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Supplementary Figures



Supplementary Figure 1. Relative importance of 21 predictors determining the effect of legume
pre-crops on main crop yield. The meta-forest models were fitted with different numbers of
moderators by removing the variables containing missing values. a, 21 predictors, n = 5676 (208
studies). b, 20 predictors (no variable “‘main crop residue management’), n = 6435 (252 studies). c,
20 predictors (no variable ‘irrigation’), n = 8256 (297 studies). d, 19 predictors (no variable ‘main
crop residue management’ and ‘irrigation’), n = 9751 (378 studies). The meta-forest analysis
demonstrated that predictors ‘main crop residue management’ and ‘irrigation” had a relatively small
impact, whereas N fertilizer rate and crop diversity were always the most important predictors
describing the response of main crop yield to legume-based crop rotation.



Supplementary Figure 2. Natural log of main crop yield ratios (main crop cultivated after legume
pre-crops/main crop cultivated after non-legume pre-crops) as a function of the nitrogen (N)
fertilizer rate (kg N ha™') applied to main crops. Linear relationships of N fertilizer rate and the
natural log yield ratios of specific main crop species were fitted using a linear regression model. The
blue curve in each panel indicates the average responses with their 95% confidence intervals
indicated by shading.



Supplementary Figure 3. Natural log of main crop yield ratios (main crop cultivated after legume
pre-crops/main crop cultivated after non-legume pre-crops) as a function of the crop diversity
(defined as number of crop species x number of crop functional groups x number of crop species
per year) of main cropping systems. Linear relationships of crop diversity and the natural log yield
ratios of specific main crop species were fitted using a linear regression model. The blue curve in
each panel indicates the average responses with their 95% confidence intervals indicated by shading.



Supplementary Figure 4. The log yield response ratio (yield of crops following legumes vs.
nonlegumes) decreased with increasing yield levels with a more pronounced pre-crop effect at low
N fertilizer rate. The dashed horizontal and vertical lines were drawn at INRR = 0 and averaged grain
yield of each crop, respectively. The solid lines and shading area represent the smoothed conditional
average response and their 95% confidence intervals fitted by local weighted regression using *“loess”
function in R.



Supplementary Figure 5. Comparison of main crop yield in legume- versus non-legume-based
cropping systems among functional groups of main crop species. Dots and horizontal bars represent
overall effect sizes from a meta-analysis and 95% confidence intervals around the means. For each
functional group, the number of observations is shown, with the number of studies in parentheses.
Linear mixed-effect models used Satterthwaite approximation for degrees of freedom. P values,
derived from the linear mixed model with the functional group as the fixed effect and study as the
random effect, represent the significance of the difference in yield advantages among main crop
types.



Supplementary Figure 6. Meta-analysis of legume pre-crop effects on main crop yield mediated
by management and soil factors. For each sub-group, the number of observations is shown, with the
number of studies in parentheses. Dots and horizontal bars represent overall effect sizes from a meta-
analysis and 95% confidence intervals (Cls). Linear mixed-effect models used Satterthwaite
approximation for degrees of freedom. Error bar does not overlap 0 means significant increase at P
< 0.05. The mean effect sizes between groups were significantly different if their 95% ClIs did not
overlap with each other. Effect sizes were calculated and analyzed using log response-ratios, which
were back-transformed and converted to percentage change.



Supplementary Figure 7. PRISMA diagram showing the process of locating publications included
in the present meta-analysis.

Supplementary Figure 8. Funnel plots for log-response ratios of yield under legume- versus
nonlegume-based cropping system.



Supplementary Table

Supplementary Table 1. Legume crop species, sample size, and their pre-crop effect on main crop
yield, irrespective of main crop species

Number of ~ Number of  Effect on
Common name Scientific name data pairs studies yield (%) Cl %
Soybean Glycine max 3040 175 15.9 13.1t0 18.6
Pea Pisum sativum 1866 69 214 18.1to 24.6
Alfalfa Medicago sativa 972 48 18.8 15.21022.3
Faba bean Vicia faba 936 31 215 17.6 to 25.4
Chickpea Cicer arietinum 793 30 12.8 9.21t016.3
Clover Trifolium 708 40 235 19.6 to 27.4
Lentil Lens culinaris 671 29 15.4 11.810 19.0
Mixture - 528 15 20.7 16.1t0 25.3
Vetch Vicia 387 50 28.5 23.91033.0
Lupine Lupinus 381 22 29.3 24.2t034.4
Common bean Phaseolus vulgaris 326 17 145 9.5t019.5
Cowpea Vigna unguiculata 305 32 28.7 22.81t034.5
Mungbean Vigna radiata 194 21 14.2 8.71019.7
Peanut Arachis hypogaea 132 21 19.2 12.0to0 26.3
Pigeon pea Cajanus cajan 126 15 324 23.8t041.0
Lablab Lablab purpureus 98 8 37.2 28.1t046.2
Seshania Sesbania 59 8 30.3 19.5t041.1
Black gram Vigna mungo 37 6 16.0 3.7t028.3
Mucuna Mucuna 37 7 58.6 431t074.1
Sunn hemp Crotalaria juncea 37 5 25.7 12.6t0 38.8
Medic - 31 6 19.0 11.3t0 26.7
Crotalaria Crotalaria 24 4 60.4 33.6t087.1
Acacia angustissima Acaciella angustissima 12 2 26.3 2.41t050.1
Desmanthus virgatus Desmanthus virgatus 11 1 -2.3 -20.3t0 15.8
Misc. forage - 10 1 67.7 20.0t0 115.3
Lima bean Phaseolus lunatus 9 1 339 2.0t065.8
Jackbean Canavalia ensiformis 7 1 68.1 23.61t0112.6
Psophocarpus
Winged bean tetragonolobus 6 1 53.5 1150 95.4
Cyamopsis tetragonoloba

Cluster bean 4 2 15 -18.5t021.5
Lathyrus Lathyrus 4 2 30.2 11.4t0 49.0



-12.8to

Centrosema pascuorum Centrosema pascuorum 3 1 56.7 126.1
Chamaecrista rotundifolia Chamaecrista

rotundifolia 3 1 145.8 36.9 to 254.7
Stylosanthes Stylosanthes 3 1 85.9 3.510168.2

Supplementary Table 2. Main crop species, sample size, and their yield response to legume
precrops, irrespective of legume crop species.

Number of Number of Effect on

Common name Scientific name data pairs studies yield (%) Cl%
Wheat Triticum aestivum 5147 137 14.6 11410 17.7
Maize Zea mays 3595 175 28.9 25.5t032.2
Barley Hordeum vulgare 740 36 14.9 10.41t019.4
Sorghum Sorghum bicolor 640 33 28.4 22.81034.0
Rapeseed Brassica napus 440 11 3.9 0.0t07.8
Rice Oryza sativa 373 40 18.8 11910 25.6
Millet Panicum miliaceum 177 10 17.0 10.1t0 23.9
Potato Solanum tuberosum 164 9 13.6 40t023.1
Sunflower Helianthus 82 3 218 14.0t0 29.5
Cotton Gossypium 57 6 -1.3 -12.0t0 9.5
Oat Avena sativa 49 4 -0.2 -8.5t08.2
Buckwheat Fagopyrum esculentum 42 1 5.4 -3.5t014.2
Safflower Carthamus tinctorius 42 1 34 -5.6t012.4
Crambe Crambe 41 1 -1.2 -9.9t07.6
Flax Linum usitatissimum 41 1 1.9 -7.1t010.8
Triticale Triticosecale 40 3 26.5 15.3t0 37.7
Sugarcane Saccharum 26 3 8.9 -20.31t0 38.1
Rye Secale cereale 20 5 26.5 9.2t043.8
Cuphea Cuphea 12 1 18.9 2.51t035.2
Cassava Manihot esculenta 9 1 -9.7 -44.810 25.4
Sudan grass Sorghum sudanense 8 1 30.6 -17.4t0 78.5
Quinoa Chenopodium quinoa 4 2 -7.5 -32.0t017.1
Sugar beet Beta vulgaris 4 1 52.1 -7.6t0111.8
Tobacco Nicotiana tabacum 4 1 13.3 -35.3t061.8
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Mustard
Poa pratensis
Sweet potato

Teff

Brassica juncea
Poa pratensis
Ipomoea batatas

Eragrostis tef

3 1
3 1
3 1
2 1

20.0 -6.2t046.1
212 -33.4t075.8
45 -35.1t044.1
16.4 -23.1t055.8

Supplementary Table 3. List of predictors used to examine the effect of legume-based rotations

Predictor Class Definition Source
Latitude Temperate 30°-66° Reported in papers, Google map
Subtropical ~ 20°-30°
Tropical 0°-20°
Altitude - Altitude of study site Reported in papers
Mean annual Long-term mean annual temperature R di WorldCli v 2.1
temperature (MAT) - eported in papers, WorldCli v 2.
Mean annual Long-term mean annual R di WorldCli v 2.1
precipitation (MAP) ) precipitation eported in papers, WorldCli v 2.
Arid ind MAP divided by potential R di WorldCli v 2.1
rid index - evapotranspiration eported in papers, WorldCli v 2.
pH - Soil pH of top soil Reported in papers, HWSD v 1.2
Soil organic carbon Soil organic carbon content in top R di HWSD v 1.2
(SOC) - soil (g kg™ eported in papers, v 1
Total ni ™ Soil total nitrogen concentration in R di HWSD v 1.2
otal nitrogen (TN) - topsoil (g kg™) eported in papers, v 1.
Soil texture Following USDA textural Reported in papers, HWSD v 1.2
Coarse classification of soils
Medium
Fine
Pre-crop species - Preceding legume crop species Reported in papers
Pre-crop purpose Seed Preceding legume crop purpose Reported in papers
Green
manure
Fodder
Pre-crop residue )
management Retain
Remove Reported in papers

Main crop species

Subsequent main crop species

Reported in papers

Main crop type

Cereal Roots
and tubers
Oilseed
Sugar crop
Fiber crop
Fodder crop

Following FAO definitions
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Main cropping system

diversity

Crop diversity of the main cropping system calculated using equation (1)

Nitrogen fertilization

Nitrogen fertilization rate on main
- Reported in papers

crop (kg ha)
Irrigation Irrigated Irrigation or not for main crop Reported in papers
Rainfed
Conservation tillage or not for main
Conservation tillage Yes Reported in papers
crop
No
Main crop residue Subsequent main crop residue
management Retain Reported in papers
management
Remove

WorldCli v 2.1: WorldClim version 2.1 climate data for 1970-2000 (https://worldclim.org/data/worldclim21.html);

HWSD v 1.2: Harmonized World Soil Database v 1.2 (http://www.fao.org/soils-portal/data-hub/soil-maps-

anddatabases/harmonized-world-soil-database-v12/en/)

Supplementary Table 4. Description of paired cropping sequences in the initial cropping system and after
legume inclusion and the example for the calculation of crop diversity of the initial cropping system.

Number  Number
After legume Number of crop  of crops

Initial cropping inclusion (legume-  of cro crop References
system (nonlegume) based) : s ecie'z functional  PEMYeaT gy ersity
P groups
Bonciarelli
wheat-wheat pea-wheat 1 1 1 1 etal., 2016
) Bonciarelli
maize-wheat pea-wheat 2 1 1 2 etal., 2016
] ] soybeanmaize/wheat Gaoetal.,
maize-maize/wheat 1 1.5 3 2014
Bonciarelli
sunflower-wheat pea-wheat 2 2 1 4 etal.. 2016
timothy-rye- clover-rye- Ingver et al.,
wheatbarley wheatbarley 4 1 1 4 2018
Studdert &
sur?flower- soy_bean- 3 5 1 6 Echeverria,
maizewheat maizewheat
2000
Alvaro-
rapeseed-barleywheat vetch-barleywheat 3 2 1 6 Fuentes et
al., 2009
) Cicek et al.,
radish/wheat clover/wheat 2 2 2 8 2014
oat-barleyrapeseed-  pea-wheatrapeseed- Christen et
wheat wheat 4 2 1 8 al., 1992
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) peanutwheat/maize
potato-wheat/maize

buckwheatsunflower- chickpeasunflower-
wheat wheat

rapeseed/rice/rice milkvetch/rice/rice

rapeseed- soybean-
maizewheat-tobacco  maizewheat-tobacco

4

3

1.5

1

12

12

Wang et al.,
2020

Tanaka et
al., 2010

Qaswar et
al., 2019

Butorac et
al., 1999

‘-7, annual cropping; ‘/’, multiple cropping; paired initial cropping system (non-legume cropping system)
and after legume inclusion (legume-based cropping system) in a cropping sequence are shown in boldface.

Supplementary Table 5. Performance of the metaforest models fitted with different numbers of
moderators by removing the variables containing missing values.

Number of Number

Number of Removed variable data pairs o studies RMSE Roob2 Revz
variables
21 / 5,676 208 0.1957 0.5053 0.5051
20 main crop residue management 6,435 252 0.1941 0.4987 0.4932
20 Irrigation 8,256 297 0.2024 0.5046 0.4996
Main crop residue management,
19 irrigation 9,751 378 0.2033 0.5135 0.4992
Main crop residue management,
18 irrigation, and pre-crop residue 11,768 462 0.2127 0.4615 0.4592

management

Root mean square error (RMSE) was used to select the optimal model using the smallest value;

Roo»?, out of bag R? of the final model; R..2, cross-validated R? of the final model.
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