


NATURE COMMUNICATIONS | DPI: 10.1038/ncomms13965 ARTICLE

scenarios; OMI climatic niche breadth, r<0.4  for both RCP scenarios). Changes in 
climatic suitability at the regional scale (that is, within the nine grid cells adjacent 
to each network’s study region) were closely correlated to range-wide suitability 
changes (n =  709 species, r=  0.74 for both RCP scenarios). We used range-wide 
suitability changes because they are more representative for a species’ vulnerability 
across its range and are less sensitive to local climatic projections.

Mutualistic pollination and seed-dispersal networks. We matched data on 
climatic niche breadth and vulnerability with empirical data of biotic specialization 
derived from eight quantitative pollination and five quantitative seed-dispersal 
networks, each recorded within a different region in central Europe 
(Supplementary Data 1). We included these networks in the analyses because they 
report comprehensive data on interaction frequencies between species pairs, 
consistently recorded by direct plant observations over several months 
(Supplementary Data 1). Interaction frequencies equal the number of visits of an 
animal to a plant species. To cover all potential interaction partners of a species 
within the regional context, we summed interaction frequencies over time and 
space within each region as most networks were recorded on repeated visits at 
several localities within each region. Interaction data from other animal taxa than 
bees, butterflies, hoverflies and birds were excluded from the original networks. As 
it is generally the case for mutualistic networks, we lack information on the actual 
functional dependences of pollinators and seed dispersers on their foraging plants 
and vice versa and, thus, assume that interaction frequency is closely associated 
with the reciprocal functional importance of the interacting species18. Overall, the 
13 pollination and seed-dispersal networks were characterized by a low to 
intermediate degree of specialization; complementary specialization (H2r) ranged 
from 0.29 to 0.47 (mean =  0.38, see Supplementary Data 1 for a compilation of 
other standard network metrics for the 13 mutualistic networks).

In total, we were able to derive independent data of biotic specialization, 
climatic niche breadth and vulnerability to climate change for 363 insect 
(196 bees, 70 butterflies, 97 hoverflies; pollinators hereafter), 51 bird (seed 
dispersers hereafter) and 295 plant species (Supplementary Data 2). These species 
comprised most of the species of the respective study taxa (bees, butterflies, 
hoverflies, birds and plants) in the original networks (mean across networks:
88% (range: 74-100%), see Supplementary Data 1). Including species with deficient 
occurrence data and/or other animal taxa for which no distribution data were 
available (for example, other Diptera or Coleoptera that had been sampled for a few 
of the original pollination networks) resulted in qualitatively identical estimates of 
biotic specialization for the analysed plant and animal species.

Network analysis and simulations of species coextinctions. We measured plant 
and animal specialization in two ways based on the number and uniqueness of 
interaction partners within each network. First, we calculated the effective number 
of partners. It equals the diversity eH of interaction frequencies per species (based 
on the Shannon index H) and is equivalent to the number of partners if each 
link was equally common66. This metric is positively related to the total interaction 
frequency of plants (log-log scale, n =  591, r =  0.68) and animals (n =  1009, 
r =  0.76). On average, plants had a higher diversity of partners than animals 
(mean eH ± 1 s.e., 4.20 ± 0.17 versus 2.61 ± 0.10). Second, we calculated 
complementary specialization dC as the deviation between the observed interactions 
and partner selection according to species’ total interaction frequencies67. The 
metric ranges from 0 for a generalist species (sharing partners with many others) to 
1 for a fully specialized species (with a unique set of partners), d’ was unrelated to 
total interaction frequency (plants, r =  0.03; animals, r =  0.06) and was similar for 
plants and animals (0.34 ± 0.01 versus 0.32 ±0.01).

We tested the statistical associations between species’ biotic specialization 
within each network and climatic hypervolume (square-root transformed), OMI 
climatic niche breadth (geometric mean of variances along the first two OMI 
ordination axes) and projected changes in climatic suitability (median change 
across a species’ current European range) with linear mixed-effects models; error 
distributions of all models did not deviate from normality. We fitted statistical 
models including main and interaction effects of the respective climatic predictor 
and trophic level (animal versus plant) on biotic specialization. In all models, we 
accounted for random variation due to network identity, plant and animal 
taxonomy on the model intercepts (taxonomic levels: family, genus, species). To 
account for variation in the performance of species distribution models and, thus, 
for the uncertainty of projected changes in climatic suitability, we weighted the 
respective linear mixed-effects models with the accuracy of the respective species 
distribution model as given by the TSSmax value64 for each species (Supplementary 
Data 2). In the interest of comparability, we z-transformed realized climatic niche 
breadth (climatic hypervolume, OMI climatic niche breadth) and changes in 
climatic suitability before the statistical analyses. In order to examine network- 
specific relationships between biotic specialization and climatic variables, we 
additionally tested effects of climatic predictors on biotic specialization in models 
accounting for both random intercepts and slopes of network identity, separately 
for plants and animals.

Based on the projected impacts of climate change on plant and animal species, 
we modelled effects of climate change on each network. We simulated secondary 
species extinction as a consequence of the sequential loss of plant and animal 
species, respectively11,12. The order of species loss followed the projected changes

in climatic suitability; thus, we first removed the species experiencing the largest 
decline in climatic suitability across the current European range, followed by the 
removal of the species with the second largest decline until the least vulnerable 
species had been removed. In the simulation model, species became secondarily 
extinct once they had lost at least 25, 50 or 75% of their interaction events in 
respect to the original network, assuming that interaction frequencies are 
proportional to the functional dependences of animals on plants and vice versa18. 
These thresholds for secondary extinction are probably more realistic than the 
assumption that all interaction events have to be lost before a species goes extinct15. 
We further assumed that species could reallocate lost interactions to other 
persisting species in the network accounting for the flexibility of partner choice in 
interaction networks13,16. We simulated two different rewiring scenarios under the 
assumption that no new species will enter the network. First, we reallocated a 
varying proportion of removed interactions to all persisting partners (constrained 
rewiring), proportional to the relative interaction frequencies of each species. 
Second, we reallocated lost interactions to all persisting species (unconstrained 
rewiring), relative to species’ total interaction frequencies. Thus, the first scenario 
assumes that species will be constrained in their interactions to their current 
partners, whereas the second scenario assumes that species are able to freely 
establish new links under future conditions. We varied the flexibility of species to 
reallocate lost interactions to persisting species between 0% (no reallocation) and 
100% (reallocation of all interactions). In the scenario where all partners are 
interchangeable (100% flexibility), all interaction events must be lost to trigger 
secondary extinction as all lost interaction events are reallocated to persisting 
species. In a scenario of unconstrained rewiring and 100% flexibility, thus, all 
species need to go extinct to trigger secondary extinction. As this is a very unlikely 
scenario, it was omitted from our simulations.

For each network and simulation scenario, we quantified network sensitivity to 
plant and animal species extinction by the area above the secondary extinction 
curve; the metric ranges from 0 (no species go secondarily extinct) to 1 (all species 
go secondarily extinct after removing a single species) and is conversely equivalent 
to network robustness (the area under the extinction curve12). We computed the 
difference in network sensitivity to plant and animal extinction for each RCP 
projection and each coextinction, rewiring and species’ flexibility scenario. We 
further compared network sensitivity for the different simulation scenarios between 
projected climate change and 200 random sequences of species loss; here network 
sensitivity was averaged across iterations of random extinction for each simulation 
scenario. We tested whether the risk of secondary animal versus secondary plant 
extinction differed between climate change and random extinction using two-sided, 
pair-wise f-tests.

Data availability. Estimates of biotic specialization (effective partners66, d*67), 
range size (number of occupied grid cells), climatic niche breadth (climatic 
hypervolume60, OMI climatic niche breadth61) and vulnerability to projected 
climate change (RCP 6.0 and RCP 8.5 scenarios65 plus model accuracy estimated 
by AUC and TSSmax values64) are reported for all 295 plant, 196 bee, 70 butterfly, 
97 hoverfly and 51 bird species in Supplementary Data 2. The pollination and seed- 
dispersal interaction network matrices are available from the authors on reasonable 
request (see Supplementary Data 1 for metadata). We used code from the 
following freely available R packages for the statistical models and simulations: 
‘hypervolume’, version 1.4.1 (ref. 60), ‘ade4’, version 1.7.4 (ref. 68), ‘gbm’, version 
2.1.1 (ref. 63), ‘bipartite’, version 2.06.1 (ref. 69) and ‘lme4’, version 1.1.12 (ref. 70).

References
1. Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C. & Mace, G. M. Beyond 

predictions: biodiversity conservation in a changing climate. Science 332, 53-58 
(2011) .

2. Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F. Impacts 
of climate change on the future of biodiversity. Ecol. Lett. 15, 365-377 (2012).

3. Blois, J. L., Zametske, P. L., Fitzpatrick, M. C. & Finnegan, S. Climate change 
and the past, present, and future of biotic interactions. Science 341, 499-504 
(2013).

4. HilleRisLambers, J., Harsch, M. A., Ettinger, A. K., Ford, K. R. & Theobald, E. J. 
How will biotic interactions influence climate change-induced range shifts? 
Ann. N Y  Acad. Sci. 1297, 112-125 (2013).

5. Brown, J. H. On the relationship between abundance and distribution of 
species. Am. Nat. 124, 255-279 (1984).

6. Slatyer, R. A., Hirst, M. & Sexton, J. P. Niche breadth predicts geographical 
range size: a general ecological pattern. Ecol. Lett. 16, 1104-1114 (2013).

7. Schweiger, O. et al. Increasing range mismatching of interacting species under 
global change is related to their ecological characteristics. Glob. Ecol. Biogeogr. 
21, 88-99 (2012).

8. Bascompte, J. & Jordano, P. Plant-animal mutualistic networks: the architecture 
of biodiversity. Annu. Rev. Ecol. Evol. Syst. 38, 567-593 (2007).

9. Stang, M., Klinkhamer, P. G. L. & van der Meijden, E. Size constraints and 
flower abundance determine the number of interactions in a plant-flower 
visitor web. Oikos 112, 111-121 (2006).

10. Pellissier, L. et al. Combining food web and species distribution models for 
improved community projections. Ecol. Evol. 3, 4572-4583 (2013).

NATURE COMMUNICATIONS 17:13965 | DOI: 10.1038/ncommsl3965 | www.nature.com/naturecommunications 7

http://www.nature.com/naturecommunications


ARTICLE NATURE COMMUNICATIONS | DPI: 10.103S/ncomms139'

11. Memmott, J., Waser, N. M. & Price, M. V. Tolerance of pollination networks to 
species extinctions. Proc. Biol. Sci. 271, 2605-2611 (2004).

12. Pocock, M. J. O., Evans, D. M. & Memmott, J. The robustness and restoration 
of a network of ecological networks. Science 335, 973-977 (2012).

13. Pearse, I. S. & Altermatt, F. Extinction cascades partially estimate herbivore 
losses in a complete Lepidoptera-plant food web. Ecology 94, 1785-1794 
(2013).

14. Colwell, R. K., Dunn, R. D. & Harris, N. C. Coextinction and persistence of 
dependent species in a changing world. Annu. Rev. Ecol. Evol. Syst. 43, 183-203 
( 2012) .

15. Saeterberg, T., Sellman, S. & Ebenman, B. High frequency of functional 
extinctions in ecological networks. Nature 499, 468-471 (2013).

16. Kaiser-Bunbury, C. N., Muff, S., Memmott, J., Muller, C. B. & Caflisch, A. The 
robustness of pollination networks to the loss of species and interactions: a 
quantitative approach incorporating pollinator behaviour. Ecol. Lett. 13, 
442-452 (2010).

17. Schwartz, M. W. Using niche models with climate projections to inform 
conservation management decisions. Biol. Conserv. 155, 149-156 (2012).

18. Vazquez, D. et al. The strength of plant-pollinator interactions. Ecology 93, 
719-725 (2012).

19. Gaston, K. J. et al. Abundance-occupancy relationships. J. Appl. Ecol. 37, 39-59
( 2000) .

20. Guo, Q., Brown, J. H., Valone, T. J. & Kachman, S. D. Constraints of seed size 
on plant distribution and abundance. Ecology 81, 2149-2155 (2000).

21. Woodward, G. et al. Body size in ecological networks. Trends Ecol. Evol. 20, 
402-409 (2005).

22. Gaston, K. J. & Blackburn, T. M. Range size-body size relationships: evidence of 
scale dependence. Oikos 75, 479-485 (1996).

23. Stewart, A. J. A. et al. The role of ecological interactions in determining species 
ranges and range changes. Biol. J. Linn. Soc. 115, 647-663 (2015).

24. Schleuning, M., Frund, J. & Garda, D. Predicting ecosystem functions from 
biodiversity and mutualistic networks: an extension of trait-based concepts to 
plant-animal interactions. Ecography 38, 380-392 (2015).

25. Brodie, J. F. et al. Secondary extinctions of biodiversity. Trends Ecol. Evol. 29, 
664-672 (2014).

26. Scherber, C. et al. Bottom-up effects of plant diversity on multitrophic 
interactions in a biodiversity experiment. Nature 468, 553-556 (2010).

27. Albrecht, J. et al. Correlated loss of ecosystem services in coupled mutualistic 
networks. Nat. Commun. 5, 3810 (2014).

28. Schleuning, M., Bohning-Gaese, K , Dehling, D. M. & Burns, K. C. At a loss for 
birds: insularity increases asymmetry in seed-dispersal networks. Glob. Ecol. 
Biogeogr. 23, 385-394 (2014).

29. Traveset, A. et al. Global patterns of mainland and insular pollination networks. 
Glob. Ecol Biogeogr. 25, 880-890 (2016).

30. Petanidou, T., Kallimanis, A. S., Tzanopoulos, J., Sgardelis, S. P. & Pantis, J. D. 
Long-term observation of a pollination network: fluctuation in species and 
interactions, relative invariance of network structure and implications for 
estimates of specialization. Ecol. Lett. 11, 564-575 (2008).

31. Dupont, Y. L., Padron, B., Olesen, J. M. & Petanidou, T. Spatio-temporal 
variation in the structure of pollination networks. Oikos 118,1261-1269 (2009).

32. Stouffer, D. B., Sales-Pardo, M., Sirer, M. I. & Bascompte, J. Evoluti­
onary conservation of species’ roles in food webs. Science 335, 1489-1492 
( 2012) .

33. Trojelsgaard, K, Jordano, P., Carstensen, D. W. & Olesen, J. M. Geographical 
variation in mutualistic networks: similarity, turnover and partner fidelity. Proc. 
R. Soc. B 282, 20142925 (2015).

34. Eklof, A. et al. The dimensionality of ecological networks. Ecol. Lett. 16, 
577-583 (2013).

35. Dehling, D. M., Jordano, P., Schaefer, H. M., Bohning-Gaese, K. & Schleuning, M. 
Morphology predicts species’ functional roles and their degree of specia­
lization in plant-frugivore interactions. Proc. R. Soc. B 283, 20152444 (2016).

36. Burkle, L. A., Marlin, J. C. & Knight, T. M. Plant-pollinator interactions over 
120 years: loss of species, co-occurrence, and function. Science 339, 1611-1615 
(2013).

37. Camicer, J., Jordano, P. & Melian, C. The temporal dynamics of
resource use by ffugivorous birds: a network approach. Ecology 90, 1958-1970 
(2009).

38. Rafferty, N. E. & Ives, A. R. Effects of experimental shifts in flowering 
phenology on plant-pollinator interactions. Ecol. Lett. 14, 69-74 (2011).

39. Buckley, J. & Bridle, J. R. Loss of adaptive variation during evolutionary 
responses to climate change. Ecol. Lett. 17, 1316-1325 (2014).

40. Meusel, H., Jager, E. J. & Weinert, E. Vergleichende Chorologie der 
zentraleuropdischen Flora, Karten, Band I  (VEB Gustav Fischer Verlag, 1965).

41. Meusel, H., Jager, E. J., Rauschert, S. & Weinert, E. Vergleichende Chorologie der 
zentraleuropdischen Flora, Karten, Band II  (VEB Gustav Fischer Verlag, 1978).

42. Meusel, H. et al. Vergleichende Chorologie der zentraleuropdischen Flora, 
Karten, Band III (Gustav Fischer Verlag, 1992).

43. Tralau, H. Index Holmiensis 1-5 (Stockholm, 1969-1981).

44. Lundqvist, J. & Nordenstam, B. Index Holmiensis 6 (Stockholm, 1988).
45. Lundqvist, J. Index Holmiensis 7 (Stockholm, 1992).
46. Lundqvist, J. & Jager, E. J. Index Holmiensis 8-10 (Stockholm, 1995-2007).
47. Rasmont, P. et al. Atlas of the European Bees: genus Andrena 1st edn (STEP 

Project, Atlas Hymenoptera, 2013). http://www.atlashymenoptera.net/ 
page.asp?id=243.

48. Patiny, S. Atlas of the European Bees: genera Panurgus and Panurginus (STEP 
Project, Atlas Hymenoptera, 2012). http://www.atlashymenoptera.net/ 
page.asp?ID=228, http://www.atlashymenoptera.net/page.asp?id=232.

49. Rasmont, P. et al. Climatic risk and distribution atlas of European bumblebees. 
Biorisk 10, 1-246 (2015).

50. Terzo, M. & Rasmont, P. Atlas o f the European Bees: genus Ceratina (STEP 
Project, Atlas Hymenoptera, 2011). http://www.atlashymenoptera.net/ 
page.asp?id=192.

51. Pauly, A. & Patiny, S. Atlas o f the European Bees: genus Dufourea (STEP 
Project, Atlas Hymenoptera 2011). http://www.atlashymenoptera.net/ 
page.asp?id=209.

52. Pauly, A. Atlas o f the European Bees: genera Halictus, Lasioglossum, Nomioides 
and Sphecodes (STEP Project, Atlas Hymenoptera 2011). http:// 
www.atlashymenoptera.net/page.asp?id=199; id =  200; id =  204; id =  207.

53. Michez, D. Atlas of the European Bees: genera Dasypoda and Melitta. (STEP 
Project, Atlas Hymenoptera 2012). http://www.zoologie.umh.ac.be//hymenoptera/ 
page.asp?ID=195, http://www.atlashymenoptera.net/page.asp?id=197.

54. Gusenleitner, F. & Schwarz, M. Weltweite Checkliste der Bienengattung 
Andrena mit Bemerkungen und Erganzungen zu palaarktischen Arten 
(Hymenoptera, Apidae, Andreninae, Andrena). Entomofauna. (Suppl 12), 
1-1280 (2002).

55. Wiemers, M., Harpke, A., Schweiger, O. & Settele, J. LepiDiv database 
(Helmholtz Centre for Environmental Research-UFZ & Gesellschaft fur 
Schmetterlingsschutz (GfS) 2015). http://www.ufz.de/lepidiv.

56. Kudrna, O. et al. Distribution Atlas o f Butterflies in Europe (Gesellschaft fur 
Schmetterlingsschutz, 2011).

57. Vujic, A. et al. European Syrphidae (Diptera) Distribution Database (University 
of Novi Sad, Faculty of Sciences, Department of Biology and Ecology, 2012). 
http://www.dbe.uns.ac.rs/files/58/syrphiddistributiondatabase.zip.

58. BirdLife International and NatureServe. Bird Species Distribution Maps o f the 
World (BirdLife International and NatureServe, 2014).

59. Hijmans, R. J. et al. Very high resolution interpolated climate surfaces for global 
land areas. Int. J. Climatol. 25, 1965-1978 (2005).

60. Blonder, B., Lamanna, C., Violle, C. & Enquist, B. J. The «-dimensional 
hypervolume. Glob. Ecol. Biogeogr. 23, 595-609 (2014).

61. Doledec, S., Chessel, D. & Gimaret-Carpentier, C. Niche separation in 
community analysis: a new method. Ecology 81, 2914-2927 (2000).

62. Thuiller, W., Lavorel, S., Midgley, G., Lavergne, S. & Rebelo, T. Relating plant 
traits and species distributions along biodimatic gradients for 88 Leucadendron 
taxa. Ecology 85, 1688-1699 (2004).

63. Elith, J., Leathwick, J. R. & Hastie, T. A working guide to boosted regression 
trees. J. Anim. Ecol. 77, 802-813 (2008).

64. Allouche, O., Tsoar, A. & Kadmon, R. Assessing the accuracy of species 
distribution models: prevalence, kappa and the true skill statistic (TSS). J. Appl. 
Ecol. 43, 1223-1232 (2006).

65. Flato, G. et al. in Climate Change 2013: The Physical Science Basis. Contribution 
of Working Group I  to the Fifth Assessment Report o f the Intergovernmental 
Panel on Climate Change (eds Stocker, T. F. et al.) (Cambridge University Press, 
2013).

66. Bersier, L. F., Banasek-Richter, C. & Cattin, M. F. Quantitative descriptors of 
food-web matrices. Ecology 83, 2394-2407 (2002).

67. Bluthgen, N., Menzel, F. & Bluthgen, N. Measuring specialization in species 
interaction networks. BMC Ecol. 6, 9 (2006).

68. Dray, S. & Dufour, A. B. The ade4 package: implementing the duality diagram 
for ecologists. J. Stat. Soft. 22, 1-20 (2007).

69. Dormann, C. F., Gruber, B. & Friind, J. Introducing the bipartite package: 
analysing ecological networks. R News 8, 8-11 (2008).

70. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects 
models using lme4. J. Stat. Soft. 67, 1-48 (2015).

Acknowledgements
We thank Aidin Niamir for compiling data on current and future climates. M.S., K.B.-G., 
D.M.D. and T.H. received support from the research funding programme ‘LOEWE- 
Landes-Offensive zur Entwicklung Wissenschaftlich-okonomischer Exzellenz’ of Hesse’s 
Ministry of Higher Education, Research and the Arts. J.F. was supported by a DFG 
research fellowship (FR3364/1-1). O.S., D.M., P.R., J.S., M.W. and A.V. received funds 
from FP7-STEP ‘Status and Trends of European Pollinators’ project. O.S. and D.M. also 
acknowledge support from the EU COST Action Super-B. J.A. received funds from the 
German Academic exchange service. M.B., N.E., A.K. and A.S. received funds from DBU 
(German Federal Environmental Foundation) and the German Federal Ministry of 
Education and Research. G.B. received funding through the Bavarian research coop­
eration ‘Climatic Impacts on Ecosystems and Climatic Adaptation Strategies’

8 NATURE COMMUNICATIONS 17:13965 | DOI: 10.1038/ncommsl3965 | www.nature.com/naturecommunications

http://www.atlashymenoptera.net/
http://www.atlashymenoptera.net/
http://www.atlashymenoptera.net/page.asp?id=232
http://www.atlashymenoptera.net/
http://www.atlashymenoptera.net/
http://www.atlashymenoptera.net/page.asp?id=199
http://www.zoologie.umh.ac.be//hymenoptera/
http://www.atlashymenoptera.net/page.asp?id=197
http://www.ufz.de/lepidiv
http://www.dbe.uns.ac.rs/files/58/syrphiddistributiondatabase.zip
http://www.nature.com/naturecommunications


NATURE COMMUNICATIONS | DPI: 10.1038/ncomms13965 ARTICLE

(FORKAST). N.B. and C.N.W. received funds from the DFG Priority Program 1374 
‘Infrastructure-Biodiversity-Exploratories’. D.M. and P.R. received funds from FNRS 
(Belgium) ‘Web-impact’ and from BELSPO ‘Belbees’ projects.

Author contributions
M.S., J.F., O.S., N.B., K.B.-G., D.M.D., C.F.D., T.H., I.K. and C.H. conceived general ideas. 
O.S., E.W., H.B., A.H., M.K., I.K., D.M., S.M.-S., P.R., J.S., A.V., M.W. and C.H. con­
tributed distribution data. M.S., J.F., J.A., M.A., M.B., G.B., N.B., N.E., N.F., A.K., M.P., 
A.S. and C.N.W. contributed network data. M.S., J.F., O.S., E.W. and C.H. analysed the 
data. M.S. and C.H. wrote the manuscript. All authors discussed the results and com­
mented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/ 
naturecommunications

Reprints and permission information is available online at http://npg.nature.com/ 
reprintsandpermissions/

How to cite this article: Schleuning, M. et al. Ecological networks are more sensitive to 
plant than to animal extinction under climate change. Nat. Commun. 7, 13965 doi: 
10.1038/ncomms13965 (2016).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 
International License. The images or other third party material in this 

article are included in the article’s Creative Commons license, unless indicated otherwise 
in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. 
To view a copy of this license, visit http://creativecommons.Org/licenses/by/4.0/

Competing financial interests: The authors declare no competing financial interests. ©  The Author(s) 2016

NATURE COMMUNICATIONS 17:13965 | DOI; 10.1038/ncomms13965 | www.nature.com/naturecommunications 9

http://www.nature.com/
http://npg.nature.com/
http://creativecommons.Org/licenses/by/4.0/
http://www.nature.com/naturecommunications



