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Appendix 1: Assessing the validity of matching in building a counterfactual 
[bookmark: _GoBack]To estimate the effect of the STB program on smallholders’ outcomes, a valid counterfactual is crucial for the sake of comparison. To assess if the sampled non-STB villages were comparable to the pilot STB villages, in Table A1 we first present the comparison of mean differences over a large number of observed covariates of households and villages before and after matching was implemented (Table A1, Columns 1 to 3). We selected these variables because these variables would not be affected by the STB program over time; however, they might affect if a village selected as a STB program village in 2009. Assuming these variables developed in a parallel trend, if no statistically significant difference is observed, we would be more confident about the comparability. 
From Table A1, we noticed that only four out of 16 covariates showed some minor but statistically significant differences. Although the differences in household head’s age, internal locus of control, external locus of control, and number of land pieces were statistically significant, the differences were rather minimal. For instance, the age among household heads were only around 1 year (Table A1, row 3), and the number of farmland pieces was also slightly above 1 piece (Table A1, row 14). These differences relative to their value are rather small.  At village level, none of the observed characteristics were statistically different. When we use the CEM to eliminate the remaining imbalances, one STB village and 59 non-STB villages were dropped from the original sample, and the covariates balance-check showed no statistically significant differences. These results indicate that the STB villages and non-STB villages were rather similar regarding these observed characteristics (particularly after CEM was employed). Given that the STB will not be able to affect these characteristics, and we did not notice any significant event that might be correlated with the STB program, we can safely assume that these variables were developed with a common parallel trend.  
However, there were two specific indicators we were concerned about, which were missing in Table A1. First, if the smallholder’s yields and agricultural inputs (particularly the fertilizer application) were statistically not different before the STB program started in 2009. Although this is not testable, from our interview with the STB program office, we learnt that when the program was designed, it primarily focused on the most typical local rural village with grain production as the main farming activity. They were mostly concerned whether local rural stallholders’ grain production and the use of agricultural inputs were representative of the local agricultural production condition (Zhang et al. 2016). The representativeness of STB villages regarding yields and inputs back in 2009 gives us a rather high-level guarantee that the initial level of yields and input use (particularly fertilizer applications) were comparable to the local non-STB villages. Second, we were concerned that the STB might have some potential impact over smallholders’ off-farm employment. However, interviews with local STB staff and smallholders, together with our statistical comparison in Table A1, show a minimal difference in terms of off-farm employment. Thus, considering all the above analysis and our field interview with local STB staff, we are rather confident that a valid counterfactual has been built for the following empirical analysis.


Table A1: Covariates differences between STB and non-STB villages, before and after matching
	Control covariates
	STB villages
	Non-STB villages
	Mean differences
	STB villages
	Non-STB villages
	Mean differences

	
	(1)
	(2)
	(3)=(1)-(2)
	(4)
	(5)
	(6)=(4)-(5)

	# of villages 
	13
	122
	135
	12
	53
	65

	# of households
	204
	1915
	2119
	188
	834
	1022

	1. Household head’s age, in years
	56.41
	57.89
	-1.49
	56.47
	56.63
	-0.17

	2. 
	(1.23)
	(0.29)
	(1.22)
	(1.33)
	(0.80)
	(1.51)

	3. Household head’s gender, 1=male
	0.95
	0.94
	0.01
	0.95
	0.97
	-0.02

	4. 
	(0.01)
	(0.01)
	(0.01)
	(0.01)
	(0.01)
	(0.02)

	5. Household head’s education, in years
	7.93
	6.86
	1.07***
	7.88
	7.41
	0.46

	6. 
	(0.31)
	(0.10)
	(0.31)
	(0.33)
	(0.13)
	(0.34)

	7. Is household head a village leader, 1=yes
	0.04
	0.06
	-0.02
	0.05
	0.06
	-0.01

	8. 
	(0.02)
	(0.01)
	(0.02)
	(0.02)
	(0.01)
	(0.02)

	9. Household head is a CCP member, 1=yes
	0.11
	0.14
	-0.04
	0.11
	0.16
	-0.05

	10. 
	(0.03)
	(0.01)
	(0.03)
	(0.03)
	(0.01)
	(0.03)

	11. Household head is farming, 1=yes
	0.86
	0.83
	0.02
	0.85
	0.85
	-0.01

	12. 
	(0.03)
	(0.01)
	(0.03)
	(0.03)
	(0.02)
	(0.03)

	13. Household head’s risk preference
	4.44
	4.33
	0.11
	4.46
	4.23
	0.22

	14. 
	(0.22)
	(0.08)
	(0.22)
	(0.24)
	(0.25)
	(0.34)

	15. Household head’s internal locus of control 
	4.98
	4.82
	0.16**
	4.99
	4.91
	0.08

	16. 
	(0.07)
	(0.02)
	(0.07)
	(0.07)
	(0.04)
	(0.08)

	17. Household head’s external locus of control
	2.57
	2.86
	-0.30***
	2.58
	2.70
	-0.12

	18. 
	(0.08)
	(0.03)
	(0.08)
	(0.08)
	(0.03)
	(0.09)

	19. Family size (in # of persons)
	4.86
	4.67
	0.19
	4.81
	4.60
	0.21

	20. 
	(0.17)
	(0.06)
	(0.17)
	(0.17)
	(0.09)
	(0.19)

	21. Household’s durable goods 
	1.71
	1.64
	0.06
	1.70
	1.74
	-0.04

	22. 
	(0.06)
	(0.03)
	(0.06)
	(0.07)
	(0.05)
	(0.08)

	23. Household farmland (in hectares)
	0.56
	0.50
	0.06
	0.55
	0.59
	-0.04

	24. 
	(0.04)
	(0.02)
	(0.04)
	(0.04)
	(0.04)
	(0.06)

	25. Household number of land pieces
	4.52
	3.27
	1.25***
	4.39
	4.18
	0.21

	26. 
	(0.32)
	(0.10)
	(0.33)
	(0.32)
	(0.25)
	(0.40)

	27. # of family member with off-farm job
	1.24
	1.19
	0.05
	1.24
	1.08
	0.16

	28. 
	(0.10)
	0.03
	(0.10)
	(0.10)
	(0.07)
	(0.12)

	29. Has received agri. subsidy, 1=yes
	0.88
	0.86
	0.02
	0.87
	0.88
	-0.01

	
	(0.03)
	(0.01)
	(0.03)
	(0.03)
	(0.02)
	(0.03)

	30. Village population
	1512.51
	1371.62
	140.89
	1505.06
	1576.96
	-71.90

	
	(218.15)
	(77.54)
	(224.25)
	(237.41)
	(184.74)
	(294.22)

	31. Per capita farmland (hectare per person)
	0.11
	0.10
	0.01
	0.11
	0.10
	0.01

	
	(0.01)
	(0.01)
	(0.01)
	(0.01)
	(0.01)
	(0.02)

	32. Percentage of agri. labor (%) 
	0.92
	0.96
	-0.03
	0.92
	0.98
	-0.06

	
	(0.05)
	(0.01)
	(0.05)
	(0.05)
	(0.01)
	(0.05)

	33. Distance to the township seat, in km
	3.93
	3.81
	0.12
	4.05
	4.59
	-0.54

	
	(0.64)
	(0.23)
	(0.66)
	(0.68)
	(0.83)
	(1.06)

	34. Distance to the county seat, in km
	13.76
	12.57
	1.19
	13.65
	13.86
	-0.21

	
	(1.31)
	(0.69)
	(1.44)
	(1.42)
	(1.78)
	(2.25)

	35. # of irrigation wells
	14.09
	20.13
	-6.03
	14.53
	20.10
	-5.57

	
	(3.92)
	(1.34)
	(4.01)
	(4.24)
	(3.35)
	(5.29)

	36. Migration rate within the village (%) 
	26.43
	28.16
	-1.73
	28.34
	30.50
	-2.16

	
	(5.12)
	(1.65)
	(5.21)
	(5.17)
	(5.83)
	(7.67)


Note: Robust clustered-standard errors in parentheses, *** p<0.01, ** p<0.05, * p<0.1. 
Data source: author’s survey in 2018.
Appendix 2: Sensitivity analysis with Rosenbaum bounds analysis
The use of matching could greatly reduce the bias in estimation, however, it provides no assurance that the assignment of the STB meets the CIA due to unobserved covariates (or hidden-bias, Imbens 2004; Ichino et al. 2008; Rosenbaum 2012). The above covariates balance check after matching has greatly reduced the potential bias due to observable covariates. To further examine if there exist unobservable covariates, which might bias our estimation (as the “hidden bias”), in the following analysis we conduct a serial sensitivity analysis with Rosenbaum bounds analysis. 
Rosenbaum’s sensitivity analysis relies on the sensitivity of our empirical results regarding the degree of departure from random assignment of treatment, which is measures by the parameter Γ (Rosenbaum 2002). In a randomized controlled trail, randomization guarantee that no hidden bias, thus Γ=1. In an observational study, due to the potential unobserved covariates, treatment group and control group might differ in the odds of receiving the treatment. However, instead of directly finding and testing if there are unobserved covariates which might bias the estimation, the Rosenbaum bounds analysis examine to what extent the unobserved covariates might significantly bias our estimation. In other words, the Rosenbaum bounds analysis quantitatively examine how robust of our matching results are towards the hidden bias due to unobserved confounder (DiPrete and Gangl 2004). 
In our paper we conducted the Rosenbaum bounds analysis with rbounds in Stata 13, and with the degree of departure (parameter Γ) maximum 50 percent higher likely to receive the STB program. Specifically, in Table A2 we present the bounds analysis with smallholders’ wheat and maize yield (Table 4 in the manuscript). Given that we found that STB program has a significant positive effect on smallholders’ wheat yield but not on maize yield, in the bounds analysis we found that the significant positive effect regarding wheat yield is persistent even with the presence of  Γ=1.40, and the upper bounds H-L point estimates is around 0.103 (Table A2, column 1). If Γ>1.40, then the Upper-bounds W-S rank p-value becomes large than 0.1 significance level.  This result indicates that unless there is an unobserved confounder which could affect the odds of receiving STB program 40% higher than the matched control group, then we might need to worry about the inference of our result from the matching analysis. Regarding the result about smallholders’ maize yield, given that we found no significant positive effect of STB, the bounds analysis show that even at Γ=1, the p-value is higher than 0.1 significance level. On the other hand, we are also less concerned about the overestimation (or underestimation) if no significant effect has been found. 
Results in Table A3 shows that the effect of STB on smallholders’ Phosphorus use efficiency (PUE) and Potassium use efficiency (KUE) are robust even with the presence of  Γ=1.40 (Table A3, panel 2 and 3), this is particularly in wheat production. Thus, we are more confident about our findings. Regarding the effects on smallholders’ NUE, the effect is rather weak (Γ=1.10) in wheat production, and not significant in maize production. Table A4 further shows the bounds analysis regarding smallholders’ base fertilizer application. Results shows that our findings are rather robust even with the Γ>1.50. Regarding the results of top-dressing of wheat production, we find that it is robust till when Γ>1.25 (Table A4, panel 2). Thus, from the Rosenbaum analysis, we are rather confident about the findings we have derived in the paper with the matching method.   

Reference： 
Rosenbaum, P. R. (2002). Observational Studies. 2nd Edition. New York: Springer.
DiPrete, T. A. and Gangl, M. (2004).  Assessing bias in the estimation of causal effects: Rosenbaum bounds on matching estimators and instrumental variables estimation with imperfect instruments. Discussion Paper SP I 2004-101. Berlin: WZB. 


Table A2：Rosenbaum bounds analysis of the effect of STB on smallholders’ wheat and maize productivity. 
	
	U-bound H-L point estimate
	L-bound H-L point estimate
	U-bound W-S rank p-value
	L-bound W-S rank p-value

	
	(1)
	(2)
	(3)
	(4)

	
	Wheat yield, normalized

	Γ=1
	0.243
	0.243
	0.000
	0.001

	Γ=1.05
	0.229
	0.258
	0.001
	0.000

	Γ=1.10
	0.213
	0.273
	0.003
	0.000

	Γ=1.15
	0.194
	0.284
	0.006
	0.000

	Γ=1.20
	0.175
	0.296
	0.012
	0.000

	Γ=1.25
	0.162
	0.308
	0.021
	0.000

	Γ=1.30
	0.139
	0.320
	0.035
	0.000

	Γ=1.35
	0.122
	0.330
	0.055
	0.000

	Γ=1.40
	0.103
	0.341
	0.082
	0.000

	Γ=1.45
	0.088
	0.349
	0.117
	0.000

	Γ=1.50
	0.071
	0.360
	0.159
	0.000

	
	Maize yield, normalized

	Γ=1
	0.050
	0.050
	0.275
	0.275

	Γ=1.05
	0.025
	0.079
	0.377
	0.189

	Γ=1.10
	0.002
	0.105
	0.483
	0.124

	Γ=1.15
	-0.018
	0.129
	0.586
	0.079

	Γ=1.20
	-0.035
	0.147
	0.679
	0.048

	Γ=1.25
	-0.052
	0.166
	0.759
	0.028

	Γ=1.30
	-0.069
	0.180
	0.824
	0.016

	Γ=1.35
	-0.082
	0.194
	0.876
	0.009

	Γ=1.40
	-0.095
	0.208
	0.914
	0.005

	Γ=1.45
	-0.107
	0.223
	0.942
	0.003

	Γ=1.50
	-0.120
	0.236
	0.962
	0.001


Note: Given that the effect of STB on smallholders’ yield is towards positive, we are rather concern if the results are overestimated of the treatment effect. Thus, in the bounds analysis we are more concern about the Upper-bounds H-L point estimates and Upper-bounds W-S rank p-values. Same also applies to Table A3 regarding the effect of STB on smallholders’ nutrient use efficiency. 
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Table A3: Rosenbaum bounds analysis of the effect of STB on smallholders’ nutrient use efficiency. 
	
	Wheat production
	Maize production

	
	U-bound H-L point estimate
	L-bound H-L point estimate
	U-bound W-S rank p-value
	L-bound W-S rank p-value
	U-bound H-L point estimate
	L-bound H-L point estimate
	U-bound W-S rank p-value
	L-bound W-S rank p-value

	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)

	
	Panel 1: Nitrogen use efficiency, kg per kg

	Γ=1
	1.389
	1.389
	0.058
	0.058
	0.568
	0.568
	0.429
	0.429

	Γ=1.05
	1.227
	1.607
	0.088
	0.037
	-0.151
	0.988
	0.516
	0.346

	Γ=1.10
	1.022
	1.802
	0.126
	0.023
	-0.845
	1.720
	0.598
	0.273

	Γ=1.15
	0.869
	2.007
	0.171
	0.014
	-1.322
	2.416
	0.672
	0.211

	Γ=1.20
	0.694
	2.170
	0.224
	0.008
	-1.971
	2.900
	0.738
	0.160

	Γ=1.25
	0.503
	2.358
	0.281
	0.005
	-2.349
	3.405
	0.794
	0.119

	Γ=1.30
	0.340
	2.532
	0.343
	0.003
	-2.805
	3.952
	0.840
	0.088

	Γ=1.35
	0.181
	2.689
	0.406
	0.002
	-3.211
	4.398
	0.878
	0.063

	Γ=1.40
	0.062
	2.834
	0.469
	0.001
	-3.507
	4.845
	0.908
	0.045

	Γ=1.45
	-0.064
	2.983
	0.531
	0.001
	-3.927
	5.409
	0.932
	0.032

	Γ=1.50
	-0.188
	3.173
	0.590
	0.000
	-4.234
	5.877
	0.950
	0.022

	
	[bookmark: _Hlk45817299]Panel 2: Phosphorus use efficiency, kg per kg

	Γ=1
	4.798
	4.798
	0.006
	0.006
	4.847
	4.847
	0.015
	0.015

	Γ=1.05
	4.427
	5.404
	0.011
	0.003
	4.450
	5.180
	0.026
	0.009

	Γ=1.10
	3.938
	6.061
	0.018
	0.002
	4.094
	5.620
	0.041
	0.005

	Γ=1.15
	3.275
	6.730
	0.029
	0.001
	3.578
	5.913
	0.061
	0.003

	Γ=1.20
	3.045
	7.458
	0.044
	0.000
	3.104
	6.109
	0.087
	0.001

	Γ=1.25
	2.821
	8.242
	0.063
	0.000
	2.805
	6.289
	0.119
	0.001

	Γ=1.30
	2.476
	8.655
	0.087
	0.000
	2.421
	6.511
	0.157
	0.000

	Γ=1.35
	2.199
	8.808
	0.116
	0.000
	1.913
	6.740
	0.200
	0.000

	Γ=1.40
	1.731
	9.073
	0.149
	0.000
	1.439
	7.017
	0.247
	0.000

	Γ=1.45
	1.384
	9.345
	0.188
	0.000
	1.099
	7.257
	0.298
	0.000

	Γ=1.50
	1.193
	9.609
	0.230
	0.000
	0.890
	7.537
	0.350
	0.000

	
	[bookmark: _Hlk45817340]Panel 3: Potassium use efficiency, kg per kg

	Γ=1
	4.378
	4.378
	0.003
	0.003
	4.431
	4.431
	0.015
	0.015

	Γ=1.05
	4.114
	5.068
	0.007
	0.002
	3.954
	4.916
	0.026
	0.009

	Γ=1.10
	3.840
	5.352
	0.011
	0.001
	3.690
	5.249
	0.041
	0.005

	Γ=1.15
	3.197
	6.066
	0.019
	0.000
	3.378
	5.475
	0.061
	0.003

	Γ=1.20
	2.837
	6.809
	0.029
	0.000
	2.998
	5.698
	0.087
	0.001

	Γ=1.25
	2.593
	7.331
	0.043
	0.000
	2.544
	5.998
	0.119
	0.001

	Γ=1.30
	2.401
	8.193
	0.061
	0.000
	2.228
	6.335
	0.156
	0.000

	Γ=1.35
	2.016
	8.502
	0.084
	0.000
	1.926
	6.626
	0.199
	0.000

	Γ=1.40
	1.939
	8.566
	0.111
	0.000
	1.574
	6.908
	0.246
	0.000

	Γ=1.45
	1.775
	8.663
	0.142
	0.000
	1.078
	7.170
	0.297
	0.000

	Γ=1.50
	1.211
	8.929
	0.178
	0.000
	0.688
	7.385
	0.349
	0.000





Table A4: Rosenbaum bounds analysis of the effect of STB on smallholders’ base and top-dressing fertilizer application. 
	
	Wheat production
	Maize production

	
	U-bound H-L point estimate
	L-bound H-L point estimate
	U-bound W-S rank p-value
	L-bound W-S rank p-value
	U-bound H-L point estimate
	L-bound H-L point estimate
	U-bound W-S rank p-value
	L-bound W-S rank p-value

	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)

	
	Panel 1: The amount of nitrogen applied in the base fertilization  

	Γ=1
	-0.164
	-0.164
	0.000
	0.000
	-0.220
	-0.220
	0.000
	0.000

	Γ=1.05
	-0.165
	-0.163
	0.000
	0.000
	-0.268
	-0.162
	0.000
	0.000

	Γ=1.10
	-0.166
	-0.162
	0.000
	0.000
	-0.331
	-0.144
	0.000
	0.000

	Γ=1.15
	-0.167
	-0.161
	0.000
	0.000
	-0.333
	-0.110
	0.000
	0.000

	Γ=1.20
	-0.169
	-0.160
	0.000
	0.000
	-0.334
	-0.092
	0.000
	0.000

	Γ=1.25
	-0.170
	-0.159
	0.000
	0.000
	-0.334
	-0.088
	0.000
	0.000

	Γ=1.30
	-0.171
	-0.158
	0.000
	0.000
	-0.335
	-0.074
	0.000
	0.000

	Γ=1.35
	-0.173
	-0.157
	0.000
	0.000
	-0.336
	-0.069
	0.000
	0.000

	Γ=1.40
	-0.174
	-0.156
	0.000
	0.000
	-0.337
	-0.062
	0.000
	0.000

	Γ=1.45
	-0.175
	-0.155
	0.000
	0.000
	-0.337
	-0.059
	0.000
	0.000

	Γ=1.50
	-0.176
	-0.155
	0.000
	0.000
	-0.337
	-0.055
	0.000
	0.000

	
	Panel 2: The amount of nitrogen applied in the top-addressing fertilization 

	Γ=1
	-0.325
	-0.325
	0.011
	0.011
	-0.083
	-0.083
	0.637
	0.637

	Γ=1.05
	-0.333
	-0.298
	0.006
	0.019
	-0.094
	-0.035
	0.716
	0.553

	Γ=1.10
	-0.355
	-0.280
	0.003
	0.032
	-0.139
	0.036
	0.782
	0.470

	Γ=1.15
	-0.364
	-0.259
	0.002
	0.048
	-0.166
	0.050
	0.836
	0.393

	Γ=1.20
	-0.374
	-0.237
	0.001
	0.070
	-0.193
	0.100
	0.879
	0.322

	Γ=1.25
	-0.389
	-0.218
	0.000
	0.098
	-0.209
	0.124
	0.912
	0.259

	Γ=1.30
	-0.400
	-0.182
	0.000
	0.131
	-0.220
	0.145
	0.937
	0.206

	Γ=1.35
	-0.412
	-0.157
	0.000
	0.169
	-0.229
	0.159
	0.956
	0.161

	Γ=1.40
	-0.420
	-0.142
	0.000
	0.212
	-0.239
	0.182
	0.969
	0.124

	Γ=1.45
	-0.425
	-0.116
	0.000
	0.259
	-0.257
	0.208
	0.979
	0.095

	Γ=1.50
	-0.426
	-0.078
	0.000
	0.309
	-0.274
	0.239
	0.985
	0.071


Note: Given that the effect is towards reducing the use of fertilizer, we are rather concern the underestimate of the treatment effect. Thus, in the bounds analysis we are more concern about the Lower-bounds H-L point estimates and Lower-bounds W-S rank p-values. 



