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Intercropping involves growing two, or more, annual crop
species at the same time in the same field, aiming at better
resource use efficiency and greater productivityl'’l. For
instance, intercropping of maize with wheat, faba bean,
soybean, chickpea or oilseed rape, and wheat with faba bean are
the predominant systems for multiple benefits practiced widely
). The
performance of intercropping systems has been well studied,

by farmers, especially in north-west China (

focusing mainly on yields and resources utilization[*~°1. Recent
work has suggested that countries with higher number of
effective crop groups and crop diversity tend to have greater
inter-annual stability of national total agricultural yields[l.
beyond in-season benefits, long-term yield
advantages, stability and soil fertility have received little

However,

attention in intercropping research.

In a new paper published in Nature Sustainability entitled
“Long-term increased grain yield and soil fertility from
(10-16 years)
experiments on soils of differing fertility in Gansu and Ningxia

intercropping”’l, using four long-term
in China, Li et al. reported that grain yields in intercropped
systems were on average 22% greater than those in matched
monocultures and exhibited greater inter-annual stability. This
field-level result is consistent with the effects of plant diversity
on temporal stability observed in grasslands(*-'‘] and
forests!''], and in line with the results at the national scalel"l. In
addition, yields of both intercropping and monoculture were
increased over time in a decade scale, with intercropped yields

increasing by an average of 2.5% per year, but monoculture

yields of these same crops increased by only 1.7% per year.
These results reveal that intercropping could increase yield
benefits compared with monoculture over a longer time scale.

Maintaining and enhancing soil fertility are key goals for
agricultural productivity and sustainability. Li et al. reported
that in addition to N fertilization effects, long-term field
intercropping increased large soil macroaggregates (> 2 mm)
compared with monocultures, while simultaneously declining
the abundance of the smaller classes of soil aggregates,
that
transformation of small soil aggregates into larger ones[’l.
Large soil aggregates produced by intercropping might be a
possible mechanism driving the long-term increase in the

indicating intercropping may  accelerate  the

yields!'?l. Additionally, intercropping enhances soil C and N,
especially on infertile soils, such as Hongsibu and Jingtan
sitesl’], which is consistent with the effects of higher plant
diversity in perennial grasslands!'*='"1.

For farmers, economic benefits likely dominate the choice of
crop and cropping system, rather than higher yields, greater
stability or environmental benefits. Across the study period
and the experimental sites, the majority of maize-based
intercropping (except for soybean and maize intercropping)
increased estimated net farmer profits by 24%-75% with a
mean of 47%, equivalent to about 645 USD-ha~! across four
when compared with the two

intercropping systems,

corresponding monocultures!].
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Fig. 1 Intercropping of faba bean and maize (a), wheat and maize (b), wheat and faba bean (c), oilseed rape and maize (d), soybean and
maize (e), chickpea and maize (f) practiced by farmers widely in north-west China (Photos credit: Long Li).
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Intercropping promotes multiple benefits by retaining yields
while reducing chemical fertilizer application by 19%-36%!",
decreasing pesticide use on crop pests, parasitoids!'®l and
diseases!'’], and improving pollination!'?l. Overall, the new
study highlights that widespread adoption of intercropping
might increase crop yields, long-term soil fertility and stability,
increasing crop production and its long-term sustainability.
However, intercropping may be challenging to implement in

REFERENCES

1. Brooker R W, Bennett A E, Cong W F, Daniell T ], George T S,
Hallett P D, Hawes C, Iannetta P P M, Jones H G, Karley A J, Li
L, McKenzie B M, Pakeman R J, Paterson E, Schéb C, Shen J,
Squire G, Watson C A, Zhang C, Zhang F, Zhang ], White P J.
Improving intercropping: a synthesis of research in agronomy,
plant physiology and ecology. New Phytologist, 2015, 206(1):
107-117

2.Li L, Liu Y X, Li X F. Intercropping to maximize root-root
interactions in agricultural plants. In: Rengel Z, Djalovic I, eds.
The Root Systems in Sustainable Agricultural Intensificatio.
Hoboken: Wiley Blackwell, 2021, 309-328

3. LiL,Li SM, SunJ H, Zhou L L, Bao X G, Zhang H G, Zhang F
S. Diversity enhances agricultural productivity via rhizosphere
phosphorus facilitation on phosphorus-deficient soils. Proceedings
of the National Academy of Sciences of the United States of
America, 2007, 104(27): 11192—11196

4. LiB,LiYY,WuHM, Zhang F F, Li CJ, Li X X, Lambers H, Li
L. Root exudates drive interspecific facilitation by enhancing
nodulation and N, fixation. Proceedings of the National
Academy of Sciences of the United States of America, 2016,
113(23): 6496—6501

5. Li C, Hoffland E, Kuyper T W, Yu Y, Zhang C, Li H, Zhang F,
van der Werf W. Syndromes of production in intercropping
impact yield gains. Nature Plants, 2020, 6(6): 653—660

6. Renard D, Tilman D. National food production stabilized by
crop diversity. Nature, 2019, 571(7764): 257—260

7. LiX F, Wang Z G, Bao X G, Sun ] H, Yang S C, Wang P, Wang
CB,Wu]J P, LiuXR, Tian X L, Wang Y, Li ] P, Wang Y, Xia H
Y, Mei P P, Wang X F, Zhao J H, Yu R P, Zhang W P, Che Z X,
Gui L G, Callaway R M, Tilman D, Li L. Long-term increased
grain yield and soil fertility from intercropping. Nature
Sustainability, 2021 doi: 10.1038/s41893-021-00767-7

8. Tilman D, Reich P B, Knops ] M H. Biodiversity and ecosystem
stability in a decade-long grassland experiment. Nature, 2006,
441(7093): 629-632

9. Roscher C, Weigelt A, Proulx R, Marquard E, Schumacher J,
Weisser W W, Schmid B. Identifying population- and
community-level mechanisms of diversity-stability relationships
in experimental grasslands. Journal of Ecology, 2011, 99(6):
1460—1469

machine-intensive, large-scale modern agriculture because
appropriate large equipment is not commercially available for
planting and harvesting various crop mixtures grown with strip
intercropping. Thus, for those combinations of in-demand
crops for which intercropping offers yield, environmental or
economic benefits, the rapid development of appropriate
machinery and adoption of intercropping could offer multiple
societal benefits.

10. Zhou B R, Li S, Li F, Dong S K, Ma F L, Zhu S C, Zhou H K,
Stufkens P. Plant functional groups asynchrony keep the
community biomass stability along with the climate change—a
20-year experimental observation of alpine meadow in eastern
Qinghai-Tibet Plateau. Agriculture, Ecosystems & Environment,
2019, 282: 49-57

11. Schnabel F, Schwarz J A, Dé nescu A, Fichtner A, Nock C A,
Bauhus J, Potvin C. Drivers of productivity and its temporal
stability in a tropical tree diversity experiment. Global Change
Biology, 2019, 25(12): 42574272

12. Tiemann L K, Grandy A S, Atkinson E E, Marin-Spiotta E,
McDaniel M D. Crop rotational diversity enhances
belowground communities and functions in an agroecosystem.
Ecology Letters, 2015, 18(8): 761-771

13. Lange M, Eisenhauer N, Sierra C A, Bessler H, Engels C,
Griffiths R I, Mellado-Vazquez P G, Malik A A, Roy J, Scheu S,
Steinbeiss S, Thomson B C, Trumbore S E, Gleixner G. Plant
diversity increases soil microbial activity and soil carbon
storage. Nature Communications, 2015, 6(1): 6707

14. Dybzinski R, Fargione J E, Zak D R, Fornara D, Tilman D. Soil
fertility increases with plant species diversity in a long-term
biodiversity experiment. Oecologia, 2008, 158(1): 85-93

15. Cong W F, van Ruijven J, Mommer L, De Deyn G B, Berendse
F, Hoffland E. Plant species richness promotes soil carbon and
nitrogen stocks in grasslands without legumes. Journal of
Ecology, 2014, 102(5): 1163—1170

16. Wan N F, Zheng X R, Fu L W, Kir L P, Zhang Z, Chaplin-
Kramer R, Dainese M, Tan J, Qiu S Y, Hu Y Q, Tian W D, Nie
M, JuR T, Deng J Y, Jiang ] X, Cai Y M, Li B. Global synthesis
of effects of plant species diversity on trophic groups and
interactions. Nature Plants, 2020, 6(5): 503—510

17. Zhu Y, Chen H, Fan J, Wang Y, Li Y, Chen ], Fan ], Yang S, Hu
L, Leung H, Mew T W, Teng P S, Wang Z, Mundt C C. Genetic
diversity and disease control in rice. Nature, 2000, 406(6797):
718-722

18. Isbell F, Adler P R, Eisenhauer N, Fornara D, Kimmel K,
Kremen C, Letourneau D K, Liebman M, Polley H W, Quijas S,
Scherer-Lorenzen M. Benefits of increasing plant diversity in
sustainable agroecosystems. Journal of Ecology, 2017, 105(4):
871-879


https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41477-020-0680-9
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/nature04742
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1111/j.1365-2745.2011.01875.x
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1016/j.agee.2019.06.002
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/gcb.14792
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1111/ele.12453
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1007/s00442-008-1123-x
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/s41477-020-0654-y
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1038/35021046
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789
https://doi.org/10.1111/1365-2745.12789

