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Abstract
Climate-smart agriculture is heralded for enhancing productivity and combating climate 
change. It has been purported that the adoption of climate-smart agricultural practices 
and technologies (CSAPT) remains limited, with various reasons. A key challenge in the 
existing literature is conflating traditional CSAPT, such as intercropping, with innovative 
CSAPT, like improved seeds, obscuring critical distinctions. Recognizing that CSAPT 
adoption is highly context-specific, especially in regions like Northern Togo with unique 
agro-ecological and socio-economic challenges, this study analyzed farm production ef-
ficiency under traditional and innovative CSAPT. Using data from over 500 households 
in Togo’s Kozah prefecture, farmers were categorized into those who adopted only tra-
ditional CSAPT and those combining traditional and innovative CSAPT. A binary probit 
model identified adoption determinants, while stochastic frontier analysis evaluated farm-
ers’ technical efficiency. The findings indicate that most farmers continue to rely only on 
traditional CSAPT. Probit analysis indicates that factors like gender, land tenure, farm 
size, organization membership, and dry spell exposure influence the likelihood of adopting 
traditional and innovative CSAPT. Farmers combining traditional and innovative CSAPT 
had higher efficiency than those using only traditional methods. These findings have im-
portant policy implications. They emphasize the need for agricultural policies that reduce 
barriers to adopting innovative CSAPT. Policies should ensure land access for women, 
empower farmer organizations to spread technology, and develop localized climate-resil-
ience strategies. These initiatives can increase the adoption of efficiency practices, boost-
ing agricultural productivity and food security amid climate change.

Keywords  Climate-smart agricultural practices and technologies (CSAPT) · Traditional 
CSAPT · Innovative CSAPT · Farm productivity · Adoption determinants · Northern togo
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1  Introduction

Agriculture is crucial for rural livelihoods in sub-Saharan Africa, as it ensures food security, 
promotes economic growth, and creates jobs (Modi 2019; Jayne et al. 2017). However, the 
region faces persistent low agricultural productivity (File and Nhamo 2023) and significant 
challenges from climate change, to which the sector contributes up to 14% of global green-
house gas emissions (IPCC 2022). Addressing these issues through enhanced productivity 
is vital for poverty alleviation and fostering economic growth (Adom and Adam, 2020).

To this end, climate-smart agriculture (CSA) has emerged as an approach to enhancing 
farm systems’ resilience to climate change’s effects, defined by three principal objectives of 
sustainably increasing agricultural productivity and incomes, adapting and building resil-
ience to climate change, and reducing and/or removing greenhouse gas emissions, where 
possible (FAO 2013). CSA integrates practices tailored to specific contexts and has been 
adopted in various African countries as a key approach for agricultural transformation and 
poverty reduction (Ali and Awume 2025; Ali 2021; Lipper and Zilberman 2018; Richards 
et al., 2016). Ali and Awume (2025) emphasize that credit rationing, an external constraint 
disproportionately affecting smallholder farmers, remains a significant barrier to CSAPT 
adoption, questioning the scalability of certain technologies beyond very small-scale opera-
tions (Asfaw and Lipper, 2016).

Although Ali and Awume (2025) provide valuable insights into the determinants of 
CSAPT adoption, their analysis overlooks an important distinction between traditional and 
innovative CSAPT. This differentiation is significant in the context of climate change adap-
tation, as the risk perception, costs, and technical demands of traditional practices such as 
mulching and composting often differ considerably from those of newer, more capital-inten-
sive technologies like irrigation and weather-smart ICT tools. Previous research suggests 
that the adoption of innovative CSAPT tends to be lower due to greater financial, technical, 
and knowledge barriers (Ali and Awume 2025; Andersson and D’Souza 2014; Arslan et al. 
2015). Consequently, developing effective policy interventions requires understanding not 
only credit constraints but also how adoption patterns differ between traditional and inno-
vative CSAPT. Overlooking these differences could lead to misallocation of resources and 
undermine the effectiveness of climate resilience efforts in agriculture.

Farmers in sub-Saharan Africa have long-standing practices that stem from traditional 
knowledge, such as using animal dung as fertilizer, intercropping, employing neem for pest 
control, and creating stone bunds (effective for runoff control), Zai pits (crucial for moisture 
and nutrient concentration), and crop diversification during droughts, as well as pits for soil 
and water conservation (Bekuma et al. 2023; Zougmoré et al. 2014). This traditional knowl-
edge, or local knowledge essential for climate change adaptation (IPCC 2022; Taylor et al. 
2023) constitutes traditional CSAPT. They refer to the skills and understanding that commu-
nities develop based on their environments (IPCC 2019) and are passed down orally from 
one generation to the next. Despite the importance of traditional CSAPT, the increasing 
risks of climate change are affecting farmers’ livelihoods (Spear et al. 2019). This vulner-
ability, often caused by a lack of effective mitigation and limited uptake of essential innova-
tive technologies (Occelli et al. 2021), drives a growing demand for smallholder farmers 
to adopt innovative CSAPT. Innovative CSAPT are typically science-based and externally 
introduced, including improved seeds, scientific weather forecasting, and improved irriga-
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tion techniques aimed at increasing productivity and bolstering resilience to climate shocks 
(Adeola et al. 2023; Patel et al. 2020).

In Togo, smallholder farmers mostly engage in low-input, subsistence agriculture, rely-
ing on traditional knowledge (Novotny et al. 2024; World Bank, 2022; Pilo et al. 2021). To 
improve food production and security, the Togolese National Program of Investment for 
Food Security Project (PNIASA) has promoted the adoption of CSAPT, including livestock 
vaccinations, weather education, improved seeds, and organic fertilizer. International and 
local NGOs have also promoted CSAPT through farmer field schools to enhance food secu-
rity further (Board 2013; World Bank 2010). Despite efforts to improve food production 
and security through CSAPT adoption in Togo (Board 2013; World Bank 2010), concerns 
persist about farmers’ efficiency, echoing the long-standing ‘poor-but-efficient hypothesis’ 
introduced by Schultz (1964). Evaluating farm performance goes beyond just measuring 
yield; it involves assessing allocative efficiency, which measures the optimal use of inputs 
based on prices, and technical efficiency, which compares actual output to potential output 
to identify performance gaps and compare outputs to those of other farms or benchmarks 
(Coelli et al. 2005). Improving technical efficiency is crucial for fostering productivity 
growth in climate-smart agriculture by optimizing resource use, reducing costs, and maxi-
mizing outputs (Carrer et al. 2022; Nin-Pratt 2016).

However, a significant gap remains in understanding the detailed adoption patterns of 
both traditional and innovative CSAPT by smallholder farmers and how these patterns vary 
in their effects on farm efficiency. Specifically, there is a lack of comparative analysis of 
their respective contributions to farm technical efficiency, especially across different local 
contexts. In this regard, this study directly addresses these gaps by examining the drivers 
behind farmers’ adoption of a mix of traditional and innovative CSAPT and comparing the 
impacts of using both versus only traditional CSAPT on smallholder farmers’ technical effi-
ciency in Northern Togo’s food production, utilizing econometric methods such as binary 
probit and stochastic frontier analysis on farm household survey data.

This study makes two key contributions to the existing literature. First, it identifies the 
factors influencing smallholder farmers’ preference for a combination of traditional and 
innovative CSAPT. It offers valuable insights for developing effective, context-specific, 
climate-resilient policies that improve productivity and food security. Second, perform-
ing a comparative analysis of the production efficiency between traditional and innovative 
CSAPT is essential, as it empirically demonstrates the unique contribution of traditional 
knowledge and practices alongside innovative CSAPT in addressing climate change. This 
provides policymakers with concrete evidence to appraise current programs and make stra-
tegic decisions about promoting innovative CSAPT or enhancing the efficiency of existing 
traditional CSAPT. We find that most farmers adopt solely traditional CSAPT, which is less 
efficient than those who adopt both traditional and innovative CSAPT.

2  Materials and methods

2.1  Study area and data collection

This study focuses on the Kozah prefecture in northern Togo’s Kara region (Fig. 1), which 
has a poverty rate of 56% (World Bank, 2022). The region known for its agricultural poten-
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tial has benefited from multiple food security intervention projects (ADB, 2016; MaEDR, 
2010). Kozah spans 1,086 km² and includes 15 cantons across four communes, between 
9.5876° N and 1.1737° E. It has a tropical Sudanian climate with temperatures ranging 
from 20 °C to 39 °C and receives 1,000 to 1,700 mm of rainfall from April to October (Ali 
2019). With over 283,000 residents, the economy primarily relies on trade and agriculture, 
especially smallholder farming of maize, sorghum, and rice (Ali 2018).

We collected data through a survey from a representative sample of farmers to enhance 
our statistical power and validate our models. We randomly selected farmers from the 
population of smallholder farmers across all four communes in the Kozah prefecture. We 
employed a multistage random sampling technique. In the first stage, we randomly selected 
seven out of fifteen cantons in Kozah by ballot. Next, we randomly selected four villages 
within each canton, also by ballot. Lastly, we randomly selected 20 households from each 
village, depending on the farmers’ willingness to participate in the survey, resulting in a 
total of 560 households surveyed. After reviewing the data for completeness, 26 incomplete 
questionnaires were excluded, leaving a final sample of 534 farm households. The use of 
534 observations in regression models such as Probit and Stochastic Frontier Analysis offers 
adequate statistical power for robust analysis. After receiving intensive training on survey 
protocols, ethical conduct, and accurate data recording, enumerators familiar with local 
farming contexts administered questionnaires in the Kabiyè language directly to farmers in 
their homes. It included information on household demographics, farm holdings, farming 
systems used, crop production inputs and outputs for the 2022–2023 farming season, as 
well as knowledge of CSAPT. The primary inputs used in the production process included 
fertilizers, seeds, and labor. We further categorized fertilizers and seeds into organic and 
inorganic fertilizers and traditional and improved seed varieties. We measured labor as the 
total number of days worked per household. To accurately capture farmers’ engagement 

Fig. 1  Map of the study area. Source: Map of Togo- Ali (2019); Map of Kozah (Kozah 4 city council)
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with diverse CSAPT, we employed photographic elicitation to help identify the CSAPT 
listed in Table 1. A CSAPT was considered unfamiliar to a farmer if they neither knew its 
name in their local dialect nor recognized its photograph. For CSAPT, which is known to 
farmers, we inquired about where they first learned about it and whether they adopted it dur-
ing the 2022 planting season, assigning a score of 1 for adoption and 0 for non-adoption. We 
categorized the sources of knowledge into five groups: traditional knowledge, government 
extension agents, NGOs, researchers, and the media.

2.2  Methodology

Based on the knowledge sources reported in the survey, we distinguish between traditional 
CSAPT (learned primarily from traditional knowledge) and innovative CSAPT (acquired 
from non-traditional sources such as extension agents, NGOs, researchers, and the media) as 
illustrated in Fig. 2. We observed that all sampled farmers adopted at least some traditional 
CSAPT. Therefore, to effectively analyze the adoption of more advanced practices, we cat-
egorized farmers into two distinct groups for analysis: those who adopted solely traditional 
CSAPT and those who adopted a combination of both traditional and innovative CSAPT.

Soil Management Water Management Livestock 
Management

Agroforestry Crop 
production

Organic fertilizer Flood water harvesting Improved pasture Agri silviculture Pollination 
management

Crop rotation Weather forecasting Animal breeding Silvopastoral Cover 
cropping

Intercropping Adapting cropping 
calendar

Supplementary 
feeding

Agrosylvopastoral Mulching

Mixing organic and 
inorganic fertilizers

Irrigation Disease control Integrated pest 
management

Little or no-till Alternate wet and dry 
rice production

Vaccination Improved 
varieties

Leguminous species Crop diversification
Integrated weed 
Management

Crop insurance

Stone bunds

Table 1  Portfolio of CSAPT used in the study 

Fig. 2  CSAPT classification
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2.3  Methods of data analysis

To achieve the research objectives, we combine descriptive and inferential statistics with 
econometric models. We employed a probit regression model to explore factors influencing 
farmers’ adoption of innovative CSAPT. We estimated the production frontier (the maxi-
mum possible output a farm can produce with its inputs) and evaluated technical efficiency 
(how close a farm is to that maximum) using the Stochastic Frontier Approach (SFA), with 
an output-oriented focus. This method is particularly useful for low-input farming systems, 
such as those in our study area.

2.3.1  Probit model specification

We chose the probit model for this analysis because it effectively identifies the factors influ-
encing agricultural technology adoption, as demonstrated in previous studies (Abate 2024; 
Kitole et al. 2024). This method addresses heteroscedasticity (changes in the spread of the 
data points) and aligns with the cumulative normal probability distribution, enhancing the 
robustness of the results. In this study, the dependent variable is a hybrid of innovative and 
traditional CSAPT, with 0 representing non-adoption and 1 indicating adoption. Key covari-
ates include farmers’ gender, education level, household size, secondary occupation, land 
ownership, access to credit, farm group membership, and the perceived occurrence of dry 
spells. We present the model as follows:

	 CSAi = F (Xiβ) + εi� (1)

Where CSAi stands for innovative and traditional CSAPT adoption, given as 1 if they were 
adopted and 0 otherwise; Xi is the set of independent variables; β is the vector of coefficients 
to be estimated using maximum likelihood estimation; εi is the error term (unobserved fac-
tors that influence the dependent variable), assumed to be normally distributed.

Consistent with Asante et al. (2024), we calculate the marginal effects, which are the 
effect of a small change in an independent variable on the probability of a specific outcome, 
to gauge the actual change in the probability of adoption attributable to changes in the inde-
pendent variables, because the standard probit model estimates provide only one direction 
of effect. We compute the marginal effects as follows:

	 ME = βi∅ (z)� (2)

Where: β are the coefficients of the independent variable; ϕ(z) refers to the standard cumula-
tive normal distribution associated with the mean dependent variable.

2.3.2  Stochastic frontier analysis

We preferred the parametric SFA to the non-parametric Data Envelopment Analysis (DEA) 
because the deterministic nature of DEA assigns all deviations from the efficiency frontier 
to inefficiencies. However, agricultural productivity in our study area is affected by external 
factors like climate shocks, pests, and diseases (Dossa and Miassi 2023), making it challeng-
ing to attribute deviations solely to inefficiency (Battie and Coelli, 1995). Additionally, DEA 
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ignores random shocks like measurement errors and other data noise, while SFA separates 
the error term into two components: a two-sided random error that reflects uncontrollable 
factors and a one-sided inefficiency component (Coelli et al. 2005; Kumbhakar and Lovell, 
2000). Nevertheless, SFA’s main limitation is its requirement for a predetermined functional 
form and specific distributional assumptions for technical inefficiency. We express the sto-
chastic production frontier proposed by Aigner et al. (1977) as follows:

	 Yi = β0 + βXi + εi� (3)

where Yi denotes the log value of crop output in kilograms (Kg) of ith farm 
(i = 1,2, 3,4, 5 . . . ..n) and Xi is a vector of input quantities such as log values of land in 
hectares, traditional and improved seeds, organic and inorganic fertilizers, β  is the vec-
tor of the parameter to be estimated. ϵ i = −ui + vi.vi is assumed to be independently 
and identically normally distributed N(0, σ 2

v) and independent of the ui whereas ui is 
a non-negative random variable related to the technical efficiency of crop production and 
hypothesized to be independently and identically distributed as half-normal, such that 
ui ∼ iid N+ (

0, σ 2
u
)

. We redefined the equation as follows:

	 Yi = f (Xi; β) exp(vi − ui)� (4)

where f (.) It can assume different functional forms, such as Cobb-Douglas or Translog 
functional forms. In this study, the Cobb-Douglas production function is selected over the 
Translog or Quadratic forms in SFA, based on theoretical, empirical, and practical consid-
erations. The Cobb-Douglas functional form is used because it requires fewer parameters, 
making it easy to understand and interpret the relationships between inputs and outputs 
(Kumbhakar and Lovell 2000; Okoye et al. 2016). It can provide more stable estimates in 
situations when the dataset is small or lacks sufficient variation (Greene, 2008; Coelli et al. 
2005). Even when the true production function is more complex, studies show that technical 
efficiency estimates from Cobb-Douglas are often highly correlated with those from Trans-
log or Quadratic forms (O’Donnell and Coelli 2005; Ali and Kpakpabia 2019). From Eq. 3, 
we define the technical efficiency of farms as:

	
TEi = Yi

Yi∗
= f (Xi; β) exp(vi − ui)

f (Xi; β) expvi
� (5)

The denominator represents the observed value of the farmer’s output expressed in kg, and 
the numerator is the frontier output. Hence,

	 TEi = exp(−ui)� (6)

Once we have computed the technical efficiency of each farmer, it is crucial to estimate 
the impact of traditional and innovative CSAPT on efficiency. This analysis will help us 
understand the factors contributing to producers’ technical inefficiency and provide valuable 
insights for policymakers. We, therefore, regress a set of factors on −ui as follows:

	
−ui = δ0 +

k∑
n=1

δiZi + ei� (7)

1 3
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Where Zi is a vector of factors influencing technical inefficiency, including CSAPT from 
various knowledge sources (traditional and innovative), δ i is the vector of parameters we 
estimated. ε is the error term that is assumed to be normally distributed. Following Battese 
and Coelli (1995), we use the maximum likelihood method to estimate the stochastic fron-
tier and the inefficiency model in a single-step approach.

Empirically, we specify the output model as follows:

	 Qi = β0 + βiXi + vi� (8)

where Qi is the outcome variable measuring the value of output, Xi is the vector of inputs, 
and β i the parameter to be estimated. We adopted the inefficiency model as follows:

	 Ei = δ0 + δiZi + ei� (9)

where Ei stands for the inefficiency score, Zi is the vector of covariates influencing farm-
ers’ inefficiency like climate change adaptation (traditional and innovative CSAPT), gender, 
education, dry spells, land ownership, membership in farmers’ organizations, farming expe-
rience, and δ i are the parameters to be estimated.

3  Results and discussions

3.1  Knowledge source of CSAP and adoption rates

Figure 3 illustrates the initial knowledge sources farmers reported for CSAPT, as enumerated 
in Table 1, along with their respective adoption rates. Traditional knowledge was identified 
as the primary knowledge source for all CSAPT, except for improved seeds, weather fore-
casting, and crop insurance, where the primary source is extension agents. These three are 
the innovative CSAPT in our study area, primarily disseminated through extension services.

Fig. 3  Farmers’ knowledge sources and the adoption rate of CSAPT

 

1 3

    4   Page 8 of 24



Mitigation and Adaptation Strategies for Global Change…

The low adoption rates of certain CSAPT, such as irrigation, floodwater harvesting, 
adapting cropping calendars, crop diversification, stone bunds, cover cropping, agro-sil-
vopastoral systems, crop insurance, and supplementary feeding, result from a complex 
interplay of economic, social, institutional, and environmental challenges. For instance, 
practices like irrigation and floodwater harvesting, though traditionally understood, often 
require significant upfront investments in infrastructure, such as pumps, canals, and reten-
tion structures. Most smallholder farmers cannot afford these without external financial aid 
or collective efforts. This finding aligns with Chimi et al. (2023) and Barron et al. (2015), 
who also identified financial barriers as a significant obstacle to adopting water management 
technologies in similar contexts. Socially, practices such as crop diversification may be per-
ceived as labor-intensive, making them less appealing to farmers (Giller et al. 2011). This 
view aligns with Giller et al. (2011) observations on the labor demands of diverse cropping 
systems, particularly for smallholders.

Institutional gaps also play a crucial role. The lack of organized community support or 
unclear land tenure for communal water resources can hinder the successful implementation 
of collective methods, such as floodwater harvesting and building stone bunds. This aligns 
with Kabubo-Mariara et al. (2010) work, highlighting the vital role of strong local institu-
tions in enabling collective action for natural resource management. Environmentally, the 
increasing severity and unpredictability of droughts and floods weaken the reliability of tra-
ditional calendar-based agricultural practices. This variability often causes farmers to hesi-
tate in adopting strategies heavily dependent on predictable rainfall patterns. Our findings 
support Kassie et al. (2014) conclusion that increased climate variability directly diminishes 
the perceived reliability and adoption of traditional, weather-dependent farming practices. 
Ultimately, despite its innovative potential, crop insurance faces adoption challenges rooted 
in economic concerns and trust issues. Farmers often see premiums as unaffordable or doubt 
the payout procedures, mainly when frequent and widespread climate shocks occur. This 
echoes the challenges documented by Ali et al. (2020) regarding the low uptake of agricul-
tural insurance in developing countries, which is linked to affordability and distrust.

The adoption of improved seeds, such as hybrid and open-pollinated varieties of maize, 
soybeans, rice, groundnuts, beans, and sorghum, remains low. These seeds offer shorter 
growth cycles and higher yields, but require enhanced soil fertility, often achieved through 
the use of inorganic fertilizers (Head of the Legumes Program, ITRA-Kara, 2023; Simtowe 
et al. 2019). Soils in northern Togo are predominantly sandy-loamy, characterized by low 
organic matter and nutrients, particularly nitrogen, as well as a low cation exchange capac-
ity, rendering them naturally infertile and prone to leaching (Diwediga et al. 2017). This 
condition limits farmers’ ability to benefit from improved seeds without balanced nutri-
ent management, as poor soil quality leads farmers to spend more on inorganic fertilizers, 
whereas richer soils facilitate better yields from improved seeds; thus, creating a significant 
economic barrier for resource-limited smallholder farmers. Without external support, the 
cost of acquiring both improved seeds and necessary inorganic fertilizers often exceeds the 
perceived benefits, especially considering the financial risks of low soil fertility and unpre-
dictable rainfall. This financial burden, combined with the low-risk nature of traditional 
seeds, which can produce even with minimal inputs, may explain why farmers continue to 
favor them. This finding aligns with the concept of Integrated Soil Fertility Management 
(ISFM), which advocates for a combined approach of improved seeds and the balanced 
use of organic and inorganic fertilizers to achieve sustainable yields. Our findings support 
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the study by File and Nhamo (2023), which highlights that traditional seeds are perceived 
as having lower risk and lower input needs, despite their lower yield potential compared to 
improved varieties. Socioeconomic and institutional factors also influence farmers’ adop-
tion decisions (Dokyi et al. 2021).

Farmers rely on both traditional knowledge and extension agents for weather forecasting. 
Accurate forecasts help minimize losses from adverse weather and enhance crop yield and 
quality (Yegbemey et al. 2023). Extension agents advocate for scientific weather forecast-
ing, which uses advanced technology to predict weather conditions by analyzing data from 
weather stations and satellites (Stull 2015). In contrast, traditional forecasting depends on 
observing natural phenomena, such as the behavior of plants and animals (Nyadzi et al. 
2022). Farmers use both methods to adapt to climate change, which sometimes makes it dif-
ficult to determine which source most influences their decision-making during the farming 
season (Jiri et al. 2016).

3.2  Comparison of socioeconomic characteristics of traditional and innovative 
CSAP adopters

Table 2 presents the descriptive statistics, which summarize the characteristics of variables 
influencing farmers’ adoption decisions, comparing households that adopted only traditional 
CSAPT (69%) with those that adopted both innovative and traditional practices (31%). 
Statistically significant differences at the 1% level (meaning these differences are highly 

Table 2  Description, summary statistics, and t-test of socioeconomic characteristics of CSAPT adopters
Variables and description Total 

sample 
(n = 534)

Adopters 
Traditional 
CSAP 
(n = 371)

Adopters In-
novative and 
Traditional 
CSAP (n = 163)

Difference in 
Mean
(1)-(2)

Mean (0) Mean (1) Mean (2)
Gender: (0 = male, 1 = female) 0.28 0.33 0.16 0.17***
Household size (Number of persons in the 
household)

6.19 5.95 6.72 −0.77***

Education (Informal = 1) 0.18 0.21 0.13 0.07
Education (up to secondary school level = 1) 0.79 0.76 0.84 −0.08
Education (above secondary level = 1) 0.03 0.03 0.02 0.01
Secondary occupation (non-farming occupation 
0 = no, 1 = yes)

0.08 0.09 0.06 0.03

Land ownership: 0 = Family land, 1 = rented 0.05 0.01 0.13 −0.12***
Farm land (in hectares) 1.48 1.28 1.94 −0.66***
Member of farmer organization: 0 = no, 1 = yes 0.19 0.15 0.29 −0.14***
Farming experience (In years) 24.60 24.62 24.54 0.08
Farm type (0 = crop farming, 1 = mixed farming) 0.87 0.87 0.88 −0.01
Dry spells (0 = not experienced, 1 = experienced) 0.60 0.55 0.70 −0.15***
Use of organic fertilizer (kg) 256.79 149.11 499.73 −350.629
Use of inorganic fertilizer (kg) 144.67 123.79 191.77 −67.98588 ***
Crop output value 884139.9 885,612 880818.6 4793.39
Credit access (0 = no, 1 = yes) 0.13 0.10 0.20 −0.10***
Labor (labor available to the household) 33.61 31.68 37.97 −6.29***
***p < 0.01
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unlikely due to random chance) were found in gender, household size, land ownership, farm 
land size, membership in farmer organizations, frequency of dry spells, access to credit, the 
use of inorganic fertilizers, and the number of days of labor availability in the household.

3.3  Probit results of determinants of traditional and innovative CSAPT adoption

Table 3 shows the results of the probit model, identifying the factors influencing the prob-
ability of farmers adopting traditional and innovative CSAPT. The likelihood ratio test is 
significant at the 1% level, which confirms that our model, including the various factors, 
provides a significantly better explanation of adoption decisions than a simpler model with-
out these factors. This indicates a good fit for the estimated probit model.

The results show that the coefficient for gender is negatively associated with the com-
bined adoption of innovative and traditional CSAPT. Specifically, the marginal effect of 
−0.102 indicates that being a female-headed household decreases the probability of adopting 
a hybrid of innovative and traditional CSAPT by approximately 10.2% points, holding other 
factors constant. This implies that females are less likely to adopt a hybrid of innovative and 
traditional CSAPT. Women’s capacity to embrace innovative CSAPT is directly hampered 
by their limited access to resources, including land, credit, inputs, social norms, domestic 
responsibilities, and mobility constraints. Women’s labor constraints and mobility limita-
tions due to domestic responsibilities can hinder their ability to receive timely and relevant 
information about innovative CSAPT. Additionally, women have restricted access to credit 
and financial services, which are often essential for procuring innovative CSAPT, such as 
seeds and inputs for improved crop varieties. These barriers affect agronomic activities, such 
as the timely fertilizer application and access to draft power. This observation is consistent 
with the findings of Witinok-Huber et al. (2021) and Beuchelt and Badstue (2013).

Innovative and Traditional CSAPT Coefficient Std. 
Err.

Marginal 
effect

Gender (Female = 1) −0.352** 0.170 −0.102**
Education (Primary and below = 0)
Up to secondary school level 0.019 0.177 0.005
Above secondary school level 0.038 0.396 0.011
Household size −0.012 0.021 −0.003
Secondary occupation (Yes = 1) −0.274 0.263 −0.079
Member of farmer organization 0.399*** 0.157 0.116***
Land ownership (Rented = 1) 1.854*** 0.343 0.539***
Credit access (Yes = 1) 0.119 0.187 0.035
Farm type (Mixed farming = 1) −0.311 0.203 −0.090
Land size (log) 0.340*** 0.069 0.099***
Dry spells (Yes = 1) 0.404*** 0.129 0.112***
Constant −0.533* 0.295
Number of observations 534
Log-likelihood −275.67
Likelihood Ratio test: 
Chi-square(df = 11)

107.37***

Pseudo R2 0.1630

Table 3  Determinants of in-
novative CSAPT adoption in 
Northern Togo

***p < 0.001; **p < 0.005
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Farmer organization membership enhances the adoption of innovative and traditional 
CSAPT, as indicated by the positive coefficient and a marginal effect of 0.116. This means 
that membership increases the probability of adopting a hybrid of innovative and traditional 
CSAPT by about 11.6% points. Farmer organizations provide their members with improved 
social networks, access to information, and services such as credit and markets, ultimately 
increasing their adaptive capacity. This aligns with previous research (Manda et al. 2020; 
Anang et al. 2020). Furthermore, the results indicate that land ownership, specifically fam-
ily-owned land, has a significant and positive impact, with a marginal effect of 0.539. This 
suggests that farmers operating on family-owned land are approximately 53.9% points more 
likely to adopt a mixed portfolio of CSAPT compared to those on rented land. This may be 
attributed to having secure land tenure, which empowers farmers to invest more confidently 
in transformative agricultural practices and benefit from long-term advantages. Addition-
ally, land ownership can improve a farmer’s creditworthiness, allowing them to secure loans 
or financial support to invest in new technologies, equipment, or inputs. This finding aligns 
with studies by Ma and Rahut (2024) and Keovilignavong and Suhardiman (2020).

The positive coefficient associated with dry spells suggests that experiencing dry spells is 
linked to increased adoption of innovative and traditional CSAPT, with a marginal effect of 
0.112. This indicates that farmers who have experienced dry spells are about 11.2% points 
more likely to adopt a hybrid of innovative and traditional CSAPT. The finding suggests 
that farmers may be more likely to adopt innovative CSAPT to adapt to changing climatic 
conditions, particularly during dry spells. The mechanism behind this is that, during dry 
spells, moisture stress causes farmers to recognize the importance of water management and 
triggers the adoption of specific practices aimed at resilience, such as switching to early-
maturing varieties, which can enhance their productivity. This finding aligns with Fisher et 
al. (2015) and Pangapanga-Phiri and Mungatana (2021), who found that farmers’ exposure 
to dry spells prompted them to adopt innovative farming techniques.

Farmland size is positively linked to the adoption of innovative and traditional CSAPT. 
The marginal effect of 0.099 shows that, on average, a 1% increase in land size results in 
a 9.9% point rise in the likelihood of a farmer adopting these practices. This suggests that 
farm size is a key factor influencing a farmer’s decision to adopt new technologies. The 
underlying reasons for this relationship are probably connected to resource availability and 
risk tolerance. Larger farms may also gain from economies of scale, which can reduce rela-
tive implementation costs. Additionally, having larger farmlands can give farmers a greater 
ability to absorb the financial risks and uncertainties involved in adopting innovative prac-
tices. This finding aligns with the results of Kpadonou et al. (2017).

3.4  Production frontier estimates

In this section, we present and discuss the results of the first-stage sample selection sto-
chastic production frontier model, which focuses on the direct impact of inputs on farm 
output. The findings indicate that farm land (significant at the 1% level), traditional seeds 
(significant at the 10% level), improved seeds (significant at the 5% level), organic and 
inorganic fertilizers (both significant at the 5% level) had a positive and significant impact 
on crop production efficiency (Table 4). Additionally, the results showed that land possesses 
the highest positive elasticity of 0.222, suggesting that a 1% increase in the traditional seeds 
would result in a 0.222% increase in crop output.
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Furthermore, the Returns to Scale (RTS) value of 0.366 (which is less than 1) indicates 
decreasing returns to scale to the modeled inputs. This means that if farmers increase all 
their inputs proportionally (e.g., by 100%), their crop output would increase by a smaller 
percentage (specifically, only 36.6%). In practical terms, this suggests that simply scaling 
up inputs proportionally at this stage of production is inefficient and may not significantly 
boost crop output over the long term. To address these diminishing returns, farmers should 
focus on adopting practices that enhance productivity per unit of input. Additionally, the 
results show that having larger farm land, using improved and traditional seeds, as well 
as organic and inorganic fertilizers, significantly boosts farm-level productivity. However, 
since the overall system shows decreasing RTS, the emphasis should be on strategically 
and efficiently using these inputs rather than merely increasing their quantity. Farmers who 
overlook these inputs may face inefficiencies that limit their competitiveness in agriculture.

The significant and positive contribution of organic fertilizer to crop output demonstrates 
that traditional soil management practices remain effective and significantly influence pro-
ductivity, even in today’s modern farming. Applying organic matter enhances soil health 
by increasing soil organic content, buffering pH levels, facilitating nutrient cycling, and 
improving water infiltration (Sileshi et al. 2025), all of which are crucial for maintaining 
stable yields, particularly under climate stress. However, small-scale farmers often lack 
the resources to produce or access the large amounts of organic material required (Oué-
draogo et al. 2001), making inorganic fertilizers a more attractive option. Inorganic fertil-
izers are crucial for maximizing seed yield potential and have played a key role in Africa’s 
Green Revolution (Badiane et al. 2020). Promoting their use is crucial for enhancing yields. 
However, using inorganic fertilizers without incorporating organic amendments can lead to 
greenhouse gas emissions, soil degradation, water pollution, and reliance on non-renewable 
resources, jeopardizing sustainability (Hu et al. 2023; Lassaletta et al. 2016). Combining 
both organic and inorganic fertilizers effectively can create a foundation for productive and 
healthy farming (Sommer et al. 2018).

Improved seeds can considerably enhance crop production efficiency (Riaz et al. 2024). 
However, their widespread adoption is impeded by various challenges, including high costs, 
limited access to credit, inadequate distribution infrastructure, and a lack of trust in seed-
providing institutions (Shiferaw et al. 2015). In contrast, while traditional seeds may exhibit 
lower productivity under optimal conditions compared to improved seeds, they offer advan-
tages such as cost-effectiveness, promoting genetic diversity, and enhancing resilience in 

ln (Crop Output value) Coefficient Standard error
Household labor (log) 0.002 0.062
Land size (log) 0.222*** 0.052
Improved seeds (log) 0.037** 0.017
Traditional seeds (log) 0.053* 0.030
Organic Fertilizers (log) 0.020** 0.009
Inorganic fertilizers (log) 0.032** 0.016
Constant 12.933*** 0.246
Returns to scale (RTS) 0.366
Number of observations 534
Wald chi2(6) 43.05***
Log pseudolikelihood −882.29878

Table 4  Maximum likelihood 
estimate of the stochastic pro-
duction frontier model

***p < 0.01; **p < 0.05; *p < 0.10
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agricultural systems. These attributes contribute to maintaining stable yields in fluctuating 
conditions. The simultaneous positive and significant elasticities for both seed types show 
that they play complementary roles in smallholder farming. Traditional seeds, well-adapted 
to local conditions, help with stress tolerance and provide a crucial baseline yield. In con-
trast, improved seeds offer higher yield potential in more favorable conditions. This stra-
tegic mix of high-yield potential and the low-cost, locally adapted resilience of traditional 
varieties allows farmers to balance risk and reward (Haug et al. 2023). Our findings confirm 
that the correlation between using traditional and improved seeds is low, thereby prevent-
ing multicollinearity and allowing for the unique contributions of each seed type to farm 
productivity, consistent with the findings of Bezabih et al. (2025).

The coefficient for farmland (0.222) indicates that a 1% increase in cultivated land area 
leads to a 0.22% rise in crop output. This supports agricultural production theory, as dis-
cussed by Jayne et al. (2014), which emphasizes land as a key factor in boosting output. 
Larger farms benefit from economies of scale by spreading high fixed costs, such as those for 
building floodwater harvesting channels to collect rainwater for supplementary irrigation. 
Additionally, access to better resources and technologies enables larger farms to achieve 
higher yields per hectare, enhancing overall productivity (Van Zyl et al. 1995). Larger farms 
also facilitate the use of specialized equipment, such as tractors, which improve labor pro-
ductivity and efficiency, reducing reliance on manual labor. These findings are consistent 
with the research by Julien et al. (2021) in East Africa.

3.4.1  Technical efficiency scores of sample households

The SFA model results show differing efficiency scores among the two groups of adopters, 
as illustrated in Table 5; Fig. 4. The efficiency score ranges from 0 to 1, where 1 indicates 
maximum possible efficiency (producing the most output with the given inputs) and values 
closer to 0 indicate lower efficiency.

The maximum efficiency score recorded among all farmers is 0.999, and the median effi-
ciency score (0.760) is higher than the mean (0.747), suggesting a left-skewed distribution. 
This means that most farmers are concentrated at higher efficiency levels, but there is a tail 
of farmers operating at much lower efficiency levels. However, the standard deviation of 
0.187, coupled with the lowest efficiency score of 0.161, highlights a significant degree of 
variability in efficiency across the sample. Such variability suggests considerable potential 
for improving efficiency among farmers. These findings are consistent with prior research 
(Miriti et al. 2021), which demonstrates that many farmers in sub-Saharan Africa fail to 
attain their optimal efficiency.

Type of sample Estimated efficiency scores
Max Min Mean Median St. Dev

All farmers 0.999 0.161 0.747 0.760 0.187
Adopters Traditional 
CSAPT

0.999 0.161 0.711 0.756 0.192

Adopters Traditional 
and innovative CSAPT

0.999 0.383 0.829 0.812 0.145

Table 5  Summary statistics of 
estimated technical efficiency 
scores of farm households
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Farmers who only adopted traditional CSAPT achieved a maximum score of 0.999. The 
median score of 0.711 is above the mean, suggesting left skewness that may stem from a 
few very low efficiency scores. Adopters of solely traditional CSAPT displayed significant 
variability in efficiency, demonstrated by a higher standard deviation of 0.192. In contrast, 
adopters of a hybrid of traditional and innovative CSAPT achieved a significantly higher 
median score of 0.812, which is less than the mean (0.829), indicating right skewness, with 
most farmers concentrated around higher efficiency scores and a few of them operating at 
higher efficiency levels that are pulling the mean up. Moreover, their lowest standard devia-
tion of 0.145 shows reduced variability and enhanced consistency in efficiency among this 
group of farmers. This observation aligns with the research by Muzari et al. (2012), which 
highlights the benefits of integrating traditional and innovative farming methods.

Additionally, we find that most farmers (57%) who adopt solely traditional CSAPT 
exhibit only moderate efficiency levels (scores below 75%), as depicted in Fig.  4. Con-
versely, farmers who combine traditional and innovative CSAPT demonstrate a significantly 
higher efficiency level, with 81% achieving performance scores between 75 and 100%. 
This trend suggests a reduced inefficiency among adopters of both traditional and innova-
tive CSAPT. These observations are consistent with the findings of Pattiasina et al. (2023), 
who concluded that adopting only traditional CSAPT results in mostly modest efficiency 
improvements for farmers.

The variability observed in technical efficiency scores among farmers can be aligned 
with previous research on smallholder systems in Togo (Pilo 2019) and reflects the inher-
ent biophysical and heterogeneous nature of smallholder farming systems in West African 
agriculture. This heterogeneity is linked to several factors, including differences in access 
to resources, which significantly influence efficiency. Farmers in Northern Togo, for exam-
ple, have limited capital, which further restricts smallholders’ ability to invest in necessary 
inputs, thereby reducing efficiency (Miassi et al. 2023). Additionally, water availability, 
which is influenced by rainfall variability, directly impacts crop yields and efficiency, under-
scoring the potential of irrigation to enhance output (Pilo 2019). As a result, farmers in more 
favorable agro-ecological zones or those with better access to resources tend to have higher 

Fig. 4  Comparison of the efficiency score between the groups of CSAPT adopters
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efficiency than those contending with greater environmental stresses or resource scarcity. 
Obstacles to market access also limit efficiency by restricting farmers’ ability to source 
inputs and sell produce effectively (Ma et al., 2024; Kopper and Jayne 2019; Kamara 2004). 
On the other hand, exposure to extension services improves efficiency by encouraging the 
adoption and successful implementation of new technologies and practices (Jolex 2022). 
Ultimately, individual farmer traits, especially risk perception and management skills, 
greatly influence adoption and overall efficiency. Even when resources are available, differ-
ences in decision-making, knowledge utilization, and the extent of implementing CSAPT 
can result in notable variations in observed efficiency levels (Akter et al. 2022).

3.4.2  Determinants of technical inefficiency in farm-level production

Table 6 displays the findings from the second-stage sample selection stochastic production 
frontier model, which identifies factors that influence farmers’ technical inefficiency—that 
is, what makes them more or less efficient in their production. In this model, a negative 
coefficient for a variable indicates that it reduces inefficiency and increases efficiency, while 
a positive coefficient indicates that it increases inefficiency and decreases efficiency. The 
results indicate that several factors significantly influence technical inefficiency: gender 
(positive effect on inefficiency, significant at 1%), membership in a farmer organization 
(negative effect on inefficiency, significant at 1%), and education up to secondary school 
level and above secondary school level (negative effect on inefficiency, significant at 5% 
and 1%, respectively).

The positive coefficient related to gender (1.627) indicates that female-headed farm 
households operate with lower efficiency compared to male-headed ones. This disparity can 
be attributed to various interconnected agronomic constraints. Women often have limited 
access to and control over vital resources, such as land, credit, draft power, and timely access 
to fertilizer. Additionally, mobility constraints due to domestic obligations can hinder their 
access to input markets and extension services. These obstacles collectively impede their 

Variables Coefficient Stan-
dard 
error

Education (Primary and below = 0)
Up to secondary school level −1.132** 0.498
Above secondary school level −26.513*** 3.303
Experience −0.022 0.028
Member of farmer organization −25.782*** 8.315
Land ownership (rented = 1) −0.889 0.718
Innovative and Traditional CSAPT 
(Yes = 1)

−0.392 0.501

Gender (Female = 1) 1.627*** 0.560
Dry spells (Yes = 1) −0.349 0.390
Constant −0.013 0.675
Number of observations 534
Wald chi2(6) 43.05***
Log pseudolikelihood −882.29878

Table 6  Maximum likelihood 
estimates of factors influencing 
technical inefficiency

***p < 0.001; **p < 0.05
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ability to adopt new technologies and obtain necessary information. This finding is consis-
tent with the research by Witinok-Huber et al. (2021) and Beuchelt and Badstue (2013).

The negative coefficients linked to the various levels of education (−1.132 and − 26.513) 
indicate that educated farmers exhibit greater technical efficiency compared to those with 
informal backgrounds. This difference likely stems from education providing farmers with 
critical thinking abilities and knowledge of advanced farming practices, which boosts their 
efficiency. Such education enhances decision-making, allowing for better assessments of 
agricultural techniques and technologies. Educated farmers are more inclined to embrace 
innovative practices, which results in improved resource management, less waste, and 
higher yields. Furthermore, education strengthens access to and comprehension of infor-
mation from extension services, aiding continuous efficiency advancements. These results 
align with findings from Alemayehu et al. (2024) and Agarwal et al. (2022).

Membership in farmers’ organizations is significantly linked to enhanced technical effi-
ciency, evidenced by a notable negative coefficient (−25.782). Such organizations function 
as vital platforms for the dissemination of knowledge and peer learning, which contribute 
to higher productivity. They also facilitate access to credit and financial services, allowing 
farmers to make necessary investments in their farms. Furthermore, members benefit from 
acquiring essential resources such as high-quality seeds, fertilizers, and modern equipment, 
often at reduced costs through collective bargaining, thereby ensuring the availability of 
affordable and timely inputs. This finding corroborates the results of Olagunju et al. (2021).

4  Conclusion

This study examined the adoption of CSAPT and its impact on the technical efficiency of 
smallholder food production in Kozah Prefecture, Northern Togo. CSAPT were catego-
rized based on their knowledge sources into traditional and innovative types. Traditional 
CSAPT were learned from traditional knowledge, while innovative CSAPT were acquired 
from non-traditional channels such as extension services, non-governmental organizations, 
researchers, and media. We further classified farmers into two groups: those who exclu-
sively adopted traditional CSAPT and those who integrated both traditional and innovative 
CSAPT. Employing a probit model and stochastic frontier analyses, the study identified crit-
ical determinants of adoption and assessed their effects on farm productivity and efficiency.

Our findings indicate that traditional knowledge predominantly shapes agricultural prac-
tices, resulting in a high prevalence of traditional CSAPT adoption. Probit analysis demon-
strated that factors such as membership in farmer organizations, secure land tenure, farmland 
size, and firsthand experience with droughts positively influence the adoption of a hybrid 
CSAPT approach. Conversely, the female gender appears to negatively affect the likeli-
hood of adopting these integrated practices, highlighting notable gender disparities. Our 
analysis of technical efficiency reveals that educated farmers and farmers who are members 
of farmer-based organizations tend to be more efficient. The persistently lower efficiency 
observed in female-headed households highlights existing gender disparities. Additionally, 
having larger farm land, the use of traditional seeds, improved seeds, organic and inorganic 
fertilizers, all significantly and positively enhance crop production efficiency. The differing 
efficiency scores highlight the crucial role of adoption choices and diverse farm charac-
teristics. Farmers combining both traditional and innovative CSAPT consistently showed 
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higher and more consistent efficiency with less variability, suggesting a combined approach 
optimizes resource use and enhances resilience. In contrast, those relying only on traditional 
CSAPT had lower average efficiency and more variability. This suggests that the combined 
approach optimizes resource use and provides greater resilience against climate shocks, 
thereby reducing inefficiency. This pattern reflects the inherent diversity of smallholder sys-
tems, which are affected by varying access to capital, water for agricultural use, and mar-
kets. Farmers with better access to these critical resources tend to achieve higher efficiency. 
Additionally, extension services and personal traits, such as risk management skills, signifi-
cantly influence adoption and efficiency. The lower efficiency among female-headed house-
holds underscores ongoing barriers to their access to land, credit, information, and labor.

Looking beyond the immediate effects, the sustained adoption of a hybrid CSAPT pack-
age is expected to provide substantial long-term advantages for agricultural output, environ-
mental health, and farmer resilience. The efficiency improvements suggest that persistent 
use will lead to more consistent and increased yields over time, directly supporting food 
security. Environmentally, blending traditional knowledge with modern techniques, such 
as improved crop varieties, is essential for preserving and enhancing soil health and con-
serving water resources for farming. However, attaining these long-term benefits requires 
addressing ongoing challenges.

Our research suggests several policy recommendations to address the ongoing chal-
lenges. First, to address the challenges posed by dry spells, governments and partners 
should enhance seed systems and incentives by investing in reliable, decentralized seed 
certification and quality assurance processes, thereby increasing farmers’ efficiency and 
climate resilience through the adoption of innovative CSAPT. Providing direct financial 
support such as targeted subsidies for certified improved seeds and low-interest loans for 
smallholder farmers and local seed producers, potentially through a seed voucher program 
linked to extension services, could further promote these goals. Second, to improve farmers’ 
access to information and social capital, it is important to promote hybrid CSAPT packages 
through structured, hands-on training programs and farmer field schools. These initiatives 
should demonstrate the synergistic benefits of combining traditional knowledge with mod-
ern innovative techniques, such as integrating traditional cover cropping with improved 
seed varieties. Extension services and NGOs should develop localized curricula and demon-
stration plots to highlight hybrid CSAPT packages effectively. Simultaneously, it is essential 
to strengthen farmer organizations by enhancing their capacity to enable peer-to-peer learn-
ing. This can be achieved through encouraging exchanges and learning workshops, allow-
ing experienced members to share knowledge and best practices both within and across 
organizations. Additionally, supporting the development of tailored, culturally appropriate 
training modules and materials that address local agricultural challenges and opportuni-
ties will enhance the effectiveness of these initiatives. Third, to effectively address gender 
disparities and boost female farmers’ adoption of a hybrid package of CSAPT, it is crucial 
to first secure women’s land tenure rights by conducting widespread community awareness 
campaigns that support documentation and offer legal aid. Additionally, tailored extension 
programs should be scheduled at times and locations convenient for women, taking into 
account their domestic and caregiving responsibilities.

While this study provides valuable insights into the adoption and technical efficiency of 
CSAPT in Togo, it is essential to acknowledge certain limitations and potential biases that 
may influence the findings. First, the use of cross-sectional data from a single agricultural 
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season limits the ability to capture evolving adoption trends or long-term efficiency gains. 
Second, although a sample selection stochastic frontier model was applied, unobserved 
traits, such as entrepreneurial spirit, may still bias the results. Third, grouping CSAPT may 
obscure the distinct effects of individual practices, and adoption rates alone do not indicate 
intensity or consistency of use—factors that critically affect outcomes. Lastly, the stochastic 
frontier approach, although practical, relies on strong distributional assumptions and fails 
to capture changes in efficiency over time. Future research should explore the use of panel 
data and causal methods to enhance the robustness of findings. Investigating the influence 
of specific policy interventions or market dynamics on CSAPT adoption and efficiency also 
represents a promising direction for future studies.
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