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Abstract:

Composite traits involve multiple components that, only when combined, gain a new synergistic
function. Thus, how they evolve remains a puzzle. We combined field experiments, microscopy,
chemical analyses and laser Doppler vibrometry with comparative phylogenetic analyses to show
that two carnivorous Nepenthes pitcher plant species convergently evolved identical adaptations
in three distinct traits to acquire a new, composite trapping mechanism. Comparative analyses
suggest that this new trait arose convergently via ‘spontaneous coincidence’ of the required trait
combination, rather than directional selection in the component traits. Our results indicate a
plausible mechanism for composite trait evolution and highlight the importance of stochastic
phenotypic variation as a facilitator of evolutionary novelty.

Short Title: Mechanism for composite trait evolution

One sentence summary: Evolution of a composite trapping mechanism via spontaneous
coincidence of highly variable component traits.
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Main Text:

Composite traits consist of multiple independent components which, in combination, gain a
novel synergistic function. For example, bird wings combine adaptations of morphology, bone
anatomy, and skin appendages to convert a forelimb into an aerofoil (5), and independent
modifications of shape (6), coloration (7), and biosynthetic pathways (&) underpin the insect-
trapping leaves of carnivorous plants. Explaining the origin of composite traits has puzzled
biologists since Darwin (/-4), as it requires coordinated evolution of multiple independent
components (9, 10). Thus, additional factors such as phenotypic plasticity (//) have been
proposed to play a role in composite trait evolution. Plasticity sensu lato includes both induced
phenotypic variation, expressed by the same genotype in response to different environments
(plasticity sensu stricto), and stochastic phenotypic variation, expressed by the same genotype
under identical conditions (/2-74). Neither type is mediated by genetic differences, but rather by
epigenetic modifications which, at least in plants, may be heritable (15, 16). In addition to
genetic variation, plasticity sensu lato can contribute significantly to the total phenotypic
variation under selection (/7); however, empirical data demonstrating its role in trait evolution
are scarce (/8).

The evolution of any given trait is the result of the combined effects of natural selection, where
traits are shaped by adaptive pressures and tend to change in a specific direction over time
(determinism), and random events and processes, such as genetic drift or chance mutations
(stochasticity), in the context of the evolutionary history (contingency) of the trait (28). Here, we
report convergence in a complex, composite trapping mechanism in two carnivorous pitcher
plant species, and present a plausible mechanism for its evolution, facilitated by high stochastic
phenotypic variation enabling the spontaneous coincidence of a new beneficial trait combination.

Springboard trapping — a composite trait with three independent components

Pitcher plants use cup-shaped leaves (Fig. 1A, G) with slippery surfaces to trap insect prey (/9).
The roof-like pitcher lid is not typically involved in trapping; however, in Southeast Asian
Nepenthes gracilis it acts as a rain-actuated ‘springboard’ that catapults insects into the fluid-
filled trap below (Fig. 1D, movie S1, 34). We discovered that Nepenthes pervillei, endemic to the
Seychelles and separated from N. gracilis by 4,000 km of ocean, uses the same springboard
mechanism (Fig. 1], movie S2).

Springboard trapping requires three independent components: (i) a horizontal lid that accelerates
preys into the pitcher, (ii) a moderately slippery underside that allows insects to access the still
lid, but not withstand a drop impact, and (ii1) a pivoting lid that acts as a torsion spring (20).
Each trait only gains a trapping function in the presence of the other two (34).

We first tested whether N. gracilis and N. pervillei evolved identical adaptations in all three
component traits (27). Then, we assessed the same traits in 55 Nepenthes species (Table S1),
corresponding to roughly one-third of the genus and covering all major clades, and probed the
independence of evolution of (i) springboard trapping in N. gracilis and N. pervillei and (ii) the
distinct component traits. Finally, we investigated the stochastic phenotypic variation of the lid
angle and response to mechanical loading in a subset of 42 species for which a minimum of five
replicates could be sampled (27, Table S2). While our data mainly reflect intraindividual
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variation, we cannot exclude a minor genetic variability component (2/). For lid surface waxes,
we could not acquire enough samples to quantify intra-individual variation; however, scanning
electron micrographs (Fig. S1) indicate that the presence, morphology and spatial distribution of
lid wax crystals are highly variable between species.

Identical adaptations in two species originate from convergence

The orientation of the pitcher lid —recorded as deviation from horizontal—- (Fig. 1A, G) is near-
horizontal in both N. gracilis (8.0 1.2° [mean £ s.e.m.]; n = 68) and N. pervillei (8.8 + 1.8°; n =
37). These lid angles are significantly lower than the average lid angles of all 55 investigated
Nepenthes species (24.8 + 5.0°, lower 95% confidence interval = 15.0°). Thus, both species fulfil
the first requirement for springboard trapping.

In both species, the lid’s lower surface is covered by epicuticular wax ‘pillars’ (Fig. 1B, H) that
differ drastically from the much more slippery wax platelets inside the pitcher (Fig. 1C, I, 22).
Wax crystal morphology is determined by chemical composition (23). Gas chromatography-
mass spectrometry of cuticular waxes (27) revealed similar chemical profiles for corresponding
surfaces of N. gracilis and N. pervillei (Fisher-Freeman-Halton’s exact test, d.f. = 5, %ia = 7.3,
PBonferroni = 0.8; Xzinner wall = 2.9, pBonferroni = 1.0), but strong differences between the lid and pitcher
wall in both species (y’gracitis = 42.1, pBonferroni < 0.001; % pervitiei = 46.8, PBonferroni < 0.001; Fig. 2).
Lid waxes of both species were dominated by n-alcohols whilst the pitcher wall waxes consisted
mainly of aldehydes, as in other Nepenthes species (24). Cuticular wax biosynthesis follows a
stepwise pathway where C; building blocks are added to elongate fatty acid precursors and form
very long-chain aliphatic compounds that can then be enzymatically modified into alcohols,
esters, aldehydes, alkanes and other wax compounds (25). Due to this modular assembly process,
shifts between major compound classes can be achieved relatively easily by redirecting substrate
flux through different enzymatic pathways. Both species thus fulfil the second requirement for
springboard trapping.

High-speed video analysis (27) confirmed that lids of both species respond to a drop impact with
fast pivoting oscillations (Fig. 1E, K). N. gracilis 1ids had lower area and mass (305 + 27 mm?;
85+ 11 mg; n = 11) and higher resonant frequencies (88 + 8 s!) than lids of N. pervillei (836 +
102 mm?; 318 + 48 mg; 58 = 5 s”'; n = 5). For direct kinematic comparison using laser Doppler
vibrometry, we thus selected relatively large N. gracilis lids (315 £46 mm?, 87 £ 13 mg, 92 + 5
s''; n=3) and small N. pervillei lids (252 + 39 mm?; 80 + 9 mg, 81 + 18 s™; n = 4). When
comparing similar lid masses and lever lengths, both species behaved almost identically. The
initial down-stroke reached higher acceleration and speed and ended with a more abrupt
deceleration than the subsequent, damped oscillations (Fig. 1F, L). Thus, lids of both species act
as torsion springs generating high jerk forces (20), thereby fulfilling the third requirement for
springboard trapping.

The striking similarity of springboard trapping in both species suggests that it could have
originated either through evolutionary contingency, sharing a single origin (27), or
independently, through convergent evolution. Of the 55 investigated species, 12 had horizontal
lids and eight had pivoting lids, but only five species (including N. gracilis and N. pervillei)
presented pillar-shaped crystals (Fig. 3). Moreover, N. vieillardii and N. bicalcarata, two species
that stand in between N. gracilis and N. pervillei in the phylogeny (30) but were not included in
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our analysis due to low sample sizes (27), lacked lid wax crystals (Fig. S2). We used a recent
Nepenthes phylogenomic tree (30) to test if the composite trait and its components evolved
independently in N. gracilis and N. pervillei. Ancestral state estimations (Fig. S3) and
phylogenetic analyses (Figs. S4-S7, Tables S3, S4) strongly support an independent origin of
springboard trapping and all of its three component traits in N. gracilis and N. pervillei.

Two alternative scenarios for the evolution of springboard trapping

The convergent origin of springboard trapping provides an opportunity to probe two alternative
scenarios for the evolution of this composite trait: 1) a ‘directional selection’ scenario wherein all
component traits evolve jointly and are under directional selection towards the state required for
the synergistic combination; and 2) a ‘spontaneous coincidence’ scenario where the synergistic
constellation occurs by chance, and the composite trait is subsequently fixed by selection for the
novel function. The pool of possible random character state combinations that can occur is
maximized when the phenotypic variation of each component trait is high and each component
evolves independently.

A “directional selection’ scenario implies that (i) the components of the composite trait show
correlated evolution and (i1) phenotypic variation is reduced when a component trait approaches
the required state for springboard trapping, irrespective of the other traits. By contrast, a
‘spontaneous coincidence’ scenario posits that (i) each component evolved independently, and
(i1) phenotypic variation in absence of the composite trait is higher than for the species with
springboard trapping, irrespective of the trait value, as the individual traits are not under (strong)
selection unless they occur in the beneficial combination. The two scenarios are not mutually
exclusive: under a ‘mixed scenario’, some traits are under selection leading to exaptation (29) for
the composite trait while high phenotypic variation in traits not under selection increases the
odds for a synergistic coincidence.

Lack of correlated evolution between the three component traits supports the spontaneous
coincidence scenario of composite trait evolution

To test for correlated versus independent evolution of some or all component traits we used two
approaches. In both cases, we first excluded marginal cases (near-horizontal lid orientation,
pivot-like loading response, inconsistent wax crystal presence or shape) when coding trait
presence, and then repeated the analysis including them. We used the Bayesian implementation
of Pagel’s model of correlated evolution in corHMM (27), a modelling environment that allows
to test for correlation among all three traits at once. We independently confirmed our results by
testing for correlation in pairwise combinations of traits using BayesTraits V3 (21).

Altogether, we fitted nine models of trait evolution that ranged from traits evolving
independently to a model where the evolution of each of the three traits is linked to the other two
traits (27). To account for a possible mixed scenario, we included models where two of the three
traits evolved in a correlated fashion while the third evolved independently (Fig. 4). Each of
these models represents a different hypothesis about how these traits evolved, and by comparing
the fit of each model to the observed trait distribution we were able to select the hypothesis most
supported by our data. The fully correlated models were consistently outperformed (Fig. 4,
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Tables S3, S4), thus strongly favoring a scenario of independent evolution of the component
traits and supporting the ‘spontaneous coincidence’ hypothesis for the evolution of springboard

trapping.
Stochastic variation of lid angles supports the spontaneous coincidence scenario

Next, we measured lid angles of 900 pitchers from 42 Nepenthes species to test whether the
stochastic (intra-individual) phenotypic variation was generally reduced in species with
predominantly horizontal lids (indicating directional selection), or in springboard-trapping
species only (indicating spontaneous coincidence). Horizontal lids might offer more effective
rain protection, although a larger lid could compensate for a steeper angle (26). Horizontal lids
might also be advantageous for photosynthesis; however, pitchers have been shown to contribute
little to photosynthesis (59), since lids are very small compared to the leaf lamina, and a broad
range of lid angles may be equally effective for light capture (60). If there was strong selection
for a horizontal lid, we would expect the median of lid angles to be close to 0°. For our 55
species, however, median lid angles (23°) were clearly above horizontal. More importantly, there
was no significant difference in the standard deviation (s.d.) of lid angles between species with
near-horizontal lids (-20° < lid angle < 20°, median s.d. = 16.14) and other species (median s.d. =
18.16; Mann-Whitney U test, n; = 20, n2 =22, U= 186.0, p = 0.40). Lid angle variation was also
not correlated with mean lid angle (Spearman test, n =42, rho = 0.10, p = 0.53).

Deviation from horizontal lid angles is detrimental for the springboard function of the lid.
Therefore, we expect stabilizing selection to limit the variability of lid angles in springboard-
trapping species, regardless of the evolutionary scenario. As expected, the lid angles of V.
gracilis (standard deviation s.d. =+ 9.9°, n = 68) and N. pervillei (s.d. = 11.0°, n=37) showed
lower than average stochastic variation (in the bottom 20% of values; mean s.d. for 42 species =
17.4°; Figs. 3, S8). Altogether, our data suggest that the lid angle is not under directional
selection and its evolution follows the ‘spontaneous coincidence’ scenario.

Stochastic variation of lid loading responses points to spontaneous coincidence or mixed
scenario

To assess variation in lid loading response, we manually loaded lids and assigned one of six
deformation types (pivoting, pivot-like, bending, buckling, mixed bending-buckling, and other,
more complex responses; Fig. 5; 21). N. gracilis and N. pervillei exhibited close to 100%
pivoting — the crucial response for springboard trapping (index of dispersion Ip for N. gracilis =
69, > =5181.3,d.f. =75, p<0.01; and N. pervillei Ip =19, > = 447.9, d.f. = 24, p <0.01; these
were the highest and fourth-highest /p of all species, respectively; Ip>>1 indicates highly uniform
response). Other species typically showed a range of loading responses (median Ip = 3, 95%
confidence interval = 35.1; Figs. 3, S9). Thus, the loading response was less variable in
springboard-trapping species than in most other species, as expected. However, lid loading
response variability was also reduced in two out of six other species with a pivoting lid response
(N. tobaica, Ip = 35, and N. mikei, Ip = 34; Kruskal-Wallis test, H = 9.83, d.f. =2, p = 0.008; Fig.
S9), indicating that this trait might be developmentally constrained or under selection for a
different function.
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Pivoting requires the lid to be mechanically reinforced to resist bending or buckling (20), thus
implying increased construction costs. Indeed, N. gracilis pitchers have relatively high lignin
content compared to other sympatric Nepenthes species (31). Structural compounds such as
cellulose and lignin are comparably ‘cheap’ for carnivorous plants which are generally limited
by mineral nutrients, not by water and light (63). Tissue reinforcement is also correlated with
trap longevity (37). Stiffer lids and their pivoting load response might thus result from selection
for more durable traps, with certain life histories potentially favoring springboard trapping.

Lid loading response could also be under selection for damage prevention (6/7), and for effective
water shedding (62). For both functions, we would expect any elastic deformation (pivoting,
pivot-like, bending, twisting) to be effective, and all loading responses except buckling to be
favourable. This is corroborated by the distribution of predominant loading responses across the
42 investigated species, where all responses except buckling (two species) and bending-buckling
(none) are common (Fig. S9). The most common response is ‘variable’ (no predominant
response, 16 species), which further points to the absence of significant selective pressure for a
specific load response. Although pivoting as a predominant lid loading response was only found
in eight out of 42 investigated species, and intra-individual variation of lid loading response was
high in 38 out of 42 species, we cannot completely rule out that there might be a degree of
selection for pivoting lids.

Conclusions

Our study reveals convergence of a composite trait in tropical pitcher plants which likely arose
by ‘spontaneous coincidence’ of the component traits, possibly in a mixed scenario combining
directional selection in one component with high plasticity sensu lato (/4) in another. Trait
plasticity, whether environmentally induced or stochastic in nature, enhances phenotypic
diversity and can become canalized when chance combinations entail a synergistic function.
Accordingly, Levis ef al. (32) demonstrated the emergence of a carnivorous tadpole morph with
three independent morphological adaptations in Scaphiopodidae species, arising from high
phenotypic plasticity and subsequent adaptive refinement of the new composite trait. Our
findings highlight the importance of stochastic phenotypic variation, not only for selection to act
on, but also for increasing the likelihood of co-option into a new function (29). Importantly, this
‘spontaneous coincidence’ mechanism for the evolution of composite traits is applicable to any
type of variation on which selection can act when beneficial combinations arise by chance. Our
findings emphasize the role of stochasticity in composite trait evolution and call for further
investigation into the role of plasticity, and stochastic phenotypic variation in particular.

References (short format)

1. F. Jacob, Science 196, 1161-1166 (1977).

2. C. Darwin, The origin of species by means of natural selection (John Murray, London, 1872).
3. R. Goldschmidt, The material basis of evolution (Yale University Press, New Haven, 1940).
4. R. E. Lenski, C. Ofria, R. T. Pennock, C. Adami, Nature 423, 139-144 (2003).

5. B. W. Tobalske, J. Exp. Biol. 210, 3135-3146 (2007).

6



10

15

20

25

30

SCience Submitted Manuscript: Confidential

AVAAAS

6. K. Fukushima et al., Nat. Commun. 6, 6450 (2015).
7. K. J. Gilbert, J. H. Nitta, G. Talavera, N. E. Pierce, Biol. J. Linn. Soc. 123, 321-327 (2018).
8. T. Renner, C. D. Specht, Curr. Opin. Plant Biol. 16, 436-442 (2013).

9. E. Mayr, “The emergence of evolutionary novelties” in Evolution after Darwin, S. Tax, Ed.
(Univ. Chicago Press, Chicago, 1960, vol. 1, pp. 349-380).

10. G. P. Wagner, V. J. Lynch, Curr. Biol. 20, R48—R52 (2010).

11. M. J. West-Eberhard, Developmental plasticity and evolution (Oxford University Press,
Oxford, 2003).

12. C. H. Waddington, The strategy of genes: a discussion of some aspects of theoretical biology
(George Allen and Unwin, London, 1957).

13. R. C. Lewontin, The triple helix: gene, organism, and environment (Harvard University
Press, Cambridge, 2000).

14. G. Vogt, J. Biosci. 40, 159-204 (2015).

15. Y.-Y. Zhang, M. Fischer, V. Colot, O. Bossdorf, New Phytol. 197, 314-322 (2013).
16. S. Cortijo et al., Science 343, 1145-1148 (2014).

17. M. Medrano, C. M. Herrera, P. Bazaga, Mol. Ecol. 23, 4926-38 (2014).

18. K. Laland et al., Nature 514, 161-164 (2014).

19. B. E. Juniper, R. J. Robins, D. M. Joel, The Carnivorous Plants (Academic Press, London,
1989, pp. 47-126).

20. U. Bauer, M. Paulin, D. Robert, G. P. Sutton, Proc. Natl. Acad. Sci. U.S.A. 112, 13384-13389
(2015).

21. Materials and methods are available as supplementary materials at the Science website.
22. E. Gorb et al., J. Exp. Biol. 208, 4651-4662 (2005).

23. C. E. Jeffree, E. A. Baker, P. J. Holloway, New Phytol. 75, 539-549 (1975).

24. M. Riedel, A. Eichner, R. Jetter, Planta 218, 87-97 (2003).

25. L. Samuels, L. Kunst, R. Jetter, Ann. Rev. Plant Biol. 59, 683-707 (2008).

26. Online supplementary text.

27.8S.J. Gould, Wonderful life (WW Norton & Company, New York, 1989).

28.Z. D. Blount, R. E. Lenski, J. B. Losos, Science 362, eaam5979 (2018).

29.S.J. Gould, E. S. Vrba, Paleobiology 8, 4-15 (1982).

30. B. Murphy et al., Mol. Phylogenet. Evol. 144, 106668 (2020).

31. O. O. Osunkoya, S. D. Daud, F. L. Wimmer, Ann. Bot. 102, 845-853 (2008).
32.N. A. Levis, A. J. Isdaner, D. W. Pfennig, Nat. Ecol. Evol. 2, 1289-1297 (2018).
33. U. Bauer, H. F. Bohn, W. Federle, Proc. R. Soc. B 275, 259-265 (2008).



10

15

20

25

30

SCience Submitted Manuscript: Confidential

AVAAAS

34. U. Bauer, B. Di Guisto, J. Skepper, T. U. Grafe, W. Federle, PLoS ONE 7, €38951 (2012).
35. L. Busta, R. Jetter, Plant Cell Physiol. 58, 1059-1074 (2017).

36. R. Bouckaert et al., PLoS Comput. Biol. 10, €1003537 (2014).

37. M. Scharmann, A. Wistuba, A. Widmer, Mol. Phylogenet. Evol. 163, 107214 (2021).

38. A. Fleischmann et al., “Evolution of carnivory in angiosperms” in Carnivorous plants:
physiology, ecology and evolution (Oxford University Press, Oxford, pp. 22-42, 2018)

39. L. J. Revell, Methods Ecol. Evol. 2,217-223 (2012).
40. J. P. Bollback, BMC Bioinform. 7, 1-7 (2006).

41. A. Meade, M. Pagel, http://www.evolution.reading.ac.uk/BayesTraitsV3/BayesTraitsV3.html
(2017).

42. M. Pagel, Proc. R. Soc. B 255, 37-45 (1994).
43.J. D. Boyko, J. M. Beaulieu, Methods Ecol. Evol. 12, 468-478 (2021).

44. ]. Beaulieu, B. O'Meara, J. Oliver , J. Boyko, https://CRAN.R-project.org/package=corHMM
(2022).

45. D. R. Anderson, K. P. Burnham, J. Wildl. Manag. 66, 912-918 (2002).

46. H. Wickham, W. Chang, M. H. Wickham, R package version, 2.1, 1-189 (2016).
47. C. O. Wilke, https://cran.r-project.org/web/packages/ggridges/index.html (2021).
48. A. Kassambara, M. A. Kassambara, R package version 0.1, 6 (2020).

49. A. M. Glazier, J. H. Nadeau, T. J. Aitman, Science 298, 2345-2349 (2002).

50. R. N. J. Plomin, V. S. Knopick, J. C. DeFries, Behavioral genetics (Worth Publishers, New
York, 2016).

51. G. C. Williams, Natural selection: domains, levels and challenges (Oxford University Press,
1992).

52. R. Dawkins, The blind watchmaker (W. W. Norton & Company, New York, 1986).

53.J. Maynard-Smith, E. Szathmary, The major transitions in evolution (Oxford University
Press, Oxford, 1995).

54. G. P. Wagner, L. Altenberg, Evolution 50, 967-976 (1996). 2008.

55. M. Pigliucci, Nature Reviews Genetics 9, 75-82 (2008).

56.J. Masel, M. L. Siegal, Trends in Genetics 25, 395-403 (2009).

57. C. Clarke, Nepenthes of Borneo (Natural History Publications, Kota Kinabalu, 1997).
58. C. D. Holder, Agric. For. Meteorol. 152, 11-16 (2012).

59. A. Pavlovi¢, E. Masarovicova, J. Hudak, Ann. Bot. 100, 526-536 (2007).

60. W. G. Duncan, Crop Science 11, 482-485 (1971).

61. K. J. Niklas, New Phytol. 143, 19-31 (1999).


http://www.evolution.reading.ac.uk/BayesTraitsV3/BayesTraitsV3.html
https://cran.r-project.org/package=corHMM
https://cran.r-project.org/web/packages/ggridges/index.html

10

15

20

25

30

35

SCience Submitted Manuscript: Confidential

AVAAAS

62. R. M. Ginebra-Solanellas, C. D. Holder, L. K. Lauderbaugh, R. Webb, Agric. For. Meteorol.
285, 107924.

63. T. J. Givnish, E. L. Burkhardt, R. E. Happel, J. D. Weintraub, Am. Nat. 124, 479-497 (1984).
64. S. D. Eigenbrode, K. E. Espelie, Ann. Rev. Entomol. 40, 171-194 (1995).

65. E. V. Gorb, S. N. Gorb, J. Exp. Bot. 68, 5323-5337 (2017).

66. 1. Scholz et al., J. Exp. Biol. 213, 1115-1125 (2010).

67. M. Riederer, C. Miiller, eds., Annual plant reviews, biology of the plant cuticle (Blackwell,
Oxford, 2006).

68. V. Bonhomme, H. Pelloux-Prayer, E. Jousselin, Y. Forterre, J.-J. Labat, L. Gaume, New
Phytol. 191, 545-554 (2011).

69. U. Bauer, C. J. Clemente, T. Renner, W. Federle, J. Evol. Biol. 25, 90-102 (2012).
70. L. Gaume, V. Bazile, M. Huguin, V. Bonhomme, Ecol. Evol. 6, 1378-1392 (2016).
71. W.N. Lam, H. R. Lai, C. C. Lee, H. T. Tan, Plant Ecol. Divers. 11, 283-294 (2018).
72.J. A. Moran, L. K. Gray, C. Clarke, L. Chin, Ann. Bot. 112, 1279-1291 (2013).

73. C. J. Thorogood, U. Bauer, S. J. Hiscock, New Phytol. 217, 1035-1041 (2018).

74. L. Chin, A. Y. C. Chung, C. Clarke, Plant Sign. Behav. 9, €27930 (2014).

75. C. Clarke, J. A. Moran, Plant Soil 403, 37-51 (2016).

Acknowledgements: This work was made possible by support from the Seychelles Bureau of
Standards, Seychelles National Parks Authority, Island Conservation Society, Plant Conservation
Action Group, Seychelles National Herbarium, Katy Beaver, Lindsay Chong-Seng, Charles
Morel, Tarah Padayachy, Frauke Fleischer-Dogley, Didier Dogley, Simon Sanghera, Universiti
Brunei Darussalam, Ulmar Grafe, Hadzid Tinggal, Hasnan Bin Engin, Chester Zoo, Phil Esseen,
Paul Leach, Kew Gardens, Rebecca Hilgenhof, Ziirich Botanic Garden, Mathias Scharmann, and
Siegfried Hartmeyer. Comments from Susanne Renner, Nicholas Levis, Tim Caro, four
anonymous reviewers and the editor Bianca Lopez improved the manuscript. Funding: G. C.:
NERC (UK) Research Fellowship (NE/S014470/1), ERC/UKRI frontier grant (EP/X026868/1);
G. B.: Leverhulme Trust Research Project Grant RPG-2019-323; L. B.: NSF (U.S.) Research
Fellowship 10S 1812037; R. J.: NSERC (Canada) Discovery Grant 2018-04909; B. M.:
Fellowship of the Royal Commission for the Exhibition of 1851 and Royal Society (UK)
Research Fellowship URF/R1/191033; U. B.: Royal Society (UK) Research Fellowship
UF150138 and UF\R\221028. Author contributions: Conceptualization: G. C., R.J., U. B;
Methodology: G.C., G.B., L. B.,, B. M., R. J., U. B.; Investigation: G. C., G.B., L. B.,, B. M., J.
G., U. B.; Formal analysis: all authors; Project administration: U. B.; Visualization: G. C., U. B.;
Writing — initial draft: G. C., L. B., B. M., R. J., U. B.; Writing — review & editing: all authors.
Competing interests: None. Data availability: Data will be deposited in the University of
Bristol research data repository upon publication.

Supplementary Materials:
Materials and Methods

9



SCience Submitted Manuscript: Confidential

AVAAAS

Figures S1-S9
Tables S1-S4
Movies S1-S2

Figure captions:

Fig. 1. Adaptations for springboard trapping in Nepenthes gracilis (A-
F) and N. pervillei (G-L). (A) and (G) Pitchers with near-horizontal lid
orientation. (B) and (H) Lid wax ‘pillars’ provide limited grip for
insects. (C) and (I) Wax platelets render the internal pitcher surface
extremely slippery. (D) and (J) A drop impact dislodges an ant from the
lid. (E) and (K) High-speed video tracking and (F) and (L) laser
Doppler vibrometry of three N. gracilis (p1-3) and four N. pervillei (p4-
7) lids show that all lids respond with a rapid initial downstroke,
followed by regular damped oscillations.

Fig. 2. Cuticular wax composition (mean * s.d.) on the lower lid
surface (upper part of the graph) and pitcher inside (lower part of the
graph) of N. gracilis (white bars) and N. pervillei (grey bars). Both
species show similar differences between the lower lid surface
(predominantly alcohols) and the pitcher inside (predominantly
aldehydes). Numbers indicate C-chain lengths. Bs = B-sitosterol, Aa =
a-amyrin, Ba = f-amyrin, Fr = Friedelin. For statistics see main text.

Fig. 3. Mapping the presence of the three component traits of springboard trapping on a recently
published Nepenthes phylogeny (30) reveals their independent evolution. Symbols indicate trait
presence; lighter colors denote marginal cases (near-horizontal lid angles, pivoting-like
responses, and weak/inconsistent lid wax) (27). For detailed analysis of trait evolution see main
text, Fig. 4, and Tables S3 and S4. Trait variability data reveal lower stochastic phenotypic
variation of lid angles and lid loading responses in springboard-trapping N. gracilis and N.
pervillei than in species without this composite trait. For detailed analysis of trait variability see
main text and supplementary Figures S8 and S9.

Fig. 4. Testing for the independent, mixed or correlated evolution of the springboard trapping
component traits. Evolutionary models compared to test the predictions for component trait
evolution under directional selection, spontaneous coincidence, and under a mixed scenario, all
implemented in corHMM (21). Illustrations show the evolutionary transition from wax crystal
absence (top row of trait cases) to presence (bottom row), and three exemplary model cases: fully
independent (left), wax crystals and load response correlated (middle), and all three traits
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correlated (right). The proportions of 1,000 simulations supporting each scenario are reported
below for simulations with marginal cases (light colored symbols) for each trait either coded as
present or absent. The simulations strongly support the independent evolution of all three
component traits, and therefore the spontaneous coincidence scenario of composite trait
evolution. (For detailed model descriptions and results see 2/ and Table S4).

Fig. 5. Lid angles (A-E), loading responses (F-J), and surface waxes (K-O) in
Nepenthes. (A) Horizontal, N. pervillei. (B) Steeply angled, N. albomarginata. (C)
Steeply angled, N. inermis. (D) Upright, N. biak. (E) Reflexed, N. ampullaria. (F)
Pivoting, N. gracilis. (G) Pivot-like, N. adnata. (H) Bending, N. andamana. (I)
Buckling, N. burbidgeae. (J) Mixed bending-buckling, N. vogelii. (K) Wax ‘pillars’,
N. pervillei. (L) Wax ‘pillars’, N. khasiana. (M) Wax spikes, N. mira. (N) Scarce
wax platelets, N. dactylifera. (O) Smooth wax film, N. glabrata. Scale bars = 2pm.
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