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A discussion on the outcomes of adopted 
agricultural technological products and specific 
sustainable development goals: Evidence from 
Pakistan
Muhammad Bilal1,2*,#, Bernhard Brümmer3 and Jan Barkmann2,3

Abstract:  Establishing a link between specific sustainable development goals 
(SDGs) and the outcomes of adopted agricultural technological products is lacking in 
developing countries. Therefore, this study aims to address food security SDG 02 by 
adopting crop protection products of multinational brands versus sub-standard crop 
protection products SDG 12 by smallholder farming households. We employ endo-
genous switching probit models using a survey of smallholder farming households 
in the cotton-wheat zone in Pakistan. Full information maximum likelihood esti-
mates illustrate that comparative advantage guide the adoption of crop protection 
products of multinational brands (CMBs). Our findings suggest that adopting CMBs 
rather than sub-standard crop protection products may translate as a responsible 
farming practice if assuming the use of crop protection products is inevitable. In 
sum, CMBs enhance food security and can play a vital role in the current debate on 
responsible consumption and production, particularly for sustainable development. 
Our findings also indicate that promoting agricultural extension information via 
radio broadcasts has a significant and positive relationship with adoption. Hence, it 
stands out as the most promising policy option.
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1. Introduction
Food insecurity is high for a substantial fraction of the Pakistani rural population, with 53% of rural 
households being food insecure (The Government of Pakistan, 2022). For a lower-middle-income 
country, food security is at alarmingly low levels in Pakistan: Pakistan only ranks 75th of the 113th 

countries covered by the Global Food Security Index (GFSI, 2021). Likewise, Pakistani rural com-
munities have a rural poverty syndrome, deprived of factors endowments but the aggressive use of 
sub-standard crop protection products (hereafter SCPs; Bilal & Barkmann, 2019; Rehman et al., 
2015).

In many low-income and middle-income countries, crop protection products are contaminated 
by hazardous substances or have insufficient declarations or safety and usage information. 
Pakistan has been a signatory of the Rotterdam Convention on prior informed consent procedures 
for certain hazardous chemicals and crop protection products since 1999 and the signatory of the 
Stockholm Convention on persistent organic pollutants since 2001 (Rotterdam convention, 2019; 
Stockholm convention, 2019). Despite the fact, existing literature indicates that to reduce produc-
tion costs, the substantive smallholder farming households (SHFHs) in Pakistan purchase and use 
locally manufactured products with low-quality formulations and unpredictably variable concen-
trations of active agents (Khan et al., 2013; Nafees et al., 2008). In particular, the literature also 
indicates the usage of WHO hazardous category-I crop protection products (e.g., carbamates, 
organophosphates, and pyrethroid) by SHFHs (Khan et al., 2011). The excessive and irresponsible 
usage of SCPs also contributes to lower sustainable agricultural development; it induces pests and 
weeds infestation and increased reliance on crop protection products (Aga, 2019; Tariq et al., 2007; 
UNDP, 2001). The cautious use of crop protection products is vital in cotton to control yield losses 
from insect pest attacks. However, due to ignorance of vital inputs and weeds, potential yield 
losses in cotton account for 40% and 9% of total losses due to insects and viruses (Khan et al., 
2015; Oerke, 2006). Wheat is not an exception from the potential yield losses; wheat accounts for 
35%-40% of potential yield losses due to insects, pests, and viruses (Khan et al., 2012; Rehman 
et al., 2015). Unfortunately, higher-quality crop protection products’ higher prices and lack of 
accessibility may offset the agronomic advantages of higher quality products (Aga, 2019; Aktar 
et al., 2009; Antle & Pingali, 1994; Lee, 2005).

The crop protection products of multinational brands (hereafter CMBs) may translate as higher 
quality crop protection products because their product formulation generally follows high stan-
dards in terms of research and development (R&D; Alston, 2010; Naseem et al., 2006; Thirtle et al., 
2005). About one-third of investment in agricultural R&D is globally direct towards crop protection 
products (Anandajayasekeram, 2011; Pray & Fuglie, 2001). Furthermore, the adoption of branded 
products shows an attraction for the consumer due to product information, products specification, 
and packaging attributes (Lewis et al., 2016). On the contrary, SCPs translate as sub-standard 
because SCPs firms generally lack R&D departments (Khan & Khattak, 2013; Piesse & Thirtle, 2010). 
Additionally, SCPs may include outdated ingredients or low-quality formulations, low and unpre-
dictably variable concentrations of active agents, lacking and insufficient declarations, safety, and 
usage information (Khan et al., 2013; Hashmi, 2016).

The diversity of varying quality crop protection products goes from CMBs to SCPs in the agricul-
tural heartland of Pakistan (Bilal et al., 2022; Khan et al., 2013). Against this diversity of crop 
protection products of varying quality, it is surprising that we could not identify any scientific study 
that—to our knowledge—specifically investigates the potential advantages of using CMBs for 
smallholder food security.

The paper is structured as follows: the proceeding section covers the literature regarding the theme 
of the study. In section 2, we introduce the study site, sampling methodology, details of HFIAS, and 
conceptual and methodological framework. Section 3 covers the results and discussion focusing more 
on the estimates of the endogenous switching probit models. Section 4 concludes with policy implica-
tions and prospects for future research on the agricultural administration of Pakistan.
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1.1. Literature review
Technology adoption can be essential for achieving agricultural sustainability and food security 
(Vergragt, 2006). Empirical studies show that technologically improved products can enhance farm 
productivity and play a crucial role in improving the food security of SHFHs (Kassie et al., 2015; 
Nyyssola et al., 2014). For example, SHFHs are adopting improved verities, genetically modified 
(GM) crops, and improved storage technologies—with positive synergies on food security outcomes 
(Elias et al., 2013; Kabunga et al., 2014; Tesfaye & Tirivayi, 2018). Many issues on the adoption of 
improved technological products, particularly the quality of crop protection products (e.g., insecti-
cides, fungicides, and herbicides) as well as adoption outcomes in terms of improving food 
security, still need to be explored (Carvalho, 2017; Muzari et al., 2012; Niles et al., 2018).

A substantial number of studies indicate a positive impact of adopting crop protection products 
in general on productivity. For example, Hameed et al. (2017) show that adopting herbicides (e.g., 
glyphosate and paraquat formulations) use are positively associated with productivity in Pakistan, 
and Bakhsh et al. (2016) include the quantity of crop protection products to estimate the produc-
tivity of Bt (Bacillus thuringiensis) cotton in Pakistan. However, such synergies may be misleading 
because the manufacturing and qualitative aspects of the applied crop protection products remain 
unaddressed. A highly relevant study by Bilal et al. (2022) highlight the positive relationship 
between high-quality crop protection products and farm productivity. The technical inefficiency 
models’ estimates show that adopting high-quality crop protection products and specialization (if 
farmers cultivate only cotton and wheat crops) may positively contribute to agricultural 
sustainability.

Unfortunately, increasing agricultural productivity to meet the brisk pace of food demand comes 
with social and environmental costs. On the way toward a more sustainable and resilient world, 
the world faces substantial challenges (e.g., poverty and food insecurity). No country is an excep-
tion to excel in all assigned targets of achieving SDGs by 2030 (FAO, 2018). McCollum et al. (2018) 
emphasize the dire need for interdisciplinary research with fresh perspectives to inter-link the 
SDGs. Using the global UN data, Ament et al. (2020) demonstrate that 70% of SDG indicators are 
positively associated with GDP per capita. However, the study asserts to identify the major 
opportunities to achieve SDGs targets and indicates the scarcity of complementary empirical 
evidence at the country level (Saccone & Vallino, 2022).

We extend to the previous literature by focusing more explicitly on the adoption outcomes of 
higher quality crop protection products and establishing a link with particular SDGs. Specifically, to 
elucidate the quality impacts of crop protection products (SDG 12: responsible production and 
responsible consumption) on food security (SDG 02: zero hunger) of SHFHs in the cotton-wheat 
zone in Pakistan. Food security outcomes are assessed via the self-reported Household Food 
Insecurity Access Scale (HFIAS; Coates et al., 2007). HFIAS is widely applied in several countries, 
including developing countries of Africa and Asia (Sheikh et al., 2020).

We acknowledge the methodological challenges in ex-post impact assessments. Because the 
observed and unobserved heterogeneity may taint the outcomes of technology adoption 
(Heckman & Vytlacil, 2007), we consider this when comparing adopters (exclusive CMBs users) to 
non-adopters (SCPs/otherwise). Therefore, as we deal with non-experimental studies, farmers are 
not randomly assigned to adopters and non-adopters. Consequently, we include selection instru-
ments that help identify an adoption decision’s effect but are exogenous to food security out-
comes (Heckman & Vytlacil, 2007). We employ endogenous switching regression (endogenous 
switching probit model) by full information maximum likelihood (FIML) to account for the 
endogeneity.

In a nutshell, this study reduces the knowledge gap about food security triggered by the 
adoption of CMBs. We, therefore, attempt to answer the specific research question: Does the 
adoption of CMBs affect the food security of SHFHs?
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2. Methodology

2.1. Study site and sampling methodology
The Cotton-wheat zone of the Punjab province is a substantial retail market for crop protection 
products (Pakistan Crop Protection Association, 2016). According to the Punjab Bureau of Statistics, 
farms with an area ≤ of 5 acres (~2.02 hectares) are considered small farms, and 58% are small 
farms. Punjab contributes 72% of cotton to the total cotton production in Pakistan (The 
Government of Punjab, 2015). The cotton-wheat zone comprises three important agricultural 
divisions (the highest administrative unit) of Punjab province: the Bahawalpur, the Multan, and 
the Sahiwal. We employed multistage random sampling with the probability of selecting a farming 
household being proportional to population, accounting for the availability and accessibility of crop 
protection product types.

Firstly, from each division, we randomly selected one district. Secondly, we randomly selected 
one tehsil1 from each district: Burewala, Pakpattan, and Sadiqabad (Figure 1). Lastly, six villages 
from each subdistrict make up 18 villages in total. A total of N = 275 SHFHs were interviewed in 18 
randomly selected villages. We sampled socio-demographic, farm-specific attributes, food security 
data (HFIAS) and the adoption status of CMBs and SCPs.

2.2. Household Food Insecurity Access Scale (HFIAS)
To compute the dependent variable for the outcomes equation, we use the HFIAS scale because of 
its proven applicability across cultures, low data requirement and successful application in South 
Asia and Africa (Chinnakali et al., 2014; Kabunga et al., 2014; Sheikh et al., 2020). HFIAS is 
a subjective assessment of food insecurity consisting of a household food access assessment 
(Coates et al., 2007). The HFIAS consists of nine questions about access to food. An affirmative 
answer to any question adds one to a total. Thus, the HFIAS scores range from 0 to 9.

However, the subjective assessment may induce response bias (Headey & Ecker, 2013). We 
asked SHFHs to outline their main agricultural activities during the agricultural calendar year 
before asking HFIAS questions to reduce response biases. Typical activities include land prepara-
tion, cultivation, harvesting, threshing, selling milk animals, and buying farm inputs (e.g., crop 
protection products). Moreover, we asked SHFHs to identify the months they expect grain or food 
shortages.

We employ principal component analysis for the robustness check about the response from 
HFIAS because of the high correlation among the responses. The analysis results retain two 
components because of the minimum advisable eigenvalue of the above unity (Kaiser, 1960). 

Figure 1. Spatial locations of 
surveyed villages in three ran-
domly selected subdistricts 
(tehsils) of Punjab. Source: Own 
data made by using QGIS 
software.
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Component one loaded mainly on the first five questions that may reflect “food insecure”, while 
component two loaded primarily to the last three questions that may reflect “severely food 
insecure” (Table A1 in Appendix A). The Cronbach alpha statistic tested the scale reliability 
coefficient, and the value for the scale was α = 0.95. We also observed the Kaiser-Meyer-Olkin 
(KMO) measure of sampling adequacy = 0.89, suggesting the data adequacy for component 
analysis.

The information extracted from these components could have been used as a continuous2 

dependent variable for the outcomes equation. However, failing to find sufficient selection instru-
ments, we prefer a binary3 dependent variable for outcomes modelling. Therefore, we classify 
smallholders exclusively into two categories concerning their food security status: food secure and 
food-insecure households.

Recent past studies greatly support the construction of a binary dependent variable based on 
subjective assessment. For example, Tesfaye and Tirivayi (2018) constructed a binary dependent 
variable for outcomes equation using HFIAS information. Moreover, closely following the existing 
literature on self-assessment and subjective food security assessment, Shiferaw et al. (2014) and 
Khonje et al. (2015) used a binary dependent variable for food security outcomes.

2.3. Conceptual and methodological framework
Ex-post impact assessment studies, where farmers are not randomly assigned into treatment and 
control groups, may result in self-selection bias and endogeneity problems (Heckman & Vytlacil, 
2007). Sometimes unobserved endogenous variables (e.g., farm management, personal capabil-
ities, and farming decisions) impact the treatment and outcomes variables and may cause 
endogeneity. One possible solution to account for endogeneity is to invoke a selection instrument 
to improve identification. The selection instrument explains the adoption decision but is exogenous 
to outcome variables (Bellemare, 2010). Finding a relevant selection instrument is difficult as it 
must simultaneously fulfil the conditions of relevance and exogeneity (Kassie et al., 2015).

We use the distance (i) from a smallholder farm to the farm of the village head and (ii) from 
a smallholder farm to the main road as selection instruments. There is substantial empirical 
evidence of the positive association of demographic attributes with technology adoption (Khonje 
et al., 2015; Tesfaye & Tirivayi, 2018). Recent impact assessment studies by Dedehouanou et al. 
(2018) have used the household distance in kilometres (km) to the administrative subdivision as 
a selection instrument; Krishna et al. (2017) have used the altitude of the place of residence to the 
sea level in meters as a selection instrument. Our selection instruments are similar to those used in 
these successful implementations of the method.

We employed proper econometrical procedures to validate the inclusion of selection instru-
ments. Firstly, we constructed a correlation matrix between potential selection instruments, 
adoption status, and food security status. Secondly, we considered the relevance and exogeneity 
conditions for selection instruments and employed relevant diagnostic tests (e.g., Sargan’s and 
Anderson’s canonical correlations statistics). Finally, we follow the admissibility of exclusion 
restriction on considered selection instruments. We employ the falsification approach of Di Falco 
et al. (2011). The selection instruments must be significantly correlated with adoption decisions 
but not with the interest outcomes among non-adopters farm households. A Wald test on selec-
tion instruments also confirms that these are potential instruments as the test statistics are 
significant with P <1% (Tables A2–A4 in Appendix A).

This study uses binary adoption and food security outcomes (Tesfaye & Tirivayi, 2018). Farmers 
who exclusively incorporate CMBs are termed adopters, and those who do not are non-adopters. 
However, adoption is potentially endogenous, and this gives no causal interpretation of outcomes 
of interest because of smallholders’ own choices for adoption. This condition may be affected by 
unobserved heterogeneity and possible self-selection due to farm level attributes and farming 
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household attributes that may create problems in assessing food security gains by adopting 
technology (Kabunga et al., 2014). We tackle this situation and employ an endogenous switching 
probit model with FIML (Full Information Maximum Likelihood), which is considered an efficient 
method to estimate the binary selection equation and the binary outcomes equation simulta-
neously to yield consistent standard errors of the estimates. The model works under the assump-
tion of joint normality of the error terms in the selection and outcomes equations (Lokshin & 
Glinskaya, 2009; Lokshin & Sajaia, 2011).

We assume that SHFHs can adopt CMBs, but the response to adoption may vary. We distinguish 
the response by introducing a criterion function Ai. That determines which regime an SHFH is 
facing. As discussed above, here, the adoption (CMBs) and the outcomes (exclusive food secure) 
have one of two potential values (Aakvik et al., 2005). 

Ai ¼ 1 if αJi þ μi > 0 (1)  

Ai ¼ 0 if αJi þ μi � 0 

Y�FSi ¼ βFSXFSi þ εFSi and YFSi ¼ IðY�FSi > 0Þ (2)  

Y�NFSi ¼ βNFSXNFSi þ εNFSi and YNFSi ¼ IðY�NFSi > 0Þ (3) 

The observed Yi is defined as 

Yi ¼ YFSi if Ai ¼ 1 

Yi ¼ YNFSi if Ai ¼ 0 

In the present case,

● Y�FSi and Y�NFSi are the latent variables (whether the SHFHs are exclusive food secure or not) that 
determine the observed binary outcomes, YFSi and YNFSi (SHFHs response to adopting exclusive 
CMBs).

● XFSi and XNFSi these are vectors of weakly exogenous variables, and for the model to specify the 
exogenous variables correctly in Eq. (2) and (3) should be the same.

● J is a vector of variables that determine a switch between the regimes.
● βFS, βNFS and α are vectors of parameters.
● and μi, εFSi, and εNFSi these are the error terms under the assumption that μi, εFSi, and εNFSi are jointly 

normally distributed in the context of binary outcomes, with a mean-zero vector and correlation 
matrix (Heckman & Vytlacil, 2007; Lokshin & Sajaia, 2011).

● Where ρNFS and ρFS are the correlations between εNFSi, μi and εFSi, μi and ρFSNFS is the correlation 
between εNFSi and εFSi. We assume that ρFSNFS = 1 (α is estimable only up to a scalar factor).

Ω ¼
1 ρNFS ρFS

1 ρFSNFS
1

0

@

1

A

We calculate the probabilities of adoption and adoption outcomes in the actual and counter-
factual regimes. First, the probability of being treated and having positive outcomes is calculated 
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(Eq. 4). Second, the probability of not being treated and having zero outcomes is calculated (Eq. 5). 
Third, the probability of being treated and having zero outcomes (Eq. 6), and fourth, not being 
treated and having positive outcomes (Eq. 7) is computed. 

Pr Ai ¼ 1; YFSijX ¼ xð Þ ¼ Φ2 αJi; XFSiβFS; ρFSð Þ actualð Þ (4)  

Pr Ai ¼ 0; YNFSijX ¼ xð Þ ¼ Φ2 � Jiα; � XNFSiβNFS � ρNFSð Þ actualð Þ (5)  

Pr Ai ¼ 1; YNFSijX ¼ xð Þ ¼ Φ2 αJi; � XFSiβFS � ρFSð Þ counterfactualð Þ (6)  

Pr Ai ¼ 0; YFSijX ¼ xð Þ ¼ Φ2 � Jiα; XNFSiβNFS; � ρNFSð Þ counterfactualð Þ (7) 

Following Aakvik et al. (2005) and Lokshin and Sajaia (2011), we calculate the effect of the treatment 
on the treated (TT) summarised in Eq. (8) as the difference of Eq. (4)—(6). Eq. (8) represents the 
effect of exclusive adoption of CMBs on the food security outcomes of the adopted SHFHs. 

TT xð Þ ¼ Pr YFSi ¼ 1jAi ¼ 1;X ¼ xð Þ � Pr YNFSi ¼ 1jAi ¼ 1;X ¼ xð Þ (8) 

Following the same procedure, we calculate the treatment effect on the untreated (TU) sum-
marised in Eq. (9) as the difference between Eq. (7)—(5). Eq. (9) represents the effect of exclusive 
adoption of CMBs on food security outcomes of the SHFHs who did not adopt. 

TU xð Þ ¼ Pr YFSi ¼ 1jAi ¼ 0;X ¼ xð Þ � Pr YNFSi ¼ 1jAi ¼ 0;X ¼ xð Þ (9) 

3. Results and discussion
This section describes the estimates of the descriptive statistics of independent variables and 
endogenous switching probit model estimated by FIML with robust standard errors. Tables 3 and 4 
presents FIML estimates of the endogenous switching probit model.

3.1. Description of dependent variables
The dependent variable for the selection equation is adoption status: adopters (exclusive CMBs use, 
coded 1) and non-adopters (use of SCPs/otherwise, coded 0). Within the econometric framework, 
adopters are also referred to as the “treated” group and non-adopters as the “untreated” group. 
The dependent variable for the outcome’s equation is food security status: exclusive food-secure 
households (HFIAS total score = 0 “zero”, translates for exclusive food secure =1) and food- 
insecure households (HFIAS total score ≥ 1, translates to food insecure =0). Table 1 presents the 
frequency of full sample distribution into adoption status and food security status.

Table 1. Adoption and food security status of sampled households

Adoption status

Food security (HFIAS total score = 0 “zero” = exclusive food secure)

Exclusive food-secure 
households =1

Food-insecure 
households =0 Total

Adopters (CMBs =1) 86 57 143

Non-adopters (SCPs/ 
otherwise =0)

26 106 132

Total 112 163 275
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3.2. Description of independent variables
Table 2 presents the detailed descriptive statistics. Two-sample mean-comparison tests indicated 
statistically significant differences between adopters and non-adopters (e.g., cotton seed if GM 
(yes =1; no =0), off-farm income sources, farm machinery, seasonal labour, and agricultural 
extension information via radio). No substantial difference was observed, e.g., for the total number 
of males and females in a household, milk animals, and agricultural area.

Table 2 includes socio-demographic and farming capital variables. We take guidance from 
empirical studies and economic theory to have socio-demographic and farming capital variables 
(Abdulai & Huffman, 2014; Kassie et al., 2011; Shiferaw et al., 2014; Tesfaye & Tirivayi, 2018). The 
source of agricultural information is significant to keep farmers up to date about the development 
in the agriculture sector. At first glance, our sample indicated that adopters listen to the radio 
more frequently to acquire agriculture extension service information, and they have more years of 
schooling than non-adopters (Asfaw et al., 2012; Khonje et al., 2015).

Since the adoption of GM cotton seed in Pakistan in 2002 (James, 2012), the SHFHs cultivate 
pest-resistant cultivars, such as GM cotton seed (e.g., Bt cotton). Despite the cultivation of Bt 
cotton, the initial adoption of crop protection products has been increasing swiftly because Bt 
cotton fails to resist detrimental sucking pests (e.g., Whitefly, Mealybug, Aphids, and Jassids; 
Abdullah, 2010; Spielman et al., 2017). The sample mean of average cultivation of GM cotton 
seed was significantly higher for adopters than for non-adopters. Similarly, the sample mean of 
average ownership of farm machinery is significantly higher for adopters than for non-adopters (Di 
Falco et al., 2011; Kabunga et al., 2014). From this perspective, the adoption of CMBs and the 
ownership of farm machinery complement each other (Bilal et al., 2022).

From the aspect of factor endowments—especially land and labour, the tendency to hire perma-
nent labour, seasonal labour, and the area sown under cotton crop was higher for adopters than non- 
adopters. As we exclusively dealt with SHFHs, only 11% of the total sample hired permanent labour, 
and ~45% of the full sample had off-farm income sources. From a demographic point of view, the 
distance of SHFHs farms to the main road and the village head’s house was significantly smaller for 
adopters than for non-adopters (Tesfaye & Tirivayi, 2018).

3.3. Determinants of CMBs adoption
The first column of Table 3 presents the estimated coefficients of the selection equation. Those 
farmers who had off-farm income generation means, employed seasonal labour for agricultural 
farming, and owned farm machinery was more likely to adopt. In particular, those farmers who 
acquired the agricultural extension information via radio were more likely to adopt it. This finding 
aligns with Rware et al. (2021) confirm that agricultural extension services broadcast via radio 
promote the adoption of management practices for the application of pesticides. Likewise, Ashraf 
et al. (2015) emphasize that underprivileged and uneducated farmers can benefit from extension 
field staff and farmer field schools.

From a demographic point of view, the SHFHs whose farms were closer to the main road and 
closer to the farm of the village head were more likely to adopt CMBs. Interestingly, those farming 
households who had received credit and those households with a higher number of females and 
those farming households who were in region 3 (Pakpattan) were less likely to adopt CMBs.. Table 
A5 (Appendix A) presents the estimates of variables included in the main model by separate probit 
models of the selection equation without switching. The dependent variable equals one if the 
SHFHs exclusively decided to adopt CMBs and 0 for SCPs/otherwise. A comprehensive discussion on 
the factors determining the adoption of CMBs is beyond the scope of this study. However, Bilal and 
Barkmann (2019) discuss the fundamental determinants of CMBs adoption in the agricultural 
mainland of Pakistan.
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3.4. Estimates of the endogenous switching probit model: treatment effects
In the last row of Table 3, we report Wald tests statistics of the joint significance (ρFS = ρNFS =0) of 
the error correlation coefficients in the selection and outcomes equations. The test rejected the 
null hypothesis that ρFS = ρNFS because of the probability >χ2 ¼ 0:02. Therefore, we were justified in 
employing an endogenous switching probit model to account for endogeneity (Dedehouanou 
et al., 2018).

The second last row of Table 3 presents the correlation coefficients among error terms. The 
estimated correlation coefficient (ρFS) for adopters and food secure SHFHs was significantly different 
from zero. This estimate may imply that the adoption of CMBs had a significant effect on food security, 
and the adopters would have gained more significant benefits from CMBs adoption than non-adopters 
had non-adopters decided to adopt CMBs. However, the estimated correlation coefficient (ρNFS) for 
non-adopters was not significantly different from zero. This estimate may mean that adopters and 
non-adopters have the same value of the outcomes provided by their observed characteristics.

Additionally, the signs of the correlation coefficients are essential to derive economic inter-
pretations. From a fundamental economic point of view, we found comparative advantages for 
adoption and non-adoption of CMBs because the correlation coefficients are opposite in sign— 
considering the food security status of SHFHs (Fuglie & Bosch, 1995). This comparative advantage 
suggested that adopters have higher average values of food security outcomes than non- 
adopters, and non-adopters also have higher average values of food security outcomes than 
non-adoption.

The above interpretations of the correlation coefficients sign align with the estimates of the 
outcomes equation presented in the last two columns of Table 3—this indicated the presence of 
significant differences in both observed and unobserved characteristics among adopters and non- 
adopters. The positive effects of the off-farm income sources,4 seasonal labour, farm machinery 
ownership, and the region1 (if farmer located in Vehari =1, otherwise =0) on food security status 
were more prominent among the SHFHs who exclusively adopted CMBs. Surprisingly, the negative 
effect of credit received5 on food security status was also more pronounced among the SHFHs who 
exclusively adopt CMBs. The positive effect of the off-farm income sources on food security status 
among adopters and non-adopters was the same but varying magnitude. However, the negative 
effect of region1 on food security status was more apparent among the SHFHs who did not 
exclusively adopt CMBs.

Most importantly, Table 4 presents the predicted food security outcomes of SHFHs under actual 
Eq. (4) and (5) and counterfactual Eq. (6) and (7) regimes.

We report the treatment effects of adoption status on the food security status of SHFHs in the 
last column of Table 4. In the counterfactual regime Eq. (6), the SHFHs who actually adopted may 
have 22 percentage points less in food security if they had not adopted. This positive and 
significant value of TT suggests that adoption of CMBs would positively contribute to the food 
security of adopters, and their decision to opt for CMBs is presumably robust and rational. These 
findings corroborate the finding of recent studies on the food security impact of adoption (Negash 
& Swinnen, 2013; Shiferaw et al., 2014; Tesfaye & Tirivayi, 2018).

If the actual non-adopters had adopted, adoption would have reduced food security by 19 per-
centage points. This treatment effect for non-adopters on food security is consistent with Krishna 
et al. (2017), who find that adopting oil palm expansion may reduce household welfare by 7% for 
actual non-adopters if they had adopted it. Similarly, Negash and Swinnen (2013) find that non- 
adopter households of castor production decrease the food security probability if they had adopted 
it. Noltze et al. (2013) also suggest that non-adopters would suffer from household income loss if 
they adapted to natural resource management technologies. This negative and significant value of 
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TU indicates that adoption of CMBs would not positively contribute to the food security of non- 
adopters,6 and their decision not to opt for CMBs is presumably robust and rational. The present 
case may indicate heterogeneity because the transitional heterogeneity effect is positive and 
significant. Additionally, it may depict that base heterogeneity effects are significantly higher for 
those SHFHs that actually did adopt than those that did not (Krishna et al., 2017).

Table 3. Estimates of the endogenous switching probit model
Food security status

Adoption status 
(1/0)

Adopter 
households

Non-adopter 
households

Total number of males in 
household

0.05(0.04) 0.01(0.05) −0.02(0.07)

Total number of females 
in household

−0.08*(0.04) −0.05(0.05) 0.05(0.05)

Marital status of 
respondent (yes =1, 
no =0)

−0.43(0.26) −0.41(0.27) −0.44(0.39)

Agri–extension-info via 
radio (yes =1, no =0)

0.43*(0.26) 0.24(0.24) 0.54(0.50)

Cell phone own (yes =1, 
no =0)

−0.36(0.36) −0.33(0.38) 0.60(0.61)

Number of milk animals −0.04(0.05) 0.10(0.07) 0.01(0.07)

Off-farm income sources 
(yes =1, no =0)

0.34*(0.19) 0.52**(0.21) 0.57*(0.30)

Credit received (yes =1, 
no =0)

−0.38**(0.19) −0.55**(0.23) −0.19(0.32)

Area in acres (1 hectare = 
2.47 acres)

0.04(0.04) 0.06(0.04) 0.03(0.08)

Total seasonal labour 
male (agri-farming)

0.08**(0.03) 0.12***(0.03) 0.05(0.07)

Total seasonal labour 
female (agri-farming)

0.07**(0.02) 0.05(0.03) 0.01(0.06)

Farm machinery (yes =1; 
otherwise =0)

0.61**(0.24) 0.64**(0.25) 0.14(0.37)

Region1 (if Vehari =1; 
otherwise =0)

0.26(0.22) 0.67***(0.25) −0.93**(0.36)

Region3 (if Pakpattan =1; 
otherwise =0)

−0.44*(0.23) −0.43(0.27) −0.54(0.37)

Farm distance from the 
village head (km)

−0.18***(0.06)

Farm distance from the 
main road (km)

−0.17**(0.07)

Log pseudo-likelihood −277.75

Pseudo-R2 (N =143) 0.20

Pseudo-R2 (N =132) 0.22

Wald χ2 (16) 52.92***

Errors correlation 
coefficients

ρFS 0.99*** ρNFS −0.39

Wald test of independent 
equations χ2 (2)

7.24**

Notes: Robust standard errors are in parentheses. The level of significance is *** p <0.01, ** p <0.05, * p <0.1. ρFS 

indicates the error correlation coefficient for adopters and food-secure SHFHs, and ρNFS indicates the correlation 
coefficient for adopters and food-insecure SHFHs. 
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4. Conclusion and policy implications
This study mainly focused on the food security (SDG 02) effects of adopting CMBs (SDG 12). The 
Household Food Insecurity Access Scale (HFIAS) assessed the food security outcomes. This study 
was confined to SHFHs in the cotton-wheat zone of Punjab, Pakistan. We estimated an endogen-
ous switching probit model with FIML to account for observed and unobserved heterogeneity using 
the survey data of the SHFHs in the cotton-wheat zone in Pakistan.

Among the variables tested, we found government extension service broadcast via radio is the most 
promising policy option to encourage the adoption of CMBs. This finding is in line with Rware et al. (2021) 
and confirms that agricultural extension services broadcast via radio promote the adoption of manage-
ment practices for the application of pesticides. To aid the diffusion of innovations among farmers, salient 
and practical information regarding improved agricultural technologies connotes the significance of 
institutional support for rural areas (Lee, 2005; Rogers, 1983). Consonant to that, this study and recent 
literature show the role of agricultural extension services in adoption, productivity enhancement, poverty 
alleviation, and food security in developing countries (Bilal & Barkmann, 2019; Simtowe et al., 2016). The 
lack of extension staff in developing countries hinders the overall response to adoption. A focus on 
improving government extension services broadcast via radio may also alleviate resource constraints of 
extension departments, such as the lack of extension staff (Aldosari et al., 2019). Our findings also 
indicated that promoting agricultural extension information via radio broadcasts has a significant and 
positive relationship with adoption. Hence, it stands out as the most promising policy option.

Based on FIML estimates, we propose a few vital policy implications because adoption is guided by 
comparative advantage. Our findings suggested that adopting CMBs may translate as a responsible 
farming practice if assuming crop protection products are inevitable. Hence, exclusive adoption of CMBs 
promotes food security among those SHFHs that actually adopted it. What about non-adopters whose 
food security would have decreased if they had adopted. Should they be encouraged to use the SCPs and 
practice irresponsible farming practices? Not necessarily. For example, off-farm income sources are more 
lucrative and help relieve capital constraints to adoption. Likewise, farm mechanization also encourages 
adoption. From this perspective, an exclusive adoption of CMBs appears complementary to other 
smallholder farming inputs. Therefore, a policy that helps non-adopters become mechanized and 
increases off-farm income may facilitate adoption—with positive synergies on food security outcomes 
and sustainable development.
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changes do not impact the academic content of the article.
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Table 4. Treatment effects of CMBs adoption on the food security status
Decision stage

Sub-samples To Adopt Not to Adopt Treatment Effects
Adopter SHFHs 0.31 0.09 TT = 0.22***

(0.01) (0.00) (0.01)

Non-adopter SHFHs 0.20 0.39 TU = −0.19***

(0.00) (0.01) (0.01)

Heterogeneity effects BH1 = 0.11 BH2 = −0.30 TH = 0.41***

(0.01) (0.01) (0.01)

Notes: TT stands for treatment effect on treated, TU for treatment effect on untreated, BH1 and BH2 for base 
heterogeneity for the SHFHs those adopted CMBs and those who did not adopt, and TH for transitional heterogeneity. 
Standard errors are in parentheses. The level of significance is *** p <0.01, ** p <0.05, * p <0.1 
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2. The estimations with continuous dependent outcomes 
variable require movestay command (Lokshin & Sajaia, 
2004) and also require fulfilling the assumption of 
exclusion restriction to validate selection instruments 
(Aakvik et al., 2005), regretfully, we failed to find the 
sufficient selection instruments for the continuous 
dependent variable for outcomes equation.

3. We used switch_probit command (Lokshin & Sajaia, 2011) 
that is flexible for binary dependent outcomes variable. 
The estimations were carried out using STATA version 15.

4. We acknowledged the potential endogeneity in the 
variables i.e., off-farm income sources and the own-
ership of farm machinery in outcomes equation, failure 
to find a sufficient instrument, we drop all potentially 
endogenous variables in outcomes equation from the 
main model, but interestingly, the magnitude and sign 
of TT and TU remains almost the same (see, Tables A6 
and A7 in Appendix A). Therefore, based on highly 
significant likelihood ratio test LR χ2 (12) = 35.99 at 
less than 1%, we include these variables in the main 
model presented above.

5. We also investigated potential endogeneity in the vari-
able access to credit for the controlled models, there-
fore, we use the variable credit received in the main 
model presented above, which translates the number 
of respondents who actually received credit. The 
negative sign associated with credit received can be 
interpreted as respondents who actually received 
credit are those with low food security status (higher 
HFIAS score) than those who do not actually received 
credit (Di Falco et al., 2011).

6. For robustness, we separately executed a model for exclu-
sive CMBs adopters versus exclusive SCPs adopters 
(N = 222). We have found similar evidence of the negative 
and the significant value of TU and the positive and sig-
nificant value of TT on food security status but a slight 
difference in magnitude. That further validates and proved 
our hypothesis of positive food security effects of exclusive 
CMBs adoption (see, Table A8).
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APPENDIX A

Table A1. Rotated component loading from PCA

HFIAS Questions Comp1 Comp 2 Unexplained
Q1. In the month of 
shortage, did you have 
anxiety that you and any 
of your household would 
not have enough food?

0.47 0.11

Q2. In the month of 
shortage, were you and 
any of your households 
remains unable to eat the 
specific types of foods 
you like due to resource 
constraints?

0.50 0.06

Q3. In the month of 
shortage did you and any 
of your households have 
to eat limited types of 
foods because of 
resource constraints?

0.48 0.07

Q4. In the month of 
shortage did you and any 
of your household have 
to eat some types of 
foods that you and they 
really not preferred to eat 
due to resource 
constraints to have other 
varieties of food?

0.35 0.13

Q5. In the month of 
shortage did you and any 
of your household have 
to eat a less quantity of 
meal than you felt you 
needed due to not 
enough food?

0.31 0.13

Q6. In the month of 
shortage did you and any 
of your household has to 
eat fewer meals in a day 
due to not enough food?

0.18

Q7. In the month of 
shortage, were you and 
your household remain 
foodless of any kind due 
to lack of resources to 
obtain food?

0.51 0.06

Q8. In the month of 
shortage did you and any 
of your household goes 
to sleep at night hungry 
due to not enough food?

0.54 0.03

Q9. In the month of 
shortage did you and any 
of your household 
remains hungry for 
full day and night due to 
not enough food?

0.54 0.05
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Table A3. The relevance and exogeneity conditions for selection instruments

Test Null hypothesis p-value
Wu-Hausman test Exclusion instruments are 

exogenous
F = 0.43, p = 0.51

Wooldridge’s score test Exclusion instruments are 
exogenous

χ2=0.46, p = 0.49

Anderson canonical correlation 
statistic

Under identification χ2=7.33, p = 0.02

Sargan statistic Overidentification χ2=0.03, p = 0.85

Anderson-Rubin’s test Weak instrument robust test χ2=0.06, p = 0.96

Table A2. Correlation of selection instruments with adoption and food security status

Correlation of adoption status with demographic attributes

Farm distance from the main 
road

Farm distance from the farm 
of the village head

Correlation −0.11 −0.13

p-value 0.05 0.02

Correlation of food security status with demographic attributes

Farm distance from the main road Farm distance from the farm of the 
village head

Correlation −0.04 −0.02

p-value 0.44 0.63

Table A4. Falsification approach to validate selection instrument

Dependent variable

Adoption status
Food security status 
(for non-adopters)

Farm distance from the main road −0.13* (0.07) −0.23 (0.17)

Farm distance from the farm of 
the village head

−0.15** (0.07) −0.07 (0.12)

LR chi2 75.09*** 30.87***

Wald test on selection instrument χ2=11.88***

Number of observations 275 132

Notes: Standard errors are given in parentheses. The level of significance is *** p < 0.01, ** p < 0.05, * p < 0.1 
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Table A5. Regression estimates of adoption of CMBs from a probit model (main model)
Adoption status (1/0) Coefficient Standard error
Total number of males in the 
household

0.05 0.05

Total number of females in the 
household

−0.07* 0.04

Marital status (yes = 1; no = 0) −0.36 0.26

Agri–extension-info via radio 
(yes = 1; no = 0)

0.48** 0.24

Cell phone own (yes = 1; no = 0) −0.34 0.34

Number of milk animals −0.03 0.05

Off-farm income sources (yes = 1; 
no = 0)

0.38** 0.18

Credit received (yes = 1; no = 0) −0.38** 0.19

Area in acres (1 hectare = 2.47 
acres)

0.04 0.03

Total seasonal labour male (agri- 
farming)

0.06* 0.03

Total seasonal labour female (agri- 
farming)

0.07** 0.03

Farm machinery (yes = 1; 
otherwise = 0)

0.54** 0.22

Region1 (if Vehari = 1; 
otherwise = 0)

0.22 0.22

Region3 (if Pakpattan = 1; 
otherwise = 0)

−0.45** 0.22

Farm distance from the village 
head (km)

−0.15** 0.07

Farm distance from the main road 
(km)

−0.13* 0.07

Log pseudo-likelihood −152.85

LR χ2 75.09***

Number of observations 275

Notes: The level of significance is *** p < 0.01, ** p < 0.05, * p < 0.1 

Table A6. Treatment effects of CMBs adoption on food security status (reduced model 
excluding all potentially endogenous variables)

Decision stage

Sub-samples To Adopt Not to Adopt Treatment Effects
Adopter SHFHs 0.31 0.09 TT = 0.22***

(0.01) (0.00) (0.01)

Non-adopter SHFHs 0.21 0.39 TU = −0.18***

(0.00) (0.01) (0.01)

Heterogeneity effects BH1 = 0.10 BH2 = −0.30 TH = 0.40***

(0.01) (0.01) (0.01)

Notes: TT stands for treatment effect on treated, TU for treatment effect on untreated, BH1 and BH2 for base 
heterogeneity for the SHFHs those adopted CMBs and those who did not adopt, and TH for transitional heterogeneity. 
Standard errors are in parentheses. The level of significance is *** p < 0.01, ** p < 0.05, * p < 0.1 
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Table A7. Estimates of the endogenous switching probit model (reduced model excluding all 
potentially endogenous variables)
Food security status

Adoption status 
(1/0)

Adopter 
households

Non-adopter 
households

Total number of males in 
household

0.09**(0.04) 0.07(0.05) 0.01(0.07)

Total number of females 
in household

−0.06(0.04) −0.01(0.05) 0.04(0.05)

Marital status (yes = 1; 
no = 0)

−0.33(0.24) −0.33(0.26) −0.37(0.39)

Agri–extension-info via 
radio (yes = 1; no = 0)

0.46*(0.25) 0.11(0.28) 0.57(0.48)

Cell phone own (yes = 1; 
no = 0)

−0.41(0.35) −0.27(0.35) 0.51(0.60)

Area in acres (1 
hectare = 2.47 acres)

0.03(0.03) 0.06(0.04) 0.01(0.07)

Total seasonal labour 
male (agri-farming)

0.09**(0.03) 0.12***(0.04) 0.04(0.07)

Total seasonal labour 
female (agri-farming)

0.07**(0.02) 0.05*(0.03) 0.00(0.06)

Region1 (if Vehari = 1; 
otherwise = 0)

0.25(0.22) 0.65***(0.25) −0.79**(0.36)

Region3 (if Pakpattan = 1; 
otherwise = 0)

−0.51**(0.21) −0.42*(0.24) −0.54*(0.33)

Farm distance from the 
village head (km)

−0.18***(0.06)

Farm distance from the 
main road (km)

−0.18***(0.06)

Log pseudo-likelihood −295.75

Wald χ2 (12) 61.54***

Errors correlation 
coefficients

ρFS 0.90*** ρNFS −0.46

Wald test of independent 
equations χ2 (2)

4.72*

Notes: Robust standard errors are in parentheses. The level of significance is *** p < 0.01, ** p < 0.05, * p < 0.1. ρFS 

indicates the correlation coefficient for adopters and food secure SHFHs, and ρNFS indicates the errors correlation 
coefficient for adopters and food insecure SHFHs. 

Table A8. Treatment effects of exclusive CMBs adoption versus exclusive SCPs adoption on 
food security status (N = 222)

Decision stage

Sub-samples To Adopt Not to Adopt Treatment Effects
Adopter SHFHs 0.39 0.06 TT = 0.33***

(0.01) (0.00) (0.02)

Non-adopter SHFHs 0.25 0.29 TU = −0.04***

(0.01) (0.01) (0.02)

Heterogeneity effects BH1 = 0.14 BH2 = −0.23 TH = 0.37***

(0.02) (0.01) (0.02)

Notes: TT stands for treatment effect on treated, TU for treatment effect on untreated, BH1 and BH2 for base 
heterogeneity for the SHFHs those adopted CMBs and those who did not adopt, and TH for transitional heterogeneity. 
Standard errors are in parentheses. The level of significance is *** p < 0.01, ** p < 0.05, * p < 0.1 
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