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ABSTRACT
Under climate change, maintaining technical efficiency in farming is crucial for small-
holder farmers to enhance their yield and productivity; therefore, it is essential to
implement climate change adaptation strategies to sustain this technical efficiency.
This study investigates the impact of diversifying climate change adaptation strategies
on the technical efficiency of 217 potato farmers in East Java, Indonesia. Stochastic
frontier analysis (SFA) was employed to measure farming technical efficiency, while a
two-stage residual inclusion approach (2SRIA) was used to estimate the impact of cli-
mate change adaptation on this efficiency. This research identifies six common adap-
tation strategies: adjusting planting dates, cultivating drought-tolerant varieties,
intercropping, altering input usage, conserving land, and improving irrigation systems.
The empirical findings reveal a significant positive correlation between diversifying cli-
mate change adaptation strategies and enhanced technical efficiency among potato
farmers. This suggests that employing more adaptation strategies will significantly
improve farmers’ technical efficiency. Analyzing each adaptation strategy, the research
highlights the positive impact of adjusting planting dates, adopting drought-tolerant
varieties, implementing land conservation, and improving irrigation systems on tech-
nical efficiency. By contrast, intercropping and altering input usage adversely affect
technical efficiency. This finding implies the need to promote climate change adapta-
tion based on farmers’ specific characteristics.

IMPACT STATEMENT
This study reveals that diversifying climate adaptation strategies—such as adjusting
planting dates and enhancing irrigation—boosts technical efficiency in potato farming.
Key factors like education and experience further influence adaptation. These insights
offer guidance for tailored adaptation policies, fostering resilience and productivity
among smallholder farmers facing climate change challenges.
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1. Introduction

Climate change is an environmental issue that has been a pressing concern worldwide, including in
developing countries. This phenomenon results from global warming, leading to a continuous increase
in global temperatures over the years (Chen et al., 2023; Wang et al., 2017). The Intergovernmental
Panel on Climate Change (IPCC) stated in 2001 that global air temperatures have risen by 0.6 degrees
Celsius since 1861 (Houghton et al., 2001). The primary cause of this global warming is human activities
that generate greenhouse gases. Climate change significantly impacts social, economic, and political
conditions, as well as communities’ livelihoods (Ahmed et al., 2023), particularly those reliant on natural
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resources for their sustenance, such as farmers (Bozzola & Smale, 2020; Shaffril et al., 2017). Agriculture
is one of the sectors most vulnerable to this phenomenon, as agricultural productivity is heavily influ-
enced by climatic conditions (Somboonsuke et al., 2018), such as temperature fluctuations, precipitation
changes, and drought. Climate change is predicted to cause a decline in agricultural production, espe-
cially in developing countries such as Thailand (Marks, 2011), Vietnam (Trinh et al., 2021), and Indonesia
(Sekaranom et al., 2021). This is because rising average temperatures or insufficient water supply can dis-
rupt plant growth and reduce crop yields (Bandara and Cai, 2014). Moreover, extreme events, especially
floods and droughts, can lead to harvest failures, which lower crop yields. Abid et al. (2016) highlighted
that lower yields reduce farmers’ agricultural income. Such adverse impacts on the agricultural sector
necessitate appropriate adaptation strategies.

According to Smit et al. (1999) and Smith and Lenhart, adaptation is a suitable response to mitigate
the impacts of climate change, enabling farmers to sustain and enhance agricultural productivity.
Adaptation involves adjustments to rectify damages in response to environmental changes (FAO 2011).
Previous studies have recommended and applied various adaptation strategies to climate change, such
as land and water conservation, to mitigate climate-related erosion (Amare & Simane, 2017). In develop-
ing countries, farmers diversify their adaptation strategies, including adopting drought-tolerant crop vari-
eties, diversifying crops, improving irrigation systems, and altering planting patterns. More specifically,
developing drought-tolerant crop varieties can enhance productivity during dry seasons (Lebel et al.,
2011). In sum, diversification in adaptation strategies has proven beneficial, but there remain challenges
in the implementation and efficacy.

Previous studies, such as by Akpa et al. (2024), have examined the impact of climate change adapta-
tion on farmers’ productivity, measured by the technical efficiency level. According to Battese and Coelli
(1988) technical efficiency refers to the ability of a firm or production unit to maximize output from a
given set of inputs. In other words, it measures how well inputs are used to produce outputs. The study
revealed that adaptation strategies improve technical efficiency by 1.28%. Studies have proven that cli-
mate change adaptation contributes positively to productivity (Akpa et al., 2024; Finger et al., 2011;
Mendelsohn et al., 2000), but the practices are not systematic. The wide range of adaptation strategies
suggested in past studies makes it difficult for stakeholders to determine which ones are the most suit-
able for which situations. Therefore, understanding adaptation strategies to enhance farmers’ efficiency
is crucial in order to maximize agricultural productivity (Ankrah Twumasi & Jiang, 2021).

Farmers’ productivity and technical efficiency are vital indicators for economic development in devel-
oping countries (Ma et al., 2018). However, determining input use is a common challenge among farm-
ers, especially in the adoption of relatively new strategies like climate change adaptation. For instance,
research by Li et al. (2022) in China indicated that the greatest intensity of agricultural technology adop-
tion by farmers does not necessarily lead to improved technical efficiency. Similarly, Amankwah and
Gwatidzo (2024) highlighted that different adoption practices can impact the economic outcomes of
farmers differently. Therefore, in line with these findings, various adaptation practices adopted by farm-
ers could affect technical efficiency in different ways. Using household-scale data, this study aims to
address these challenges.

The importance of technical efficiency in climate change adaptation practices has attracted research-
ers’ attention. For example, Ho and Shimada (2019) analyzed the impact of climate change adaptation
on farm efficiency in Vietnam. The results showed that farmers implementing adaptation measures
tended to have higher technical efficiency levels than those who did not. Similar research was con-
ducted by Khanal et al. (2018), examining the contribution of climate change adaptation to farmers’
technical efficiency. The findings indicate that climate change adaptation significantly improves
farmers’ technical efficiency. Empirical evidence also demonstrates that climate change adaptation
enhances technical efficiency in other sectors, such as fisheries (Nguyen et al., 2018) and livestock farm-
ing (Ankrah Twumasi & Jiang, 2021). All these studies suggest the importance of examining the relation-
ship between climate change adaptation and technical efficiency for agricultural development.

Although previous studies have explored climate change adaptation and technical efficiency (Ho &
Shimada, 2019; Khanal et al., 2018), some gaps warrant further investigation. First, prior research treated
adaptation variables dichotomously (i.e., 1 for adaptation, 0 otherwise) (Ho & Shimada, 2019; Khanal
et al., 2018). However, agricultural adaptation practices are diverse, so treating it as a binary dummy
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variable may not adequately capture farmers’ nuanced adaptive capacity (Ho & Shimada, 2019; Khanal
et al., 2018; Syafrial Toiba et al., 2021). To address this limitation, this study proposes measuring adapta-
tion diversity by quantifying the number of adaptation practices adopted by farmers. This approach has
been employed in recent research by Rahman et al. (2022) and Mabe and Asase (2020). By incorporating
adaptation diversity, this study seeks to provide a more comprehensive picture of farmers’ adaptive
capacities in response to environmental challenges. Secondly, previous studies assumed homogeneity
among farmers, especially concerning income levels, ignoring the pervasive heterogeneity in developing
countries like Indonesia (Rahman, Huang et al., 2023a; Rahman, Toiba, et al., 2023b). Considering this,
adaptation’s impact on technical efficiency among farmers with varying income levels may differ (Ma &
Zheng, 2022). To address these gaps, this study analyzes the effects of climate change adaptation strat-
egies on farmers’ technical efficiency while disaggregating the analyses to investigate how adaptation
impacts technical efficiency based on farmers’ household income groups.

This study contributes three significant aspects to the literature on climate change adaptation and
technical efficiency in agriculture. First, it proposes measuring adaptation diversity by quantifying farm-
ers’ practices, departing from the dichotomy observed in previous studies. These studies generally clas-
sify adaptation in a binary manner (applying adaptation or not) without estimating the impact of each
adaptation practice on technical efficiency (Ho & Shimada, 2019; Khanal et al., 2018). Second, it recog-
nizes farmer heterogeneity, especially in income, by disaggregating the analyses to explore the impact
of adaptation on efficiency across socioeconomic strata (Ma et al., 2020). Lastly, this study aligns with
Sustainable Development Goal No. 13, "Climate Action," by supporting initiatives to address climate
change challenges.

The remaining sections of this article are organized as follows: Section 2 outlines the research meth-
odology, Section 3 presents the results and corresponding discussion, and Section 4 concludes the study
and offers the policy implications.

2. Methodology

2.1. Research data

This study used a quantitative approach with cross-sectional data to estimate the impact of climate
change adaptation on farmers’ technical efficiency. The determination of the research locations was car-
ried out through a multistage sampling process. The first step was selecting the province from which
two districts were chosen. These two districts, namely Probolinggo district and the city of Batu, East
Java, Indonesia, were purposively selected because they are significant horticulture producers in East
Java and have experienced climate change-related issues. Climate change in East Java poses a significant
threat to farmers’ technical efficiency in the region (Hakim et al., 2021). Farmers face numerous chal-
lenges in optimizing their agricultural practices with changing weather patterns, including alterations in
rainfall distribution and temperature fluctuations (Purwanti et al., 2022; Rahman et al., 2023a). These
changes can disrupt traditional farming schedules, reducing crop yields and increasing vulnerability to
pests and diseases (Mabe & Asase, 2020). Yet, these two locations produce the most potatoes in the
country, with all-year-round production. Secondly, the selection of sub-districts for sampling was done
randomly based on information from relevant institutions (the Department of Agriculture, Agricultural
Extension Services, and farmer groups) and data from Statistics Indonesia (Badan Pusat Statistik/BPS).
One sub-district was chosen from each district. Thirdly, after selecting the sub-districts, one village was
purposively chosen from each sub-district, following recommendations from the district department.
These recommendations were based on the highest number of potato farmers with all-year-round pro-
duction. The respondents for this research were potato farmers. The selection of respondents was deter-
mined using a simple random sampling method. First, a list of potato farmers in each targeted research
location was created using information from local agricultural organizations, specifically farmers’ groups,
forming the sampling framework. Farmers were sampled using the Slovin method from this list, resulting
in a minimum sample of 103 farmers in each location. Then, in each village, an oversampling of 105–
100 farmers was conducted, and the final selection was made randomly. In total, 217 potato farmers
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were selected in the two chosen districts. the ethical concern of this study was approved by Faculty of
Agriculture, Brawijaya University.

This study employs a structured questionnaire designed for face-to-face interviews, consisting of six
sections. The first section of the questionnaire inquires about household characteristics, including the
number of family members, age, education, and farming experience. The second section covers asset
ownership, both agricultural and non-agricultural. The household characteristics and asset ownership
were used to model the factors affecting farmers’ adaptation diversity and technical efficiency.

The third section focuses on farming activities, including agricultural land, input, and agricultural pro-
duction. This information was used to measure the farmers’ technical efficiency. The fifth section
explores farmers’ understanding and perception of climate change, this section will explore farmers’
adaptation to climate change and subsequently analyze the impact of these adaptations on farmers’
technical efficiency. the question starting with a basic question, "Have you ever heard of climate
change?" Enumerators confirm the responses; if a farmer answers "do not know" or incorrectly, the enu-
merator explains what climate change is. Following this, the questions deal with farmers’ perceptions of
climate change and its impact on the agricultural sector. Finally, the sixth section asks about the adapta-
tion strategies the farmers had implemented to deal with climate change, specifically, "Have you applied
adaptation strategies to mitigate the impacts of climate change?" This question is complemented with a
list of strategies to select from to indicate the ones they have applied. These options were developed
based on literature reviews and group discussions with agricultural-related stakeholders. The adaptation
options consist of adapting planting timing, using drought-resistant varieties, intercropping, adjusting
input usage, conserving land, and irrigation. Before conducting the survey, the questionnaire was vali-
dated through a pilot test involving five farmers from each village.

2.2. Measurement of key variables

2.2.1. Adaptation strategies
The treatment variable in this study is the adaptation to climate change, which is measured in two
ways: adaptation decision and diversification. The adaptation decision refers to farmers’ decisions.
However, since the climate change adaptation implemented by farmers is diverse—such as changing
planting timing, adopting drought-tolerant varieties, intercropping, adjusting input usage, and conserv-
ing land—we also use adaptation diversification to capture farmers’ adaptation capacity. The adaptation
diversity is measured by the total number of adaptation practices applied by the farmers.

Following the approach of Mabe and Asase (2020) and Rahman et al. (2022), this study measures the
diversification level using the number of adaptation strategies farmers have applied, ranging from 0 to 6
(treated as an ordinal variable). The adaptation strategies include changing planting timing, adopting
drought-tolerant varieties, intercropping, adjusting input usage, and conserving land. Each adaptation
strategy is measured by a dummy variable (1 if the farmer adopts the strategy and 0 otherwise).

2.2.2. Technical efficiency
Two approaches have been widely used to measure technical efficiency: the Stochastic Production
Frontier (SPF) model and the data envelopment analysis (DEA) (Bibi et al., 2021). These approaches differ
significantly. The SPF model distinguishes inefficiency from stochastic variation, whereas the DEA model
cannot separate inefficiency from random noise. SPF is a parametric method that considers the effects
of production inputs on crop output, but the non-parametric DEA model does not have this capability.
Given our interest in understanding how input use impacts the output in potato farming, we opt for the
parametric, specifically a Cobb-Douglas stochastic production frontier model (SPF). This model not only
estimates technical efficiency but also accounts for random shocks such as temperature, rainfall, and cli-
mate conditions.

Based on Ma et al. (2018), the Cobb-Douglas SPF model can be written as follows:

Prod ¼ f Xið Þ þ ei with ei ¼ vi − ui (1)

where Prod is potato production measured in kg per ha, Xi is the production factor or inputs in potato
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farming activities. e is error term included the random noise with (vi) with v�i Nð0:@2
v Þ and half normal

non-negative technical inefficiency term ðuiÞ with u�i Nþð0, @2
uÞ:

After executing Eq. (1) using SPF, the technical efficiency score is predicted to create the technical
efficiency variable to be included in estimating the impact of climate change adaptation on the tech-
nical efficiency level. According to Zheng et al. (2021), the technical efficiency score can be calculated
by Eq. (2)

EFFi ¼
Prodi
Prod�i

¼ e−ui (2)

where EFFji is the technical efficiency score of the potato farmers i, Ci refers to farmers’ adaptation strat-
egies, Prod is potato production measured in kg per ha, and Prod�i describes the most efficient potato
production, considering that all available inputs (Xi) have been utilized to their maximum potential. e−ui

is the exponential expression with a negative inefficiency term (−ui). Equation (3) suggests that farmers
utilizing adaptation techniques to enhance potato production (Prodi) with existing inputs (Xi) might
achieve greater total efficiency (EFF) in potato production compared to those who do not.

2.3. Estimation strategy

In estimating the effect of the diversification of climate change adaptation strategies on farming tech-
nical efficiency, we assumed that the potato farmers’ technical efficiency is the faction of the diversifica-
tion level and farmers’ technical efficiency. Therefore, the technical efficiency model can be written in
Eq. (3).

EFFi ¼ @iCi þ biMi þ ui (3)

where EFFi and Ci are variables that have been explained earlier, Mi represents farmers characteristics,
such as age, education, family size, and asset ownership. @i and bi are the parameters to be calculated,
and ui is the error term for Eq. (3). Equation (3) can be executed using a simple Tobit regression since
the dependent variable EFFi is censored, ranging from 0 to 1. However, the variable the adaptation
diversification variable ðCi) is potentially endogenous as farmers’ decisions to apply the adaptation strat-
egy are influenced by the observable factors Mi and the unobservable factors, such as motivation
(Rahman et al., 2022; Rahman, Huang et al., 2023a). Therefore, using a simple Tobit model in executing
Eq. (3) could produce a biased estimation.

Several approaches have been proposed to address the endogeneity issue in estimating the effect,
such as the endogenous switching regression (ESR) (Ma & Abdulai, 2016; Toiba et al., 2020), two-stage
predictor substitution approach (2SPSA) (Rahman et al., 2022), and two-stage residual inclusion approach
(2SRIA) (Rahman et al., 2022; Rahman, Toiba, et al., 2023b). Among them, the ESR model required a
dummy treatment variable (Ma & Abdulai, 2016), and 2SPS and 2SRIA are more flexible for the treatment
variable. The treatment variable of this study is climate change adaptation with an ordinal measurement
from 0-6, measured by the number of adaptation strategies (Mabe & Asase, 2020). Therefore, 2SPS and
2SRIA are appropriate. However, 2SRIA provides more consistent results compared to 2SPS (Zhu et al.,
2022), so this study used the 2SRIA approach in the estimation.

Following Zhu et al. (2022), and Rahman et al. (2022), the 2SRIA approach consists of two steps. In
the first stage, we model climate change, assuming that climate change adaptation is influenced by
farmers’ characteristics, such as education, age, family size, and asset ownership. Yet, to address the
endogeneity issue, at least one instrumental variable must be included. Following Rahman, Toiba, et al.
(2023b), we use climate information and agricultural mechanization as instruments. Therefore, the first
stage of the 2SRIA can be written as follows:

C�
i ¼ diMi þ qi ivi þ ei with Ci ¼ 0 − 6f (4)

where C�
i is the diversification of climate change adaptation strategies measured by ordinal value, Mi is

the farmers’ characteristics as defined earlier, and ivi is the instrumental variable. di, qi, are parameters
to be estimated. Finally, ei is the error term for Eq. (4). Since the dependent variable is treated as a

COGENT ECONOMICS & FINANCE 5



count, Eq. (4) can be executed using Poisson regression. After executing the ordered Poisson model, the
residual from Eq. (4) is included for further estimation.

At the second stage of 2SRIA, Eq. (3) is rewritten by including the residual variable that has been pre-
dicted from Eq. (4). Therefore, it can be formulated as follows:

EFFi ¼ siCi þ aiMi þ uiRLi þ �i (5)

where EFFi, Ci and are variables that have been mentioned earlier, RLi is the residual that predicted
from Eq. (4), si, ai, and ui are parameters to be estimated, and �i is a random error term for Eq. (5).

3. Results and discussion

3.1. Descriptive statistics

Table 1 presents the descriptive statistics of the variables examined in this study. First, the input-output
variables utilized in the SPF model are introduced. The data reveals that, on average, potato production
in our sample amounts to approximately 31,994.980 kg per hectare in a single season. The average
inputs include 2092.18 kg of seeds per hectare, 2257.12 kg of chemical fertilizer per hectare (including
NPK, urea, and potash), 2910.65 kg of organic fertilizer per hectare, 1.20 liters of pesticides per hectare,
and 126.95 labor hours per hectare. Second, employing the SPF approach, our sample demonstrates an
average technical efficiency score of about 0.791.

Third, the variable under consideration in this study is climate change adaptation practices. The data
indicates that the most widely adopted adaptation strategy among farmers is the utilization of drought-
tolerant varieties (65.9% of respondents). Following closely are changes in planting dates (64.5% of
respondents), adjustments in input usage (63.1% of respondents), improvements in irrigation (44.7% of
respondents), The improvement of the irrigation system implemented by farmers includes building wells
on their land, intercropping (43.3% of respondents), intercropping practiced by farmers involves planting
potatoes alongside green onions. The least adopted strategy is land conservation through minimum till-
age (34.6% of respondents). The diversification in the adaptation was measured by the number of

Table 1. Descriptive statistics.
Variables Measurement Mean Std. Dev

Input-output variables
Production Potato production kg pe ha 31994.980 36310.600
Seed Seed kg per ha 2092.184 1806.989
Chemical fertilizer Chemical fertilizer kg per ha 2257.120 4242.615
Organic fertilizer Organic Fertilizer kg per ha 2910.654 3279.159
Pesticide Pesticide litter per ha 1.195 1.018
Labor Labor days per ha 126.945 230.127

Outcome variable
Technical Technical efficiency score 0.791 0.053

Treatment variables
Planting date Dummy, 1 if the farmer adjusts the planting timing; 0 otherwise 0.645 0.480
Drought tolerance variety Dummy, 1 if the farmer adopts drought tolerance variety; 0 otherwise 0.659 0.475
Intercropping Dummy, 1 if the farmer applies intercropping, 0 otherwise 0.433 0.497
Adjusting input usage Dummy, 1 if the farmer adjusts input usage 0.631 0.484
land conservation Dummy, 1 the farmer conserve land 0.346 0.477
Irrigation Dummy, 1 the farmer improves the irrigation system 0.447 0.498
Adaptation diversification Number of adaptation strategies applied by the farmer (0–6) 3.161 1.638

Control variables
Age Age of farmer in year 46.000 11.396
Education Education of the farmer in year 8.235 2.998
Family members Number of family members 3.590 0.997
Extension activity Dummy, 1 if the farmer participated in extension activity 0.295 0.496
Experience Farming experience in year 21.770 11.706
Off-farm Dummy, 1 if the farmer has an off-farm job 0.488 0.501
Transport Dummy, 1 the farmer has a private vehicle for agricultural activities 0.180 0.385
Mechanization Dummy 1, if the farmer has agricultural mechanization 0.350 0.478
Climate Information Dummy, 1 if the farmer has access to climate information 0.862 0.346
Obs. 217
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strategies employed by farmers. The average value was 3.161, indicating that farmers typically employed
3 to 4 adaptation strategies for climate change.

Fourth, the control variables are farmers’ characteristics. The results show that the average age was
46 years, and the average education level was 8.235 years, which equals the elementary school level. The
average number of family members per household was three to four, with an average of one dependent
member. The average experience in farming was approximately 21.77 years, with 29.5% of farmers partic-
ipating in extension activities and 44.80% having off-farm jobs. In terms of transportation, 18% of farm-
ers owned private vehicles used in farming activities. Also, 35% of farmers owned agricultural
mechanization, such as tractors and irrigation machinery. Finally, 86.2% of farmers had access to climate
information.

3.2. The determinant of potato production: the SPF approach

Table 2 presents the results of the Cobb-Douglas stochastic production frontier model, with a single out-
put and five inputs represented in natural logarithms. This estimation strategy was employed to predict
the technical efficiency level of farmers using Eq. (1). The predictions will be used to further estimate
the impact of adaptation on technical efficiency and highlight the factors that influence farmers’ produc-
tion. In general, the finding shows that potato production was positively and significantly influenced by
three production factors: seeds, organic fertilizers, and labor.

The seed variable significantly enhances potato output, emphasizing its crucial role in agricultural
productivity and yield improvement, aligned with previous studies by Andaregie and Astatkie (2020) and
Wassihun et al. (2019) which highlighted that seed significantly improves farming production.
Interestingly, chemical fertilizers negatively and significantly impact potato production, suggesting that
excessive use of chemical fertilizers significantly reduces potato output. In contrast, organic fertilizers sig-
nificantly improve potato production. Organic fertilizers provide a range of nutrients and contribute to
soil health by improving soil structure, enhancing microbial activity, and maintaining a balanced nutrient
supply. This promotes better plant growth and, ultimately, higher potato production. As for labor, its
enhancement significantly improves potato production. Potato production is a labor-intensive profession,
and increasing the workforce allows farmers to adopt technologies that enhance the yield of potato as
recommended by agricultural practices. This, in turn, boosts the efficiency of agricultural input invest-
ments, leading to an increase in farmers’ production. This aligns with a previous study highlighting the
positive effect of labor on potato output (Mengui et al., 2019).

3.3. The determinant of the climate change adaptation diversification: the first stage of 2SRIA

The first stage of the 2SRIA approach estimates the determinant of farmers’ adaptation diversification.
This section presents the results of the first-stage model of 2SRIA, aiming to predict the residuals of the

Table 2. Stochastic frontier estimation.
Production Coef. (Std. Err)

Seed 0.249 (0.041)���
Chemical fertilizer −0.073 (0.037)��
Organic fertilizer 0.147 (0.024)���
Pesticide 0.023 (0.039)
Labor 0.263 (0.036)���
_cons 6.786 (0.502)���
/lnsig2v −1.510 (0.343)���
/lnsig2u −2.303 (2.032)
sigma_v 0.470 (0.081)
sigma_u 0.316 (0.321)
sigma2 0.321 (0.134)
Lambda 0.673 (0.398)
Log likelihood −160.532
Wald chi2 185.990
Prob> chi2 0.000
Number of obs 217.000

Note. ���¼sig 1%; ��¼sig 5%; �¼sig 10%.
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adaptation model using Eq. (4). The predictions were subsequently incorporated into the second stage
of 2SRIA. The results are presented in Table 3, specifically in the second column. The ordered probit
regression shows that the diversification of adaptation strategies is positively and significantly affected
by education, mechanization, and climate information and is negatively affected by age and off-farm
work.

The age variable demonstrates a negative and significant coefficient, indicating that older farmers
diversify less, possibly due to their beliefs in traditional practices and resistance to change. A previous
study by Maguza-Tembo et al. (2017) also shows that low adoption of new technology adoption among
older farmers is due to limited exposure or entrenched mindsets. Conversely, education exhibits a posi-
tive and statistically significant coefficient at 1%, suggesting a direct relationship between higher educa-
tion levels and diversified adaptation strategies. Education plays a vital role in farmers’ adoption of
innovations, such as adaptive practices (Rahman et al., 2021)—the higher the education, the more likely
to adapt. the number of family members significantly enhances strategy diversification—the more mem-
bers the more likely farmers diversify. This positive correlation between family size and adaptation strat-
egies aligns with a study by Ali and Erenstein (2017) in Pakistan, which highlighted that family size
significantly improves climate change adaptation strategies.

Farming experience also positively impacts strategy diversification—the more experience, the more
strategies are adopted. This relationship between expertise and adaptive strategies aligns with a study
by Ojo and Baiyegunhi (2020) in Nigeria, which found a positive relationship between farming experi-
ence and climate change adaptation strategies. By contrast, off-farm employment has a negative impact
on strategy diversification in agricultural communities. Farmers engaged in off-farm work diversify their
adaptive strategies less, indicating challenges in coping with the impact of climate change, in line with
a previous study by Mulwa and Visser (2020). Meanwhile, agricultural mechanization significantly enhan-
ces strategy diversification. Farmers with machinery like tractors and irrigation tools implement more
adaptive strategies effectively, allowing them to overcome climate challenges in their farming practices.
Likewise, the availability of climate information significantly improves strategy diversification. Early warn-
ings enable farmers to prepare effectively and adapt to climate change challenges. This finding aligns
with Rahman et al. (2022) in Indonesia, highlighting the importance of timely climate information in
enhancing strategy diversification.

3.4. The impact of strategy diversification on farming technical efficiency

The second stage of the 2SRIA approach is presented in Table 3, specifically column three. The appropri-
ateness of the 2SRIA approach can be seen in the residual variables. The results show that the residual
variable is statistically significant, suggesting an endogeneity issue. In this case, the 2SRIA approach is

Table 3. Estimation results from two stage residual inclusion.

Variables

Adaptation diversification
(poisson regression)

Technical efficiency
(tobit regression)

Coef. (Std. Err.) Coef. (Std. Err.)

Adaptation diversification 0.015 (0.002)���
Age −0.011 (0.005)�� −0.001 (0.001)�
Education 0.051 (0.016)��� 0.003 (0.002)
Family members 0.069 (0.056) −0.010 (0.005)�
Dependence ratio −0.029 (0.061) 0.008 (0.005)
Extension activity 0.014 (0.091) 0.009 (0.008)
Experience 0.007 (0.005) 0.001 (0.000)
Off-farm −0.179 (0.090)�� 0.015 (0.009)�
Transport −0.113 (0.105) −0.004 (0.009)
Mechanization 0.326 (0.092)��� −0.002 (0.012)
Climate Information 0.446 (0.147)���
Residual −0.022 (0.011)��
Constant 0.414 (0.316) 0.797 (0.024)���
Log likelihood −380.656 361.919
LR chi2 75.620 60.610
Prob> chi2 0.000 0.000
Pseudo R2 0.090 0.091
Number of obs. 217 217

Note. ���¼sig 1%; ��¼sig 5%; �¼sig 10%.
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appropriate to estimate the impact of climate change adaptation on potato farming technical efficiency
(Wooldridge, 2015). Returning to the research question, the findings show that climate change adapta-
tion has a positive and statistically significant effect on improving the technical efficiency of potato farm-
ing. Diversified climate change adaptation strategies increase technical efficiency significantly. The
positive and significant impact of climate change adaptation on potato farming’s technical efficiency can
be attributed to various factors. First, adaptation strategies, such as adjusting planting timing, cultivating
drought-tolerant varieties, intercropping, changing input usage, land conservation through minimum till-
age, and improving irrigation systems, enhance the resilience of potato farming systems against adverse
weather conditions. This resilience ensures stable potato farming activities amid climatic challenges.
Second, awareness and implementation of climate change adaptation strategies lead to optimized
resource utilization, waste reduction, and higher productivity. Additionally, adaptation measures fre-
quently involve the use of innovative technologies and knowledge, which also boosts efficiency in
potato farming. This finding aligns with previous studies by Ho and Shimada (2019) and Khanal et al.
(2018), which highlighted that adaptation strategies significantly improve technical efficiency. However,
previous studies used a dummy variable to indicate whether the farmer was applying adaptation strat-
egies or not. This study improves the measurement of adaptation by using a count value, representing
the total number of adaptation practices applied by the farmers. Likewise, a previous study also shows
that climate change adaptation improves economic outcomes, such as income (Rahman et al., 2021),
food security (Di Falco et al., 2011), and well-being (Rahman, Huang et al., 2023a).

The next objective of this research is to investigate the impact of each adaptation strategy (i.e.,
adjusting planting timing, cultivating drought-tolerant varieties, intercropping, changing input usage,
conserving land, and improving irrigation systems) on potato farming technical efficiency. The results
are presented in Table 4. In general, the results show that four strategies have a positive and significant
coefficient: adjusting planting timing, cultivating drought-tolerant varieties, conserving land, and improv-
ing irrigation systems. However, intercropping and adjusting input usage shows the opposite. The statis-
tical results of this study confirm that the most significant adaptation strategy that improves farming
technical efficiency is the adoption of drought-tolerant varieties, followed by improving irrigation sys-
tems (building wells on their cultivated land), changing planting timing, and conserving land through
minimum tillage. However, intercropping potato with green onions and modifying input usage nega-
tively and significantly impact technical efficiency.

The enhancement of potato farming technical efficiency hinges on strategic adaptation practices.
Adopting drought-tolerant potato varieties turns out to be the most impactful. These varieties are specif-
ically engineered to withstand water scarcity, a common challenge exacerbated by climate change.
Farmers can maintain their yields even during drought seasons by cultivating these resilient varieties,
ensuring consistent potato harvests regardless of the challenges posed by extreme weather conditions.
The next most significant is the improvement of irrigation systems (building wells on their cultivated
land). Efficient water management is paramount in agriculture, particularly in regions susceptible to
water scarcity. Modernizing irrigation techniques, precision watering, can minimize input wastage in the
watering of potato crops. Aside from sustaining plant growth, proper irrigation systems also conserve
water resources, making farming processes more sustainable (Chartzoulakis & Bertaki, 2015). Next, chang-
ing planting timing also proves instrumental in adapting to climate change. This adaptation strategy

Table 4. The impact of each adaptation strategy on farmers’ technical efficiency.
TE Coef. (Std. Err.)

Planting timing 0.025 (0.008)���
Drought-tolerant variety 0.026 (0.008)���
Intercropping −0.040 (0.008)���
Adjusting input usage −0.016 (0.007)��
Land conservation 0.018 (0.007)���
Irrigation 0.025 (0.007)���
Control Yes
Log likelihood 393.95826
LR chi2 124.690
Prob> chi2 0.000
Pseudo R2 0.188

Note. ���¼sig 1%; ��¼sig 5%; �¼sig 10%.
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capitalizes on favorable temperature and moisture levels to optimize potato growth and yield. By adjust-
ing planting timing, farmers can align their cultivation with optimal weather conditions, maximizing the
chances of successful harvests. Lastly, land conservation through minimum tillage also plays a vital role.
Erosion and degradation are often exacerbated by climate-related factors, which can significantly impact
agricultural productivity. Therefore, conserving land will improve technical efficiency.

However, not all adaptation practices yield positive results. Intercropping, while beneficial in some
contexts, can negatively affect potato farming technical efficiency. Competition for resources between
different crops can reduce yields and overall efficiency. Similarly, modifying input usage without a care-
ful balance can adversely impact both productivity and sustainability.

Furthermore, Table 3 also presents the determinant of technical efficiency, specifically in the third col-
umn. The results indicated that off-farm work positively and significantly affects the technical efficiency
of potato farmers, whereas age and the number of family members show different outcomes. Age has a
negative and significant coefficient, revealing that older farmers are less technically efficient than
younger farmers. Older farmers often rely on traditional knowledge or information passed on by relatives
regarding the usage of farming inputs. In contrast, younger farmers are more open to new ideas and
willing to experiment with innovative approaches. They are also better educated and more aware of the
latest developments in agriculture (�S�umane et al., 2018). The number of family members negatively
influences farmers’ technical efficiency—the more family members, the lower the technical efficiency.
Finally, off-farm work shows a positive and significant effect on farming technical efficiency—the more
engaged a farmer is in off-farm employment, the higher the technical efficiency. This is because off-farm
employment can provide a stable source of income, reducing financial stress on farming households.
This financial stability enables farmers to invest in better farming practices, high-quality inputs, and tech-
nology, ultimately improving their technical efficiency. This finding is in line with a previous study by
Ma et al. (2023), which highlights the positive association between off-farm work and farming technical
efficiency.

3.5. Disaggregate analysis

Farmers may face a barrier related to financial resources when adopting climate change adaptation strat-
egies (Antwi-Agyei et al., 2015; Shackleton et al., 2015). This financial constraint can affect their ability to
adapt. Therefore, this study examines the impact of specific adaptation strategies on the technical effi-
ciency of potato farming based on farmers’ household incomes. The results are presented in Table 5. For
households with the lowest income (Tertile 1), adjusting planting timing and improving irrigation sys-
tems significantly enhance their farming practices. In households with middle income (Tertile 2), tech-
nical efficiency significantly increases along with the cultivation of drought-tolerant varieties and
improvements in irrigation systems. Lastly, households with the highest income (Tertile 3) benefit signifi-
cantly from enhancing their irrigation systems. Notably, improving irrigation systems proves significant
across all income levels since a consistent water supply to crops reduces the risk of crop failure trig-
gered by water scarcity.

Table 5. Disaggregate analysis.

TE
Household income Tertile 1 Household income Tertile 2 Household income Tertile 3

Coef. (Std. Err.) Coef. (Std. Err.) Coef. (Std. Err.)

Planting timing 0.037 (0.014)��� 0.018 (0.017) 0.020 (0.012)
Drought-tolerant variety 0.030 (0.015)� 0.042 (0.015)��� 0.009 (0.009)
Intercropping −0.046 (0.015)��� −0.022 (0.013) −0.042 (0.011)���
Adjusting input usage −0.018 (0.011) −0.002 (0.014) −0.005 (0.010)
Land conservation 0.004 (0.011) 0.024 (0.012)� 0.029 (0.009)���
Irrigation 0.038 (0.014)�� 0.023 (0.011)�� 0.018 (0.011)�
Control Yes Yes Yes
Log likelihood 140.250 131.252 145.999
LR chi2(16) 60.110 44.400 49.880
Prob> chi2 0.000 0.000 0.000
Pseudo R2 0.273 0.204 0.206

Note. ���¼sig 1%; ��¼sig 5%; �¼sig 10%.
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4. Conclusion and policy implication

This study explores the link between climate change adaptation diversification and the technical effi-
ciency of potato farmers. Data were collected from 217 potato farmers in East Java, Indonesia, and a two-
stage residual inclusion approach (2SRIA) was employed to address endogeneity issues in the analysis.
The study identified six adaptation strategies implemented by potato farmers in Indonesia: adjusting
planting dates, cultivating drought-tolerant varieties, intercropping, changing input usage, conserving
land, and improving irrigation systems. The empirical results show that greater diversifying adaptation
strategies can significantly improve the technical efficiency of potato farmers. Specifically, when farmers
employ more adaptation strategies, their technical efficiency increases. Regarding which adaptation strat-
egies work best, this study found that adjusting planting timing, adopting drought-tolerant varieties, con-
serving land, and improving irrigation systems significantly enhance technical efficiency. However,
intercropping and altering input usage negatively and significantly impact technical efficiency.
Meanwhile, disaggregated estimations based on farmers’ household income levels reveal that adjusting
planting dates and improving irrigation systems significantly enhance technical efficiency for farmers
with the lowest income. Those with middle-income levels benefit from adopting drought-tolerant vari-
eties and improving irrigation systems. Finally, households with the highest income primarily benefit
from improving irrigation systems.

The findings of this study suggest that policymakers in the agricultural sector focus on promoting
and supporting climate change adaptation diversification among potato farmers in East Java, Indonesia.
Specifically, initiatives should be implemented to encourage the adoption of effective adaptation strat-
egies, such as adjusting planting dates, cultivating drought-tolerant varieties, and conserving land.
Additionally, efforts should be made to enhance the technical efficiency of potato farmers by improving
irrigation systems. Policymakers should consider providing targeted support based on farmers’ income
levels and tailoring interventions to address the specific needs of different groups.

One limitation of this study is the utilization of cross-sectional data, which provides a snapshot of the
relationship between climate change adaptation diversification and the technical efficiency of potato farm-
ers at a specific point in time. Cross-sectional data may not capture the dynamics of agricultural practices
and the evolving impact of adaptation strategies over time. To address this limitation and provide a more
comprehensive understanding, future research could consider employing longitudinal data to examine
changes and trends in adaptation strategies and technical efficiency over an extended period.
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