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            Abstract
Biological invasions are both a pressing environmental challenge and an opportunity to investigate fundamental ecological processes, such as the role of top predators in regulating biodiversity and food-web structure. In whole-ecosystem manipulations of small Caribbean islands on which brown anole lizards (Anolis sagrei) were the native top predator, we experimentally staged invasions by competitors (green anoles, Anolis smaragdinus) and/or new top predators (curly-tailed lizards, Leiocephalus carinatus). We show that curly-tailed lizards destabilized the coexistence of competing prey species, contrary to the classic idea of keystone predation. Fear-driven avoidance of predators collapsed the spatial and dietary niche structure that otherwise stabilized coexistence, which intensified interspecific competition within predator-free refuges and contributed to the extinction of green-anole populations on two islands. Moreover, whereas adding either green anoles or curly-tailed lizards lengthened food chains on the islands, adding both species reversed this effect—in part because the apex predators were trophic omnivores. Our results underscore the importance of top-down control in ecological communities, but show that its outcomes depend on prey behaviour, spatial structure, and omnivory. Diversity-enhancing effects of top predators cannot be assumed, and non-consumptive effects of predation risk may be a widespread constraint on species coexistence.
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                    Fig. 1: Study system and experimental design.[image: ]


Fig. 2: Population trajectories of each lizard species by experimental treatment.[image: ]


Fig. 3: Predator-induced collapse of spatial niche structure.[image: ]


Fig. 4: Treatment-induced shifts and overlaps in dietary niches suggest competition for food.[image: ]


Fig. 5: Trophic position and food-chain length.[image: ]
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                Data availability

              
              The datasets that support the findings of this study are provided in Supplementary Data 1–6. Illumina sequence data from the DNA metabarcoding diet analyses are deposited in Dryad (https://doi.org/10.5061/dryad.2h87r1f). Arthropod DNA reference sequences and associated specimen information are deposited in the Barcode of Life Data System (dataset DS-BAHARTR2, available via https://doi.org/10.5883/DS-BAHARTR2) and in GenBank (accessions MK936608–MK936799). Lizard DNA reference sequences are deposited in GenBank (accessions MK867972–MK868027).
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Extended data figures and tables

Extended Data Fig. 1 Species interactions on islands.
a–c, Agonistic interaction between brown and green anoles on +GA+CT island 312, where green anoles later went extinct (Fig. 2c). Both lizards displayed dewlaps, and the green anole chased the brown anole away. d, Interference competition between adult male brown anole and two juvenile curly-tailed lizards; the anole was excluded from the food resource (a termite trail). e, Predation by adult curly-tailed lizard on a small brown anole, the only such event observed during the 6-year study. f, Non-consumptive interaction in which a subadult curly-tailed lizard chased an adult male brown anole into a low-hanging thin perch. g, Intraspecific combat between male brown anoles, revealing how agonistic interactions can lead to injuries. h, Brown anole eating a lycosid spider on the ground. i, j, Female brown anole first eyeing (i) and then eating (j) a pentatomoid bug (possibly Loxa viridis) on control island 5; the lizard was marked with yellow paint in between the two photographs. k, Brown anole on a low perch consuming a millipede that it caught on the ground. l–o, Brown anole (l) and three different curly-tailed lizards (m–o) eating cockroaches (H. pabulator), the predominant prey taxon of curly-tailed lizards and brown anoles (Fig. 4). p, q, Island 311 (p), a +GA island, and island 930 (q), a +CT island, showing vegetation structure (see also Fig. 1e, f). Lizards show paint marks used during censuses (blue, day 1; red, day 2; and yellow, day 3). The interactions in d and o, along with other events, are shown in Supplementary Video 1. Imagery, a–o, the authors; p, q, Day’s Edge Productions.


Extended Data Fig. 2 Schematic of hypotheses tested in this study.
In all panels, line widths signify relative interaction strengths (solid black arrows, direct effects; dashed arrows, indirect effects; bi-directional red arrows, competitive effects). Circle diameters indicate the relative population sizes of anole species. Habitat use is indicated by the vertical position of shapes within each panel; grey arrows pointing upwards from bars signify behavioural habitat shifts. a, On control islands, brown anoles (B) are semi-terrestrial and primarily use terrestrial resources (RT) along with a smaller proportion of arboreal resources (RA). b, On +GA islands, introduced green anoles (G) compete for space and food with brown anoles, which reduces the size of brown-anole populations (smaller circle) and limits the growth of green-anole populations, but the two species coexist owing to spatial niche separation. c, On +CT islands, curly-tailed lizards (CT) consume terrestrial arthropod prey in addition to preying on brown anoles; the size of the brown-anole population is reduced, and surviving brown anoles respond by moving into arboreal habitat and consuming arboreal prey (a non-consumptive behavioural effect of predation risk). d, e, On +GA+CT islands, we considered two mutually exclusive hypotheses. d, Under a keystone-predation model, heavy predation by curly-tailed lizards on brown anoles strongly and rapidly reduces the size of brown-anole populations, which relaxes the competitive constraint on the growth of the green-anole populations and stabilizes species coexistence (a net positive indirect effect of curly-tailed lizards on green anoles). e, Alternatively, the refuge-competition model posits that the direct effect of predation on the size of brown-anole populations is weak and slow relative to the non-consumptive effect on brown-anole behaviour; the resulting habitat shift intensifies competition between brown and green anoles and destabilizes coexistence (a negative indirect effect of curly-tailed lizards on both anole species). Our results are consistent with all of the predictions illustrated in a–c and e, and they refute the keystone-predation model (d) by falsifying its predicted positive effect of curly-tailed lizards on green anoles (Fig. 2b, c).


Extended Data Fig. 3 Predators increase spatial overlap between anole species and reduce variability in habitat use by brown anoles.
a, b, Relative perch heights (see Fig. 3g–i) of brown and green anoles on +GA islands (a, n = 1,083 and 271 observations, respectively) and +GA+CT islands (b, n = 287 and 101 observations, respectively) in 2015. Box plots, medians and interquartile ranges; circles, means; whiskers, 5th to 95th percentiles for all lizards pooled across islands in each treatment. c, d, As in a, b, but for the 2016 census (n = 1,162 and 240 brown and green anoles, respectively (c); n = 232 and 61 brown and green anoles, respectively (d)). Shaded horizontal bars in b and d indicate overlap in the interquartile ranges of relative perch height on islands with curly-tailed lizards. e–h, Coefficient of variation in relative perch height as a function of treatment for brown anoles in 2015 (e) and 2016 (f), and for green anoles in 2015 (g) and 2016 (h). Box plots, medians and interquartile ranges; circles, means; whiskers, 5th to 95th percentiles for all islands in each treatment (n = 4 for +GA islands; n = 3 for +GA+CT islands owing to the extinction of green anoles on island 926 before the 2015 survey). Predators constrained variability in the relative perch heights of brown anoles on +GA+CT islands relative to +GA islands; variability in the relative perch height of green anoles was both lower overall and less affected by predators than that of brown anoles, because green anoles occurred at close to the maximum available perch height on all islands (a–d).


Extended Data Fig. 4 Principal coordinates analysis of Bray–Curtis dietary dissimilarities on each island.
Each point represents a faecal sample from a different individual (distance reflects dissimilarity); ellipses, 95% confidence intervals (calculated only for populations represented by ≥3 samples). All plots are based on the same ordination and share the same coordinates, such that the dietary niche of any species on any island can be compared with that of any other species on any other island. Sample size and PERMANOVA test of dissimilarity between species on each island is shown in each panel; note that these statistical tests were island-specific, whereas the coordinates of points in each panel were calculated based on a single ordination including all samples from all islands. No samples were collected from control island 332. See Fig. 4 for species- and treatment-wise contrasts.


Extended Data Fig. 5 Diet-composition results obtained using presence–absence data.
This figure corresponds to Fig. 4, but with data modified to reflect the presence–absence of mOTUs instead of relative read abundance. mOTUs were counted as present if they accounted for at least 1% of relative read abundance in the rarefied sequence data. a, Bipartite network showing the frequency of occurrence of the top-50 prey mOTUs (bottom bars, coloured by taxonomic group), across all lizard species (top bars) and treatments. Width of connecting lines reflects the proportion of faecal samples in which each mOTU was detected for each lizard species. The three most-frequent prey taxa are indicated by numerals (1, H. pabulator; 2, A. floridanus; 3, Brachymyrmex spp.). b–e, Principal coordinates analysis of Bray–Curtis dietary dissimilarity based on presence–absence of mOTUs within samples. Points, individual samples (distance reflects dissimilarity); ellipses, 95% confidence intervals. All plots are based on the same ordination with identical coordinates to facilitate comparison across panels, but confidence intervals were calculated separately for each treatment in c–e. b, Each species, pooled across treatments, with PERMANOVA testing the effect of species identity (P ≤ 0.001, n = 315 samples). c, Brown anoles by treatment, with PERMANOVA testing the independent and interactive effects of green anoles and curly-tailed lizards (all P ≤ 0.026, n = 209 samples). d, Green anoles by treatment, with PERMANOVA testing the effect of curly-tailed lizards (P = 0.076, n = 43 samples). e, Curly-tailed lizards by treatment, with PERMANOVA testing the effect of green anoles (P = 0.11, n = 63 samples). f–n, Frequency of occurrence by species and treatment of H. pabulator (f–h), A. floridanus (i–k), and Brachymyrmex spp. (l–n). Sample sizes for each species match those in c–e. Lizard images from Dreamstime, Shutterstock, and Alamy.


Extended Data Fig. 6 Trophic position and food-chain length, including spiders.
This figure corresponds to Fig. 5, but includes trophic-position values for the most-abundant spider species (M. datona), showing that our conclusions are robust to the inclusion of spiders in analyses. Trophic position was quantified for a total of 108 spiders from 7 experimental islands (2 control, 3 +GA, 1 +CT and 1 +GA+CT) (range, 13–22 spider samples per island). a, Trophic position of each consumer species by experimental treatment, not accounting for effects of island area. Bars, means of island-wide averages for each species (±1 s.e.m.) in each treatment (see also Fig. 5a). Dots, values for each population. b, Mean trophic position of each lizard and spider population (±1 s.e.m.) on each island, showing an influence of ecosystem size but no effect of species identity (see also Fig. 5b) (ANCOVA effect tests: island area F1,32 = 4.47, P = 0.042; consumer species F3,32 = 0.92, P = 0.44; n = 37 populations). c, Increase in food-chain length as a function of island area (linear regression r = 0.62, F1,13 = 8.33, P = 0.013, n = 15 islands); orange points indicate the two islands on which food-chain length increased when spiders were included (see also Fig. 5c). d, Mean food-chain length in each experimental treatment, after accounting for the effects of island size and all first-order interactions (Extended Data Table 2b). Bars, least-squares means (±1 s.e.m.) from the green anole × curly-tailed lizard interaction term in the generalized least-squares linear model (whole model F6,8 = 5.28, P = 0.018; green anole × curly-tailed lizard interaction t = −2.79, d.f. = 8, P = 0.024, n = 15 islands). Letters indicate statistically significant differences (P ≤ 0.05) between treatments in pairwise two-sided t-tests (see also Fig. 5d).


Extended Data Fig. 7 Food-chain length and lizard diet breadth.
a, Original food-chain length result from Fig. 5d, showing mean trophic position (from stable-isotope data) of the apical consumer in each treatment. Bars, least-squares means (±s.e.m.) from the generalized least-squares model in Extended Data Table 2a (n = 15 islands). b, c, Corresponding plots of mean per-sample dietary Shannon diversity (b) and species richness (c), from DNA metabarcoding, of the apical consumer on each island (n = 15 islands). Dietary diversity and richness are used here as proxies for trophic omnivory; these metrics were analysed with the same model structure as in a and show the inverse pattern, which is consistent with the possibility that changes in food-chain length were driven by changes in trophic omnivory by apical consumers (higher omnivory and shorter food chains on control and +GA+CT islands, and vice versa on +GA and +CT islands). The green anole × curly-tailed lizard interaction terms from the models are shown in the top right. Letters denote significant differences (P ≤ 0.05) between treatments in pairwise two-sided t-tests. d, Food-chain length as a function of island area, as in Fig. 5c, but here including only islands with curly-tailed lizards (n = 8) and analysed using ANCOVA to highlight the area × treatment interaction. Food-chain length was uncorrelated with ecosystem size on +GA+CT islands (see also Fig. 5c, Extended Data Table 2). e, f, Corresponding ANCOVA analyses of mean per-sample dietary diversity (e) and richness (f) of curly-tailed lizards, consistent with the possibility that changes in top-predator omnivory influenced food-chain length (n = 7 islands). Mean per-sample diversity (e) was greater on small islands (which is consistent with higher trophic omnivory in small ecosystems10) and on +GA+CT islands, and decreased with island area on +CT but not +GA+CT islands (as expected if higher levels of trophic omnivory on +GA+CT islands of all sizes resulted in shorter food chains and contributed to the pattern seen in a). Per-sample dietary richness (f) showed a similar response to the island area × treatment interaction. For d–f, ANCOVA statistics are shown in the top right. Points, island-level means; error bars, ±1 s.e.m. g, h, The trophic position of curly-tailed lizard was negatively correlated with dietary diversity (g) and richness (h) in linear regressions, consistent with our conjecture that arthropod prey breadth is a proxy for trophic omnivory by the top predator. Points, means; error bars, ±1 s.e.m.; n = 7 islands. Regression statistics are shown in the top right. Island 204 (open circles) was represented by 3 curly-tailed lizard isotope samples (n ≥ 5 samples for all other islands) but only one faecal sample (n ≥ 3 samples for all other islands). Thus, in b, c we used brown anoles as the apical consumer on island 204 (trophic position 2.37 versus 2.43 for curly-tailed lizards). In e–h, we omitted island 204 from statistical analyses but show it for reference. In all panels, including the curly-tailed lizard data from island 204 (or omitting island 204 entirely from b, c) gives similar statistical results. Island names corresponding to each point are shown in d–h.


Extended Data Table 1 Summary dietary dissimilarity statisticsFull size table


Extended Data Table 2 Robustness of food-chain-length analysis to assumptions about trophic fractionationFull size table


Extended Data Table 3 Model results for analyses of lizard population sizes and habitat useFull size table





Supplementary information
Reporting Summary

Supplementary Table 1
Summary information for each arthropod taxon in the rarefied diet dataset. For each arthropod mOTU (n = 813), we provide the unique sequence identifier used in this study (seq_######); the best taxonomic identification currently possible based on matching (% identity) to local and global reference databases (‘Accepted mOTU information’); the average relative read abundance (RRA) for all samples across all species and treatments (‘Total RRA’), for each lizard species across all treatments (‘Species-level RRA’), and for each lizard species within each treatment (‘RRA by treatment’); the frequency of occurrence (FOO) for all lizard species across all treatments (‘Total FOO’), for each lizard species across all treatments (‘Species-level FOO’), and for each lizard species within each treatment (‘FOO by treatment’). We also present indicator species analyses, based on RRA, testing for significant associations between each mOTU and each lizard species (‘Species-level indicator analysis’), and between each mOTU and each experimental treatment for brown anoles (‘Brown anole indicator analysis by treatment’). The species-level indicator analysis tests whether the dietary mOTU was significantly more abundant overall (across all treatments) in the specified lizard species than in those not specified; similarly, the treatment indicator analysis tests whether the mOTU was significantly more abundant in brown-anole diets in the specified treatments than in those not specified. Asterisks indicate level of statistical significance in two-sided permutation tests (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). Finally, we provide the DNA sequence corresponding to each mOTU (‘Representative sequence’). The table includes 35 mOTUs that were detected only in samples that we collected and sequenced as duplicates from a single captured lizard; we excluded these samples from analysis to avoid pseudoreplication, but the mOTUs they contained are listed for completeness (with RRA and FOO equal to zero across all groups).


Supplementary Data 1
Unrarefied sequence-read abundances from the DNA-metabarcoding analysis. For each of the 368 lizard faecal samples sequenced in this study (rows), we report the unique alphanumeric sample identifier, lizard species, source island, experimental treatment, sampling period, sex, and lizard body-size dimensions (snout-vent length, head width, weight). Because we sequenced multiple faecal samples obtained from a subset of captured individuals, we distinguish the 315 samples that were included in statistical analyses from the 53 that were removed to avoid pseudoreplication (‘Included in analysis’). Subsequent columns show the unrarefied DNA sequence-read abundance for each arthropod mOTU. These unrarefied sequence-read abundances were used only in DESeq2 analysis; all other analyses used rarefied sequence-read abundances (Supplementary Data 2) to calculate both relative read abundance and presence-absence. This table contains 1647 mOTUs; the taxonomy for 813 of these can be obtained by matching the column headings (seq_######) to Supplementary Table 1; the remaining 834 occurred at low relative abundance and were eliminated by rarefying.


Supplementary Data 2
Rarefied sequence-read abundances from the DNA-metabarcoding analysis. For each of the 368 lizard faecal samples analyzed in this study (rows), we report the unique alphanumeric sample identifier, lizard species, source island, experimental treatment, sampling period, lizard sex, and body-size dimensions (snout-vent length, head width, weight). Because we sequenced multiple faecal samples obtained from a subset of captured individuals, we distinguish the 315 samples that were included statistical analyses from the 53 that were removed to avoid pseudoreplication (‘Included in analysis’). Subsequent columns show the rarefied DNA sequence-read abundance for each arthropod mOTU. The relative sequence-read abundance of each mOTU in each lizard’s diet profile (as used in our primary analyses) can be obtained by dividing these raw sequence-read counts by 1142, which is the total rarefied number of sequence reads in each sample (i.e., the sum across all columns for each row). To convert sequence count data to presence-absence for presentation in Extended Data Fig. 5 and Supplementary Table 1, we inferred a taxon to be ‘present’ if it accounted for at least 1% of the rarefied sequence-read depth (i.e., >11 reads). The best possible taxonomic identifications for the 813 mOTUs in this table can be obtained by matching the column headings (seq_######) to the taxonomy in Supplementary Table 1.


Supplementary Data 3
Lizard population-size estimates and habitat use. For each island, we provide vegetated area, experimental treatment, and, for each lizard species in each year, estimated population size, mean absolute and relative perch heights, mean perch diameter, and mean proportion of individuals on the ground. Empty cells indicate either that no data are available for that island/year, or that the island was excluded from analysis in that year owing to extirpation of green anoles (island 926 in 2015-2016). Population sizes of green anoles and curly-tails in 2011 are numbers of individuals introduced after the initial census of brown-anole populations; thus, there are no habitat-use data for those species in that year. These data were used to generate Figs 2 and 3a-f and the statistical analyses in Extended Data Table 3.


Supplementary Data 4
Quantitative PCR (qPCR) cycle-threshold values of faecal samples from curly-tailed lizards. For each of 61 faecal samples tested for lizard DNA (rows), we report the unique alphanumeric sample identifier (corresponding with those in Supplementary Data 1, 2, 4), an additional individual-identity number (replicate samples obtained from the same individual lizard share the same number and are shaded gray), source island, experimental treatment, sampling period, and lizard body-size dimensions (snout-vent length and weight). Subsequent columns show the cycle-threshold (Ct) values of each faecal sample for the species-specific curly-tailed lizard, brown anole, and green anole SYBR Green qPCR assays. We used the amplification-based threshold option in the MxPro software to automatically determine fluorescence thresholds for each qPCR run, with the exception of values reported in column ‘Manual curly-tailed lizard Ct’, where the threshold was set manually for a single qPCR run owing to late amplification of the positive control causing errors in the automatic threshold algorithm. Manually setting the fluorescence threshold did not change presence–absence results. Target DNA was considered present wherever numeric Ct values are reported. We failed to detect curly-tailed lizard DNA in five samples (yellow shading in ‘Curly-tailed lizard Ct’ column), which were therefore excluded from analysis.


Supplementary Data 5
Stable-isotope data and trophic-position estimates for lizards and spiders. For each individual lizard and Metepeira datona spider sampled for stable-isotope analysis, we present the unique alphanumeric individual identifier (corresponding to those in Supplementary Data 1 and 2 where applicable), species identity, source island, experimental treatment, sampling period, sex, and lizard body-size dimensions (snout-vent length, head width, weight). Subsequent columns present the δ13C and δ15N values of each consumer; mean δ13C and δ15N of buttonwood trees from each island; mean δ13C and δ15N of marine macroalgae averaged across sites; α, the proportional contribution of marine resources to diet, assuming Δ13C = 3.8‰; and estimated trophic position of each individual consumer, assuming Δ15N = 3.4‰. These data were used in generating Fig. 5, Extended Data Figs 6 and 7, and the statistical analyses in Extended Data Table 2. Trophic-position estimates based on other assumptions about Δ13C and Δ15N (per Extended Data Table 2) can be derived from these data and the equations presented in the Methods.


Supplementary Data 6
Raw survey data. For each of the 20,937 individual lizard observations in annual population censuses from 2011 to 2016, we list a record-locator number, the year, island, treatment, calendar date, day number within the three-day census, and lizard species. Subsequent columns identify each lizard’s sex or age (M, male; F, female; J, juvenile; A, adult; Unk, unknown; slashes, uncertain categorization); perch height (cm); maximum vegetation height within a 1-m radius of the lizard (cm), used to calculate relative perch height (recorded from 2014 to 2016 only); perch diameter (in mm); substrate on which lizard was observed (G, ground; T, tree trunk; B, branch; L, leaf; O, other); binary indicator of whether lizard was on the ground (1) or not (0); whether the lizard was marked (1) or not (0) on census days 1, 2, and 3 (entries of 0.25, 0.5, and 0.75 represent estimated likelihood in cases of observer uncertainty); and the observer who recorded the data in the field (RMP, Robert M. Pringle; TRK, Tyler R. Kartzinel; TMP, Todd M. Palmer; TJT, Timothy J. Thurman; JHD, Joshua H. Daskin; NMV, Naomi Man in ‘t Veld; RDHB, Rowan D.H. Barrett; AA, Arash Askary; CET, Corina E. Tarnita; LW, Lauren Wyman; TI, Travis Ingram). Blank cells indicate that no datum was recorded for that observation. These raw data are the basis for Supplementary Data 3 (which contains the island-level values used in analyses) and can be used to reproduce the descriptive graphs in Fig. 3g-i and Extended Data Fig. 4. No perch diameters were estimated for lizards on the ground; for analysis, we assumed an upper-bound perch diameter of 200 mm and assigned this value for all lizards on the ground and any for which the perch diameter recorded in the field was >200 mm (see Methods).


Supplementary Video 1
Lizard behavior and species interactions on islands. This video includes some of the interactions shown in Extended Data Figure 1, along with selected other footage.
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