in northwestern Tenerife: Cueva del Viento, which is a large lava tube located ca. 600 m asl in the Icod municipality, and the “Golf Cave”, which is a small, previously undescribed lava tube that is adjacent to a golf course in the coastal Buenavista del Norte Municipality (Figure 1).



The materials from Cueva del Viento were recovered from the floor of a remote gallery called “Galería de Los Pájaros”. The entrance to this part of the cave is ca. 700 m asl and currently blocked by rocks and sediments. Bones from the Golf Cave were surface collected from the floor of the small lava tube. In both locations, many remains were articulated, suggesting the absence of movement or disturbance after death. Specimens from Cueva del Viento were consolidated by immersing them in Paraloid B72 synthetic resin diluted in acetone (10%). Bones were identified through comparison with material stored in the vertebrate collection at the Departamento de Zoología in La Laguna University (DZUL), Canary Islands.



In total, we analyzed 28 C. bravoi from Cueva del Viento and 14 G. goliath from the Golf Cave. We also analyzed bones from several extant taxa that were available from each site. At Cueva del Viento, this included two European sparrowhawks (Accipiter nisus) and one common buzzard (Buteo buteo). At the Golf Cave, we were able to include four extant Tenerife lizards (G. galloti), as well as several introduced taxa: two murid rats (Rattus rattus or R. norvegicus), one ferret (Mustela furo), and two rabbits (Oryctolagus cuniculus). Analyzing these extant species provided useful comparative isotope data for interpreting data for now-extinct taxa. Buzzards are broad-spectrum predators that feed on a range of vertebrate prey from a variety of habitats, including introduced rabbits and rodents [80,81]. Sparrowhawks, on the other hand, are more forest-dependent, and primarily consume woodland songbirds [82,83]. Ferrets, which were introduced to the Canary Islands by Europeans [84], are also faunivores. Their diet has not been studied in the Canary Islands, but they were historically used for hunting rabbits [84]. On other islands where they have been introduced (e.g., New Zealand and Ireland), they primarily consume rabbits, but also eat other small-bodied mammals, birds, and invertebrates [85,86,87]. The various species of Rattus are opportunistic and generalist consumers. They eat arthropods, eggs, small vertebrates, and a variety of plant foods [88,89,90]. The extant Tenerife lizard consumes arthropods and fruit [37,38,39]. Lastly, rabbits are dedicated herbivores that consume foliage from a variety of herbaceous and woody species [91,92].




2.2. Sample Preparation and Analysis


We coarsely fragmented ca. 200 mg of each bone using an agate mortar and pestle or tin snips. We removed Paraloid B72 from the Cueva del Viento specimens following the protocol outlined by France and colleagues for removing polyvinyl acetate [93]. Samples were soaked in acetone for 24 h, rinsed 5x with ultrapure water, and allowed to air dry. Following solvent treatment, Paraloid has no influence on isotope values in bone collagen [93]. We then chemically processed samples to isolate collagenous residues following Sparks and Crowley [61]. Samples were demineralized in 0.5 N HCl at 4 °C for 4–7 days until they were soft, and rinsed 5x with ultrapure water. We then removed humic acids by soaking samples in 0.01 N NaOH for ca. 2 h at room temperature. Samples were again rinsed 5x with ultrapure water and lyophilized. Lastly, we gelatinized samples in 0.01 N HCl at 80 °C for 15 to 17 h. Roughly 100 μL of 0.1 N HCl was added after several hours to maintain acidity [94]. We filtered dissolved samples through 1.5 µm glass fiber filters, and lyophilized them.



Approximately 0.3 mg of collagenous residue from each sample was weighed into tin boats. We analyzed the samples at the University of Cincinnati Stable Isotope Biogeochemistry Laboratory on a Costech Elemental Analyzer (ECS4010) connected to a Thermo Delta V continuous flow mass spectrometer via a Conflo IV interface. Carbon and nitrogen isotope ratios are reported relative to Vienna Peedee Belemnite (VPDB) and Ambient Inhalable Reservoir (AIR), respectively. We corrected for linearity and drift using caffeine, and scale using caffeine and USGS 41 [95]. Accuracy (based on independent reference materials glycine and gelatin) was 0.11‰ for carbon and 0.12‰ for nitrogen. Precision (based on all four reference materials) was 0.10‰ and 0.11‰ for carbon and nitrogen, respectively. The average difference between replicate analyses for six samples run in duplicate was 0.041 ± 0.03‰ and 0.36 ± 0.34‰ for carbon and nitrogen, respectively.



We selected four C. bravoi and two G. goliath individuals with the most extreme δ13C and δ15N values to radiocarbon date. Samples were dated at the Center for Accelerator Mass Spectrometry (CAMS), at Lawrence Livermore National Labs, or the W.M. Keck Carbon Cycle Accelerator Mass Spectrometer Facility at the University of California at Irvine (UCI). Conventional radiocarbon age estimates were based on a 5568-year half-life and 13C-corrected. Radiocarbon dates were converted to calendar years before present (Cal BP) using Calib 7.1 [96] and the IntCal13 Calibration curve [97]. We report three calibrated age estimates: 2σ date ranges (including all intervals with >10% probability), mean ±1σ dates, and median dates provided by Calib 7.1. All ages were rounded to the nearest five years.




2.3. Data Analysis


Collagen preservation was assessed based on visual inspection, collagen yield, and atomic C:N [94]. First, we visually confirmed that isotope data were normally distributed and used Bartlett tests to assess the homogeneity of variances. Due to small sample sizes, we used nonparametric Wilcoxon rank sum tests or Kruskal–Wallis tests coupled with post hoc Steel–Dwass all pairs tests to compare taxa within each locality.



Second, we combined our data with previously published data for seven C. bravoi from the Cueva del Viento lava tube complex in the Icod Municipality (El Sobrado, Icod, and “Galeria de Juan José Hernandez Pacheco” in Cueva del Viento proper [44]), as well as published δ13C values and previously unpublished δ15N values for three C. bravoi and two G. goliath from small lava tubes (collectively called “Las Arenas”) in the Buenavista del Norte municipality ([23,44] J.C.R. previously unpublished data). We refer to these larger, combined datasets based on their municipality (“Icod” and “Buenavista”). All isotope and radiocarbon data are provided in Table S1.



We visually confirmed that the data within each region (Icod or Buenavista) were normally distributed and used Bartlett tests to assess the homogeneity of variances. We used nonparametric Wilcoxon rank sum tests or Kruskal–Wallis tests coupled with post hoc Steel–Dwass all pairs tests to compare (1) data for giant rats or lizards from different localities within Icod or Buenavista, and (2) taxa within each region. We used nonparametric Wilcoxon tests to compare C. bravoi from Icod and Buenavista and parametric two-tailed t-tests or Welch t-tests to compare all data between regions.



Third, we compared measured δ13C and δ15N values for animals recovered from Icod and Buenavista with expected values for herbivores and faunivores living in coastal scrub, thermophilous forest, or cloud forest based on modern vegetation. We calculated expected values using isotope data for foliage from common native C3 plants that were collected from relatively pristine localities in northwestern Tenerife [98], and commonly used collagen-diet offsets for herbivores (+5‰ for carbon; +3‰ for nitrogen) and faunivores (+1‰ and +3‰ relative to δ13C and δ15N values in herbivores, respectively, see Table S2). We also accounted for isotopic changes in atmospheric CO2 following the industrial revolution (the Suess Effect) by adding +1.5‰ to plant δ13C data [99]. We did not attempt to correct for earlier shifts in atmospheric CO2 as they were relatively minor in comparison [100,101,102,103].



Fourth, we used linear regressions to examine temporal isotopic trends for C. bravoi and G. goliath at Buenavista and C. bravoi at Icod. We also calculated 95% and 50% and confidence intervals (CI) for the available radiocarbon dates for C. bravoi and G. goliath on Tenerife (Table S3) to assess the level of certainty these dates can provide about each species’ actual extinction, e.g., [104,105,106,107]. All analyses were performed using JMP Pro 13 with significance set at α = 0.05.





3. Results


All sampled specimens appeared robust and well-preserved, and atomic C:N was within the accepted range (2.9–3.6) for all but two C. bravoi (CV12 = 4.0 and CV24 = 3.7; Table S1). Isotope values for these two individuals were not unusual, and collagen yield and appearance were similar to other individuals. We, therefore, included both of these specimens in all analyses.



We found considerable isotopic variability among individual C. bravoi at Cueva del Viento and G. goliath at the Golf Cave (Table 1 and Table S1). For C. bravoi, δ13C and δ15N values ranged from −21.3 to −17.6‰ (−19.7 ± 0.9‰) and −1.7 to 5.4‰ (1.4 ± 1.5‰), respectively. For G. goliath carbon ranged from −21.9 to -19.6‰ (−20.8 ± 0.7‰) while nitrogen ranged from 3.3 to 11.8‰ (8.0 ± 2.0‰). The individuals selected for dating had the most extreme δ13C and δ15N values. Mean calibrated radiocarbon dates for four C. bravoi at Cueva del Viento range from 9565 ± 65 to 16,960 ± 435 Cal BP (Table 2). Dates for G. goliath at the Golf Cave were younger, and both individuals had similar mean calibrated ages: 6060 ± 125 and 5745 ± 140 Cal BP (Table 2).



Comparing now-extinct taxa with living taxa at each site, we found that the birds of prey had significantly higher δ15N values than C. bravoi (χ2 = 7.89, df = 2, p = 0.019) and there were no differences in δ13C values among taxa at Cueva del Viento (Table 1). Variances were equal among groups for isotopes (Bartlett p > 0.05). at the Golf Cave, one introduced Rattus sp. had a very high δ13C value that was a statistical outlier for the site (Table 1 and Table S1). We anticipate this individual may have consumed some marine or C4 foods (e.g., potentially scavenged from nearby human settlements [44]) and, therefore, excluded it from statistical analyses. Excluding this outlier, carbon and nitrogen isotope data were statistically indistinguishable among taxa at the Golf Cave (Kruskal–Wallis p > 0.05; Bartlett p > 0.05 for both isotopes; Table 1).



3.1. Icod Region


There were no differences in median δ13C or δ15N values among the 28 C. bravoi individuals analyzed in this study and the six individuals previously analyzed by Bocherens and colleagues [44] from other sites in the Icod Region (Kruskal–Wallis p > 0.05; Table 1, Figure 2). Carbon isotope values were significantly more variable for individuals from this study (Bartlett p = 0.026; Table 1, Figure 2), while δ15N values were significantly more variable for the three previously analyzed individuals from Cueva del Viento (Bartlett p = 0.0048; Table 1, Figure 2). We included all individuals in our analysis because there is nothing concerning about any of the data and they are biologically meaningful. Differences in variance among groups could reflect local variability in food resources, microhabitat, or temporal trends. The overall ranges in δ13C and δ15N values exhibited by Canariomys in the Icod region were −21.3 to −18.6‰ (−19.8 ± 0.7‰) and −1.7 to 7.4‰ (1.5 ± 1.7‰), respectively (Figure 2). Predatory birds had similar δ13C values (p > 0.05) and significantly higher δ15N values than Canariomys (χ2 = 2.73, df = 2, p = 0.0204; Table 1, Figure 2).




3.2. Buenavista del Norte


There were no isotopic differences between the 14 G. goliath individuals analyzed from the Golf Cave in this study and the two extinct lizards previously analyzed from Las Arenas (Table 1, [23,44]). We, therefore, include the published data in our regional analysis. Overall, G. goliath exhibited a relatively small range in δ13C values (−21.9 to −19.6‰; −20.8 ± 0.7‰) and a 9‰ spread in δ15N values (2.8 to 11.8‰; 8.0 ± 2.0‰). Most individuals had δ15N values between 6 and 10‰, while three individuals had exceptionally high (11.8‰) or low δ15N values (2.8; 3.3‰). The lowest value (C3-100 [44]) was a statistical outlier for the species. However, we included it in statistical comparisons as it is a published datum and likely biologically meaningful. We also included data for three C. bravoi from Las Arenas ([23], J.C.R. previously unpublished data). Variances in δ13C values were equal among groups (Bartlett p > 0.05) and there were significant differences in median δ13C values among taxa in the Buenavista del Norte region (χ2 = 13.19, df = 5, p = 0.022; Figure 3). Post hoc tests failed to detect significant differences between pairs of species; nevertheless, it is visually clear that C. bravoi had higher δ13C values than G. goliath or G. galloti (Figure 3). There were no significant differences in median δ15N values among taxa (Kruskal–Wallis p > 0.05; Bartlett p > 0.05). Excluding the statistical outlier for G. goliath (C3-100 mentioned above) did not change these results. However, there were apparent differences in δ15N values among taxa; Canariomys bravoi had apparently higher δ15N values than G. galloti, Mustela furo, and Oryctolagus cuniculus, and Rattus spp. had higher δ15N values than O. cuniculus (Table 1, Figure 3).




3.3. Regional Comparison


Including all individuals from each region, Buenavista del Norte had significantly more variable δ13C values (Bartlett p = 0.0002) than Icod and there were no differences in median δ13C values between regions (Welch T = 0.25, df = 1,35.57, p = 0.81; Figure 4). Conversely, variances in δ15N values were equal between regions (Bartlett p > 0.05) and median δ15N values were significantly higher at Buenavista (T = −9.44, df = 64, p < 0.0001). If we just compared C. bravoi from the two regions, we found no differences in variance for carbon between regions (Bartlett p > 0.05), and individuals from Buenavista had significantly higher δ13C values than those from Icod (χ2 = 8.11, df = 1, p = 0.0044; Figure 4). Nitrogen isotopes were significantly more variable and significantly lower for C. bravoi at Icod (Bartlett p = 0.028; χ2 = 8.09, df = 1, p = 0.0045; Figure 4).



In the Icod region, all analyzed individuals had δ13C values that are most consistent with thermophilous forest, or possibly coastal scrub (Figure 5). Conversely, most individuals had δ15N values that are more compatible with cloud forest. Overall, fauna at Buenavista del Norte were most coherent with coastal scrub (Figure 5), although one extinct lizard had a δ15N value higher than expected for a coastal scrub faunivore, and one rabbit and one Rattus (the statistical outlier) had higher δ13C values than expected for a herbivore consuming purely C3 plants (Figure 5). Newly analyzed G. goliath and G. galloti were consistent with expectations for coastal scrub herbivores or faunivores or perhaps thermophilous forest faunivores, while the previously analyzed lizard [44] plotted within the space expected for a herbivore from coastal scrub or thermophilous forest. The single Mustela furo and all three C. bravoi were most consistent with coastal scrub faunivores.




3.4. Temporal Trends


Including our newly dated specimens, 15 dates exist for C. bravoi and three dates exist for G. goliath on Tenerife (Table 2). The four C. bravoi that we radiocarbon dated from Cueva del Viento were considerably older than the five individuals previously dated by Bocherens et al. [18] in the Icod region, but similar in age to the single individual dated by Michaux et al. [108]. Published dates for giant rats at Las Arenas and other localities (La Fortaleza on Tenerife’s western slope, and Barranco de las Moraditas in northeastern Tenerife) are considerably younger (Table 2). Ninety-five percent and 50% confidence intervals (CI) for median calibrated 14C ages are 3495 and 744 calendar years, respectively (Table S3). The upper 95% CI for C. bravoi encompasses the present (Table 2) while the more conservative 50% CI would place the extinction of this species around 1570 Cal BP. The two G. goliath that we dated at the Golf Cave yielded very similar radiocarbon ages to the extinct giant lizard previously dated by Rando et al. [23] at Arenas (Table 2). The 95% and 50% CI for G. goliath are 1458 and 174 calendar years, respectively (Table S3). Upper 95% and 50% CI would place the extinction of this species around 4170 and 5455 Cal BP, respectively.



Small sample sizes for dated C. bravoi and G. goliath in the Buenavista del Norte region make it challenging to make robust interpretations of temporal trends. Nevertheless, plotting δ13C and δ15N values against median calibrated age is informative. There were no significant correlations between δ13C or δ15N values and calibrated 14C age for either species, although there was a slight apparent positive trend between δ13C and time, and an apparent negative trend between δ15N and time for C. bravoi (Figure 6). The three dated G. goliath, which all had calibrated 14C ages between 5650 and 6510 Cal BP, had δ13C and δ15N values that varied by 3.4‰ and 8.5‰, respectively (Figure 6). Conversely, 14C ages for the three dated C. bravoi ranged nearly 4000 years (2325 ± 170 to 6235 ± 55 Cal BP) while δ13C and δ15N values varied by just 2.1‰ and 0.5‰, respectively (Figure 6).



For C. bravoi at Icod, we found an apparent, but insignificant trend in δ13C values over time, and no discernable temporal trend for δ15N data (Figure 6). The two oldest individuals (with calibrated ages around 16,000 to 17,000 Cal BP) had higher δ13C values than other individuals. Excluding these two data points, we found a strong positive relationship between δ13C and 14C date (R2 = 0.94, p = 0.0003), but continued to observe no relationship between δ15N and 14C date (R2 = 0.005; p = 0.88). Including only those individuals that dated to the mid and late Holocene (i.e., those that are previously published [18,44]), there is a strong, significant negative correlation between δ15N values and 14C date (R2 = 0.89; p = 0.016).





4. Discussion


We set out to re-evaluate the foraging ecology and extinction history for Canariomys bravoi and Gallotia goliath, which until quite recently, were Tenerife’s largest vertebrates. A diversity of dietary niches has previously been proposed for both extinct species ranging from herbivory to omnivory [26,30,40,44,45,46].



4.1. Reconstructing Diet and Habitat for Now-Extinct Taxa


Carbon and nitrogen isotope data are consistent with C. bravoi and G. goliath both relying primarily (but not exclusively) on C3 resources and varying amounts of animal matter in northwestern Tenerife. Giant rats showed a considerable spread in δ15N values at Icod, but with one exception (C8-700; [44]), had lower δ15N values than birds of prey (Figure 2 and Figure 6). Isotope data further suggest that the two extinct species partitioned their resources at Buenavista del Norte. Elevated δ13C and δ15N values suggest that C. bravoi fed on more CAM or C4 plants and animal matter than G. goliath (Figure 5). Nitrogen data for the two species overlapped; however, all three C. bravoi had high δ15N values while G. goliath exhibited a 9‰ range in values (Figure 3 and Figure 6). The larger range in δ15N values exhibited by G. goliath suggests individual dietary preferences; some individuals consumed diets that were largely vegetarian while others consumed substantial amounts of animal matter [109].



Both extinct species had higher δ15N values than the herbivorous introduced rabbit (Oryctolagus cuniculus) but similar δ15N values to an introduced Rattus sp. (Figure 3 and Figure 6). There were also qualitative isotopic differences between G. goliath and its extant congener, G. galloti, which has been observed to consume a mix of plant and animal matter [37,39]. Two G. galloti isotopically resembled G. goliath at the Golf Cave; the other two individuals were more similar to rabbits (Figure 3 and Figure 6). Somewhat unexpectedly, the introduced ferret (Mustela furo) from the Buenavista region did not have a particularly elevated δ15N value (although it did plot within the space expected for a coastal scrub faunivore; Figure 5). We suspect that this individual preyed on rabbits [85,86,87]. It is also possible that this individual escaped from captivity or that it migrated from a site further inland. Home ranges for feral M. furo on New Zealand are 135 to 163 hectares [110]. Thus, it would not be particularly challenging for an individual to traverse the ca. 2 to 3 km between thermophilous forest and the Buenavista del Norte coastline.



The isotopic overlap between G. galloti, G. goliath and introduced rabbits at Buenavista del Norte suggests these species may consume (or have consumed) similar resources (Figure 5). A substantial isotopic overlap between modern extant lizards and rabbits has also been reported at Punta del Hidalgo/ Dos Hermanos, which is a coastal site in northeastern Tenerife [44]. Likewise, similar δ15N values for C. bravoi and one Rattus spp. provide some evidence for dietary overlap. However, rabbits and rats are thought to have been introduced to the Canaries only in the past few hundred years by Europeans [19,22,23,76]. It is certainly possible that these introduced taxa compete with G. galloti for resources today, but unlikely that they overlapped temporally with G. goliath or C. bravoi. Overall, isotopic data suggest that portions of the dietary niche occupied by G. goliath and C. bravoi in the coastal northwest may be unfilled today, at least as far as the terrestrial vertebrate community is concerned. Individual G. goliath and C. bravoi had remarkably high δ15N values at Buenavista del Norte (Figure 5). With the exception of the single Rattus sp., none of the other taxa had comparably elevated δ15N values.



The ranges in δ15N values for C. bravoi at Icod (9.1‰) and G. goliath at Buenavista del Norte (9.0‰) are on par with what we would expect for consumers feeding at three different trophic levels (i.e., ranging from dedicated herbivore to hypercarnivore). However, morphometric and microwear evidence suggest that both species relied heavily on plant foods and were only opportunistic faunivores [26,30,40]. Canariomys bravoi had lower δ15N values than co-occurring faunivorous birds of prey at Icod (Figure 2 and Figure 5), which suggests that none of the sampled individuals was a dedicated faunivore.



Additionally, a number of individuals did not plot within the expected range of δ13C and δ15N values for herbivores or faunivores living in the habitats that characterize the Icod and Buenavista regions today (Figure 5). The Cueva del Viento complex (ca. 600 m asl) is currently located slightly above the expected elevational cutoff between cloud forest and thermophilous forest (ca. 500 m asl; [64]). Yet none of the C. bravoi had δ13C values that are consistent with cloud or thermophilous forest (Figure 5). Likewise, a number of the specimens analyzed from Buenavista had δ13C or δ15N values that fell outside of the expected ranges for C3 consumers living in coastal scrub. There are several possible reasons for these results, including the available baseline data, temporal shifts in vegetation or climate, spatial isotopic variability.



First, our baseline isotopic data (mean ±1σ for foliage from C3 plants collected at a handful of localities in northwestern Tenerife; Figure 1) likely do not capture the full extent of isotopic variability within each biome. There are isotopic differences among localities on Tenerife’s northern slope related to exposure to the predominant winds and topography [98,111]. Unfortunately, anthropogenic activities have substantially reduced native vegetation cover, and there are only a few relatively undisturbed localities where one can sample plants today [24,65]. Additionally, C3 plants from the succulent scrub exhibit quite variable δ13C and δ15N values [98,111]; it would not be surprising if different animal species (and individuals) targeted different plant species. Consumption of different plant parts could also be partially responsible, e.g., [57,112,113,114]. Lastly, animals may have regularly consumed foods other than C3 plants. This is particularly true for introduced species; one rabbit and both Rattus individuals from Buenavista had elevated δ13C or δ15N values that would be consistent with consumption of CAM or C4 plants, human foods (e.g., sugarcane or garbage), or marine resources. These results are similar to those that Bocherens and colleagues [44] reported for introduced rabbits and rats at other coastal localities on Tenerife.



Second, shifts in vegetation or climate over time may be partially responsible for the mismatch between expected and observed δ13C and δ15N data for C. bravoi in the Icod region. The fog bank that forms between 400 and 1200 m on the northern slope of Tenerife and is responsible for relatively low δ13C values in cloud forest vegetation is caused by orographic uplift of the moisture-laden northeastern trade winds [115]. Regional shifts in climate since the late Pleistocene [67,68,69,116] may have impacted fog formation, which, in turn, would have affected δ13C values for cloud forest vegetation, e.g., [117,118,119]. As mentioned below, elevated δ13C values for C. bravoi that lived during the Late Pleistocene likely reflect more arid conditions [66,103]. Overall moister conditions during the early and mid-Holocene African Humid Period [67,68,69] could also explain the relatively low δ15N values for many of the Canariomys individuals from the Icod region (Figure 5). However, climate cannot explain elevated δ13C values for individuals that lived during the African Humid Period.



Instead, relatively elevated δ13C values for C. bravoi from the Icod region could readily be explained by a canopy effect. In forests with closed canopies, such as the cloud forest that characterizes Tenerife’s northern slope, foliar δ13C values can vary considerably between the forest floor and canopy (e.g., [54,55,56,57]). Because all of the vegetation samples available for our isotopic baseline calculations were collected within two meters of the forest floor [98], they may not be representative of canopy vegetation in the cloud forest. Morphofunctional data indicate that now-extinct rats likely spent time foraging within the forest canopy [27]. Thus, the roughly 5‰ offset between measured δ13C values for giant rats and those expected for cloud-forest consumers would be consistent with an arboreal lifestyle and regular foraging within the forest canopy.



Finally, life in the trees may have also increased the exposure of C. bravoi to avian predators. Most skeletons were found intact at Cueva del Viento, which suggests that individuals wandered into the cave on their own. However, transport by an avian predator from a lower elevation could explain the unusually elevated δ15N value for one individual from Bocherens et al. [44] (C8-700, 7.4‰; Figure 2). Transport of prey and subsequent deposition of their remains is not unusual, and these authors [44] suggested this mechanism as an explanation for elevated δ13C and δ15N values in a modern Rattus recovered from an inland setting on Tenerife.




4.2. Extinction History and Temporal Isotopic Trends for Canariomys bravoi and Gallotia goliath


New 14C dates for C. bravoi extend the record for this species back to nearly 17,000 calendar years before present. Combining our new radiocarbon dates with those previously published by Bocherens et al. [18] provides a temporal window of nearly 14,700 years at Icod. Elevated δ13C and δ15N values for the two C. bravoi with calibrated ages around 16,000 Cal BP (Figure 5 and Figure 6) are consistent with the relatively dry conditions that were prevalent up until the terminal Pleistocene [66,68] while lower δ13C and δ15N values for individuals that lived during the early and mid-Holocene are the result of moister conditions that accompanied the African Humid Period [68]. Conversely, intermediate δ13C values and highly variable δ15N values for individuals that were alive during the mid to late Holocene, likely reflect the termination of the African Humid Period and onset of more arid conditions (Figure 5 and Figure 6).



The slight positive trend in δ13C values through the Holocene for C. bravoi at Icod, is also evident in the smaller published dataset of Bocherens et al. [18] but was not previously discussed. The fact that it continues through the early Holocene, and that it is also observed for C. bravoi at Buenavista del Norte suggests that the temporal trend is real. Changes in the isotopic composition of atmospheric CO2 are an unlikely explanation. Multiple researchers have previously found that atmospheric δ13C values only changed by ca. 0.25‰ since the late Pleistocene, e.g., [100,101,102,103]. Values were slightly lower during the late Pleistocene, increased slightly during the early Holocene, and were subsequently relatively stable until the industrial revolution.



The observed increase in C. bravoi δ13C values over time would be consistent with a progressive slight decline in moisture, particularly following the termination of the African Humid Period in the mid-Holocene [68,69]. However, the strong, negative correlation between δ15N values and 14C date for younger individuals at Icod (Figure 6) contradicts expectations based on regional climate. Bocherens et al. [18] argued that this trend reflects a reduction in temperatures and increasing aridity over time. Yet regional climate data indicate that temperature has remained relatively constant throughout the Holocene [66,116], and increasing aridity would be expected to result in increased δ15N values, e.g., [51,52]. Moreover, a similar trend is not observed for the individuals at Buenavista (Figure 6). Instead, the strong, negative trend relationship between 14C date and δ15N values for mid to late Holocene C. bravoi from the Icod region implicates a shift in diet. The individual with the highest δ15N value at Icod has a mean 14C age of 6625 ± 25 Cal BP (Figure 6). This date falls squarely within the African Humid Period, but may also coincide with a minor peak in aridity ca. 6500 years ago that has been documented in southern Spain [69]. Yet the δ13C value for this individual is not elevated (Figure 5 and Figure 6), which we would expect if aridity were responsible for the elevated nitrogen value. An alternative explanation is that this individual consumed a considerable amount of animal matter. Lower δ15N values for younger individuals most likely reflects a decrease in omnivory, and we speculate that slightly elevated δ13C values combined with lowered δ15N values may indicate an increasing reliance on fruit, e.g., [57,112,113,114], perhaps in response to shifts in local food resources following the termination of the African Humid Period. Competition with an introduced species, such as the house mouse (Mus musculus) or rat (Rattus sp.) is also possible, although the timing of the observed isotopic shifts suggests this is unlikely. There is no evidence for an early or mid-Holocene human presence on Tenerife and available dates for introduced species are all <2000 Cal BP [22,23,76,120]. We acknowledge that our interpretation of isotopic shifts through time is based on a small number of data. A more comprehensive investigation of temporal isotopic trends will require radiocarbon dating additional specimens.



Regrettably, our expanded dataset for C. bravoi and G. goliath on Tenerife does not settle the question of what caused the demise of Tenerife’s giant rats and lizards. Temporal isotopic trends contradict expectations based on regional climate, and last occurrence dates for extinct taxa (2265 ± 85 Cal BP for C. bravoi and 5650 ± 65 Cal BP for G. goliath) predate the earliest reliable presence of humans on Tenerife. Nevertheless, in the absence of any climatic driver, authors have previously implicated pre-Hispanic people in the extinction of C. bravoi [23,44]. Echoing the conclusions of these previous authors, the radiocarbon record does not preclude the possibility that humans overlapped temporally with the now-extinct species. Confidence intervals for radiocarbon dated C. bravoi (Table 2) suggest that it is highly likely this species was still present on the island when humans first settled Tenerife. They also demonstrate that we still have very little confidence in when either species actually disappeared. Only three G. goliath have been radiocarbon dated. Further investigation into the timing of extinctions on the island is clearly warranted (Table 2).





5. Conclusions


Here we have re-evaluated the foraging ecology of the recently extinct Gallotia goliath and Canariomys bravoi in northwestern Tenerife using carbon and nitrogen stable isotopes. We found substantial evidence for trophic omnivory in both species. Relatively elevated δ13C values for C. bravoi from the inland Icod municipality also suggest that C. bravoi may have regularly foraged in the forest canopy. Slight differences in carbon and nitrogen isotope data further suggest that the two extinct species likely partitioned their resources when living in sympatry. They also indicate that the extant Gallotia galloti, as well as introduced rats and rabbits, may consume resources that are similar to those consumed by G. goliath in coastal habitat. These findings are consistent with morphometric and dental microwear data, which suggest that (1) both species consumed a variety of vegetal and animal foods, and (2) C. bravoi spent time in the trees [26,27,30,40]. New radiocarbon dates extend our understanding of the paleoecology of C. bravoi during the late Pleistocene but do not help narrow the timing of when either species disappeared from Tenerife. With continued lack of evidence for another driver, we echo the conclusions of Rando et al. [23] that the initial wave of human settlers drove the extinctions of the now-extinct species. Further research on the island will almost certainly refine our understanding of the paleoecology and extinction triggers for both species, and especially lizards.
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Figure 1. Maps of (a) the Canary Islands and (b) Tenerife. Fossil localities are indicated with red stars, and plant collection localities are indicated with green circles. The regional map is from Wikimedia Commons [78]; modified Tenerife base map is from Airbus Defence and Space [79]. 
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Figure 2. Boxplots comparing δ13C and δ15N values for taxa at Icod. Boxes represent 25 and 75‰ quartiles, and whiskers contain 1.5 times the interquartile range. Diamond symbols indicate the specimens analyzed in this study. 
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Figure 3. Boxplots comparing δ13C and δ15N values for taxa at Buenavista del Norte. Boxes represent 25 and 75‰ quartiles, and whiskers contain 1.5 times the interquartile range. Diamonds indicate the specimens analyzed in this study. 
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Figure 4. Boxplots comparing δ13C and δ15N values for taxa from Icod and Buenavista del Norte. Boxes represent 25 and 75‰ quartiles, and whiskers contain 1.5 times the interquartile range. Diamonds demarcate Canariomys bravoi at each site. 
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Figure 5. Summary carbon and nitrogen isotope data for taxa from (a) Icod and (b) Buenavista del Norte. Expected δ13C and δ15N values (mean ± 1σ for herbivores (Herb) and faunivores (Faun) living in coastal scrub (CS), thermophilous forest (TF), and cloud forest (CF) are provided in bubbles (see Data Analysis section and Table S2). Radiocarbon-dated individuals are indicated with solid symbols. See Table 2 for date sources. 
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Figure 6. Temporal isotopic trends for (a and b) Canariomys bravoi and Gallotia goliath from the Buenavista del Norte region, and (c and d) C. bravoi in the Icod region. For Icod (panels c and d), we include trendlines that both include and exclude the two individuals that date to the Pleistocene. We also show the relationship between δ15N and calibrated age using just the data published by Bocherens et al. [18,44]. 
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Table 1. Summary isotopic data for taxa recovered from Icod and Buenavista del Norte. Raw isotope data for all individuals are provided in Table S1.
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Municipality

	
Site

	
Genus and Species

	
Common Name

	

	
δ13C (‰)

	

	
δ15N (‰)

	

	
Source 1




	

	

	

	

	
N

	
Mean ± 1σ

	
Median

	
Mean ± 1σ

	
Median

	






	
Icod

	

	

	

	

	

	

	

	

	




	

	
Cueva del Viento

	

	

	

	

	

	

	

	




	

	

	
Accipiter nisus

	
Macaronesian sparrowhawk

	
2

	
−19.7 ± 2.4

	
−19.7

	
8.3 ± 1.5

	
8.3

	
1




	

	

	
Buteo buteo

	
Common buzzard

	
1

	
-18.3

	
−18.3

	
8.5

	
8.5

	
1




	

	

	
Canariomys bravoi

	
Extinct giant rat

	
31

	
−19.7 ± 0.8

	
−19.6

	
1.6 ± 1.8

	
1.8

	
1, 2




	

	
Icod

	
Canariomys bravoi

	
Extinct giant rat

	
1

	
−19.5

	
−19.5

	
2.8

	
2.8

	
2




	

	
El Sobrado

	
Canariomys bravoi

	
Extinct giant rat

	
3

	
−19.6 ± 0.1

	
−19.7

	
1.8 ± 1.9

	
1.7

	
2




	
Buenavista del Norte

	

	

	

	

	

	

	

	

	




	

	
Golf Cave

	
Gallotia goliath

	
Extinct giant lizard

	
14

	
-20.8 ± 0.7

	
−20.8

	
8.0 ± 2.0

	
8.4

	
1




	

	
Golf Cave

	
Gallotia galloti

	
Tenerife lizard

	
4

	
−19.6 ± 1.6

	
−19.6

	
6.7 ± 1.5

	
6.4

	
1




	

	
Golf Cave

	
Oryctolagus cuniculus

	
Rabbit

	
2

	
-18.0 ± 2.3

	
−18.0

	
5.2 ± 1.0

	
5.2

	
1




	

	
Golf Cave

	
Rattus sp.

	
Rat

	
2

	
−19.2 2

	
−19.2 2

	
9.4 ± 2.3

	
9.4

	




	

	
Golf Cave

	
Mustela furo

	
Ferret

	
1

	
−18.9

	
−18.9

	
7.3

	
7.3

	
1




	

	
Las Arenas 3

	
Canariomys bravoi

	
Extinct giant rat

	
3

	
−16.5 ± 0.7

	
−16.8

	
9.7 ± 0.3

	
9.6

	
3, 4




	

	
Las Arenas 3

	
Gallotia goliath

	
Extinct giant lizard

	
2

	
−20.3 ± 2.5

	
−20.3

	
6.4 ± 5.1

	
6.4

	
2–4








1 Sources for isotope data: 1 = This paper, 2 = Bocherens et al. [44], 3 = Rando et al. [23] (δ13C data), 4 = previously unpublished δ15N values provided by J.C.R. 2 Summary data for carbon exclude the Rattus sp. with a very high δ13C value (−12.0‰). 3 Specimens came from multiple caves at Arenas. All three C. bravoi come from Arenas 3. One G. goliath was collected at Arenas 1, and no information beyond “Cueva de la Arena” is available for the other individual (H. Bocherens personal communication).
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