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A B S T R A C T   

Climate change affects crop production globally, and cash crops are particularly vulnerable, which may threaten 
human livelihoods. However, limited attention has been paid to building climate-resilient systems, especially for 
smallholders producing cash crops such as apples, which account for 13% of the global fruit consumption. In this 
study, we developed a smallholder-adapted climate-resilient system (SA-CRS) conceptual framework and applied 
this in an empirical assessment of the adaptation of smallholder apple farmers (SAFs) to the risk of low tem-
perature during flowering (LTF) in China. The results show that average daily minimum temperatures have 
decreased by 1.77 ◦C, and the LTF hazard probability has increased by 6.1% from 1999 to 2018. Approximately 
96.4% of the SAFs in the study regions reported LTF impacts in 2018, and 29.8% experienced apple yield losses 
averaging 16.43 t/ha. Notably, most SAFs in the Loess Plateau region with poor SA-CRS reported apple yield 
reduction. Such adverse effects lowered economic returns and further prevented SAFs from adopting adaptive 
measures, resulting in a vicious circle. By contrast, an effective SA-CRS in the Bohai Bay region has greatly 
reduced the risks, and a positive economic return further incentivizes the adoption of further adaptive measures, 
creating a virtuous circle. Our study showed that to achieve an effective SA-CRS, a market-oriented nexus 
approach is required that integrates an institutional price-enhancing mechanism (contributing 84% to small-
holder decision-making), an organizational production-support system, and a public extension system tailored to 
the needs of SAFs.   

1. Introduction 

Climate change significantly affects agricultural production (Ray 
et al., 2015), with adverse effects being particularly strong among 
developing countries where food systems are fragile (Choquette-Levy 
et al., 2021). Studies have shown that climate change is causing extreme 
weather events (e.g., floods, droughts, and extreme heat and cold) that 
can reduce crop production by more than 30% (Ray et al., 2015). 
Long-term climate change could lead to significant annual harvest losses 
and agricultural shocks (Fanzo et al., 2018; Cottrell et al., 2019), with 
approximately 20–36% of the global population being affected by food 

shortages due to extreme climate events by 2050 (Hasegawa et al., 
2021). 

Most research has focused on climate change challenges and adap-
tation strategies pertaining to staple crops such as wheat, rice, and maize 
(Mehrabi Z, 2019; Davis et al., 2020; Moat et al., 2017), and relatively 
little attention has been allocated to the examination of cash crop sys-
tems. However, cash crops, the economic mainstay for smallholders in 
developing nations, are equally exposed to significant risks posed by 
climate change. A recent study found that extreme weather adversely 
affected apple production quantity and quality, resulting in revenue 
reductions of up to 2.05% per hour of exposure to the spring frost events 
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(Dalhaus et al., 2020). Nonetheless, devising strategies to encourage 
smallholder cash-crop producers to respond effectively to climate 
change and thus mitigate potential losses is challenging. 

Climate adaptation strategies formulated for food systems, such as 
altering crop types (Vincent et al., 2013), transitioning to new varieties 
(Tanaka et al., 2015), adjusting tillage practices (Khanal et al., 2017), 
and implementing crop diversification (Anderson et al., 2020), are less 
applicable to cash crops than to food crops. This disparity is due to the 
extended growth and yield periods characteristic of cash crops such as 
fruit trees. The prolonged cultivation periods and the substantial oper-
ational and transaction expenses often prompt smallholders to seek 
rapid economic returns from their production endeavors (Crowther 
et al., 2020; Hong et al., 2020). In contrast with staple food crops, which 
benefit from protective market price systems, procurement policies, and 
agricultural insurance (World Bank Report, 2022), for cash crop pro-
duction in developing countries, progress in the development of social 
protection systems has been limited. Without a systematic farmer’s 
support system, smallholders are vulnerable when confronting climate 
change and its associated risks. Thus, developing smallholder-adapted 
climate-resilient systems (SA-CRSs) with a specific focus on cash crop 
production is becoming increasingly urgent. 

Building a climate-resilient production system requires extensive and 
systematic cooperation so that the synergies among factors can be fully 
explored (Wijk et al., 2020). For example, Acevedo et al. (2020) defined 
five categories of factors affecting individual adaptation behaviors based 
on the climate-smart agriculture (CSA) framework of the FAO (2013). 
This framework highlights the importance of knowledge and financial 
support, integrating the specificities of sustainability practice adapta-
tion into sustainable agricultural development policies, programs, and 
investments. However, the transition of CSA into on-the-ground imple-
mentation poses a formidable challenge. This endeavor necessitates not 
only cutting-edge technologies and agricultural methods but also the 
integration of market-oriented community governance at the local level, 
establishing incentives and enabling the execution of actions by local 
stakeholders. These preconditions (or prerequisites) led to the expansion 
of CSA becoming unfeasible, particularly because smallholders continue 
to constitute the dominant farming demographic in many developing 
countries, and market conditions remain underdeveloped (Jiang et al., 
2018). Thus, customizing a framework to guide climate adaption re-
sponses in the smallholder cash crop production system is necessary. 

Apples (Malus domestica Borkh.) have long been one of the most 
important fruit crops in temperate regions worldwide (Janik E, 2011); 
they are grown in 96 countries, supporting the respective domestic 
markets and exports (FAO, 2023). In 2020, global apple consumption 
represented 13% of the total fruit consumption, making apples the 
fourth most frequently consumed fruit globally (FAO, 2023). Apples are 
abundant sources of specific micronutrients, including iron, zinc, vita-
mins C and E, and polyphenols such as procyanidins, phloridzin, and 
5′-caffeoylquinic acid. These nutrients can alleviate micronutrient de-
ficiencies and reduce the risk of chronic diseases, resulting in the 
well-known adage, "An apple a day keeps the doctor away” (Oyenihi 
et al., 2022). In China, apples are one of the most economically impor-
tant fruits (Duan et al., 2017), with more than 50% of the global apple 
cultivation and production (FAO, 2023). Correspondingly, apple pro-
duction is the main source of income for more than 4.3 million SAFs in 
China (Huo et al., 2022). 

Low temperature during flowering (LTF) events are increasingly 
frequent climatic shocks that occur during the flowering period of apple 
trees. Because apple trees are sensitive to temperature change during 
this key growth stage, LTF events can heavily affect fruit setting and 
apple production. Moreover, LTF can cause discoloration, desiccation, 
and death of the flower stigma; necrosis of the pistil and stamens; and 
the inability to complete the pollination required to form fruit (Lei et al., 
2018; Wang et al., 2015). However, studies have focused on extreme 
freezing disasters in apple production (Dalhaus et al., 2020), and the 
adverse effects of long-term low temperatures on farmers have been 

underestimated. 
The research objective was to explore how China’s SAFs have 

adapted to the increasing incidence of LTF. To achieve this purpose, we 
developed a smallholder-adapted climate-resilient system (SA-CRS) 
framework based on the literature and then collected more than 500 
household questionnaire data from two main apple-producing regions in 
China (Bohai Bay and the Loess Plateau regions) that constitute 35.9% 
and 42.7% of the national apple production. Next, we applied the 
mediation effects method to explore the effects of farmers’ climate 
adaptation practices. On the basis of our results, we have suggested 
specific policy improvements. 

Moreover, this paper presents an innovative climate adaptation 
framework explicitly designed for cash crops and empirically examines 
how smallholder systems in two major apple production regions in 
China respond to the often-overlooked climate stressor, LTF. Our 
research has substantial implications for climate adaptation strategies in 
developing countries’ cash crop systems and deepens the understanding 
of climate adaptation frameworks. In the remainder of the paper, we 
provide the SA-CRS framework in Section 2; describe the study area, 
data sources, and data processing methods in Section 3; present our 
main findings in Section 4; provide a discussion and corresponding 
policy recommendations in Section 5; and propose our conclusions in 
the final section. 

2. Conceptual framework: SA-CRS 

This study focused on cash crop smallholders, one of the groups most 
vulnerable to climate change. Smallholders must confront various 
challenges in response to climate change while managing the problems 
of insufficient information and knowledge, constrained resource access, 
insufficient incentives, and limited capacity to respond to climate 
change (WFP, 2016). These challenges are especially pronounced for 
smallholder farmers engaged in cash crop production in a climate 
change environment. 

By drawing on insights from the literature, we designed our SA-CRS 
conceptual framework to address the challenges when farmers adopt 
climate resilience strategies and technologies (Table 1). Another study 

Table 1 
Explanatory variables and their relations to literature.   

Elements Variables Literature Hypothesis 
effect in this 
study 

i. Institutional price- 
enhancing 
mechanism (IPE) 

Number of 
apple price 
grades 

Autio et al. 
(2021) 

+

Average price 
of apples 

Dalhaus et al. 
(2020) 

+

ii. Organizational 
production support 
system (OPS) 

Organized 
service 

Bizikova et al. 
(2020) 

+

iii. Public extension 
system (PE) 

Technical 
training 

He et al. (2022) +

Low- 
temperature 
warning times 

Bizikova et al. 
(2020) 

+

iv. Household 
demographic 
characteristics 

Education Acevedo et al. 
(2020) 

+

Planting 
experience 

Ojo et al., 2021 +/−

Agricultural 
labor force 

Vincent et al. 
(2020);  
Esfandiari et al. 
(2020); Soglo and 
Nonvide (2019) 

+

Access to 
credit 

Dang et al. (2019) +

v. Orchard 
Characteristics 

Tree age Duan et al. (2023) +/−
Planting area Esfandiari et al. 

(2020); 
+
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posited that the role of the individual is central to climate adaptation, 
highlighting the role of farmers and their adaptation strategies in 
response to climate change in agricultural sectors (Greg L., 2014). In this 
study, we focused on smallholders’ practical farming practices to adapt 
to low temperatures during the flowering period. The adoption behavior 
of farmers with regard to climate adaptation practices is not solely 
shaped by their internal individual and farm characteristics. It is also 
significantly influenced by the governance institutions within the con-
texts in which they reside. 

2.1. External institutional governance system: organizational production- 
support (OPS) system, institutional price-enhancing (IPE) system, and 
public extension (PE) system 

In this study, we identified three key enabling support systems when 
promoting smallholder adaptation in a climate-resilient system: the i) 
organizational production-support (OPS) system; ii) institutional price- 
enhancing (IPE) system, and iii) public extension (PE) system. 
Enabling an OPS system is the first key element in achieving an SA-CRS. 
A strong OPS system ensures that smallholders can be organized when 
accessing resources and credits and can enable a flexible approach, 
including collective machinery services and the larger-scale purchase of 
inputs (Bizikova et al., 2020). Second, developing an IPE system that 
enables smallholder competitiveness in the output market and provides 
incentives for smallholders to adapt to climate change is necessary 
(Autio et al., 2021). An IPE system does not indicate that the government 
or other stakeholders are actively influencing the market price to favor 
smallholders, but it does provide an institutional channel through which 
smallholders can potentially participate competitively. For instance, by 
providing smallholders with a standard quality grading system, gov-
ernments can actively affect smallholder adoption of certain technolo-
gies and farming practices to increase the quality of their products 
(Carter et al., 2006; Ali et al., 2021; Harjanne et al., 2017). Finally, 
ensuring farmers’ access to climate adaptation technologies and climate 
change-related information and knowledge is important, which requires 

establishing an effective PE system (Ojo et al., 2021; Esfandiari et al., 
2020; Khanal et al., 2019). 

These three governance institutions are closely interlinked and co- 
supported or constrained farmers’ climate adaptation practices. The 
effective interplay and synergy among different institutions promote a 
virtuous cycle of the system, collectively advancing climate adaptation 
practices among farmers. For instance, OPS systems can improve pro-
duction standardization, improving the agricultural product brands of 
smallholders and, ultimately, influencing IPE systems via enhanced 
market sales prices (Nguyen et al., 2020). Additionally, IPE systems can 
enhance OPS systems via certification, increasing profits and improving 
smallholder production sustainability (FAO, 2013). PE systems can 
further enhance the effectiveness of OPS systems by providing advanced 
information and technologies, which may significantly reduce PE ser-
vice costs, improving efficacy when serving large numbers of small-
holders (Bizikova et al., 2020). However, the absence or inadequacy of 
institutions can degrade the entire system, impeding climate adaptation 
practices for farmers. Thus, in summary, these three institutional factors 
(Fig. 1) can play a significant role in improving smallholder resilience, 
individually and jointly. In this study, the organized production-support 
(OPS) system refers to organized services; the institutional 
price-enhancing (IPE) system refers to the number of apple rice grades 
and average apple prices; and the public extension (PE) system refers to 
technical training and low-temperature warning times. We hypothesize 
that. 

H1. Organized service has a positive and significant effect on apple 
farmers’ adoption of climate adaption practices. 

H2. Number of apple rice grades has a positive and significant effect on 
apple farmers’ adoption of climate adaption practices. 

H3. Average price of apples has a positive and significant effect on 
apple farmers’ adoption of climate adaption practices. 

H4. Technical training has a positive and significant effect on apple 
farmers’ adoption of climate adaption practices. 

Fig. 1. A conceptual framework for an integrated smallholder-adapted climate-resilience system (SA-CRS). The resilience system is applicable to cash crop 
systems in developing countries (not limited to apple production) and aims to establish a resilience mechanism for smallholder farmers with mainly cash-crop 
operations when adapting to future climate change and promoting sustainable development of cash crop systems. The SA-CRS proposes an integrated approach 
to secure smallholder returns and provide incentives for farmers actively responding to climate change by coupling three subsystems [(i) institutional price- 
enhancing (IPE) mechanisms, (ii) organizational production-support (OPS) systems, and (iii) a public extension (PE) system] combined with household de-
mographic and orchard characteristics. 
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H5. Low-temperature warning times have positive and significant ef-
fects on apple farmers’ adoption of climate adaption practices. 

2.2. Internal factors: household demographic characteristics and orchard 
characteristics 

In addition to the external institutional governance system, two 
subgroups of internal factors are introduced to the framework to 
consider the importance of individual diversity on climate adaptation: 
household demographic characteristics and orchard characteristics. We 
used a method from another study to describe household demographic 
characteristics, including family endowments such as the agricultural 
labor force, human capital, farming experience, and financial capabil-
ities. In addition to conventional farm characteristics (e.g., land size, soil 
quality, and agricultural infrastructure), we integrated specific in-
dicators related to orchard characteristics, for example, factors such as 
tree age and orchard planting area. These characteristics influence 
smallholder adaptation strategies by affecting the strength of a farmer’s 
perceptions and attitudes toward climate change and their capacity for 
implementing certain actions. For example, a more experienced small-
holder might have a more accurate perception of climate change and its 
related events and, thus, might be more likely to implement measures to 
enhance their climate resilience (Ojo et al., 2021). A household’s agri-
cultural labor force and access to credit might further dictate the ability 
of smallholders to increase their investment in labor and capital when 
adopting new technologies and farming practices (Vincent et al., 2020; 
Esfandiari et al., 2020; Soglo and Nonvide, 2019; Dang et al., 2019). 
These factors might be especially critical for apple production because 
cultivation is perennial and as the age of trees increases, farmer expe-
rience accumulates, and field practices are modified accordingly. Thus, 

such internal factors are critical for enabling and understanding 
behavioral change. Household demographic characteristics and oper-
ating orchard characteristics have a negative or positive impact on the 
adoption of climate change adaptation measures by smallholder 
farmers. The hypothesized effects of household demographic charac-
teristics and orchard characteristics on farmers adaptation behaviors in 
this study could be shown in Table 1. Overall, we developed this 
framework based on farmers’ climate adaptation practices to explain 
their adoption of climate adaption behaviors by considering the external 
community governance and internal individual characteristics of 
farmers and their farms (Fig. 1). In this study, we applied this framework 
to SAFs from two main apple-producing regions in China to determine 
how the adaptation practices reduce the yield loss caused by LTF and 
which factors influence smallholders’ adaptation practices. Several hy-
potheses were proposed based on the conceptual framework to guide the 
following data analysis. 

3. Materials and methods 

3.1. Main apple-producing regions in China and sample selection 

There are two major apple-producing regions in China: the Loess 
Plateau region and the Bohai Bay region (Fig. 2a and Supplementary 
Data Fig. 1) (Zhu et al., 2018). In 2018, the total apple cultivation area in 
these two regions was approximately 80% of the entire national pro-
duction (Zhang Q, 2021). Within these two regions, 122 counties have 
the highest intensity of apple production, and each key apple county has 
an area of more than 10,000 ha or annual production of more than 100, 
000 tons (Ministry of Agriculture and Rural Affairs of the People’s Re-
public of China, 2003). However, there is significant altitudinal 

Fig. 2. Low-temperature conditions during apple flowering (LTF) events in dominant apple-producing areas of China, 1999–2018. (a) Distribution of 
dominant apple-producing areas in China. Blue indicates the Bohai Bay production region and red indicates the Loess Plateau production region. (b–c) Daily average 
minimum temperatures during the apple-flowering period during (b) 1999–2008 and (c) 2009–2018. (d) The proportion of orchards with yield declines and yield 
decline rates caused by low temperatures in 2018. Graph ‘I’ shows yield losses (t/ha) caused by the 2018 LTF event, and graph ‘II’ shows the proportion (%) of 
orchards experiencing yield declines in the same year. *** indicates statistical significance at P < 0.001. (e–f) Probability of LTF hazard during (e) 1999–2008 and (f) 
2009–2018. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Z. Duan et al.                                                                                                                                                                                                                                    



Journal of Cleaner Production 435 (2024) 140303

5

variability among these counties, located between 35◦ and 40◦ N 
(Supplementary Data Fig. 1). This difference in altitude results in 
varying temperatures, with lower temperatures occurring at higher al-
titudes (Chen et al., 2021). Additionally, under the current trend of 
global warming, the higher altitude counties are experiencing faster 
rates of warming (Chen et al., 2018), which increases the risk of early 
apple tree blooms coinciding with low-temperature events (Fujisawa 
et al., 2010). 

To ensure the representativeness of the selected sample counties, we 
included counties with annual apple production exceeding 400,000 tons 
in the two major regions: 12 counties in the Loess Plateau region and 19 
counties in the Bohai Bay region. To account for differences in elevation 
and production, as well as previous low-temperature disaster events, we 
used a stratified sampling method to select counties from the Loess 
Plateau region and the Bohai Bay region that had experienced low- 
temperature damage in 2013 (CMA, 2014) (Supplementary Data 
Fig. 1), including Luochuan, Baishui, and Jingning in the Loess Plateau 
region, and Rongcheng, Penglai, Zhaoyuan, Qixia, and Yiyuan in the 
Bohai Bay region (Supplementary Data Table 2 and Supplementary Data 
Fig. 1). After these counties were selected, two to three meetings were 
held with the fruit industry departments of the local county govern-
ments. Next, three major apple-producing towns were randomly 
selected in each county, with two villages randomly selected in each 
township. Within each village, 12 farmers were randomly selected for a 
face-to-face questionnaire, and 575 valid samples were obtained. 

3.2. Data collection 

To measure the occurrence of low-temperature events during the 
apple flowering period, we consulted apple professionals from different 
study areas regarding the duration of the local apple flowering period. 
On average, in both study regions, the flowering period was approxi-
mately 15 days. Therefore, we collected temperature data (mainly low- 
temperature data during flowering) for the last 20 years (i.e., 
1999–2018) for 15 days of flowering in 122 major producing counties. 
To determine the orchard-specific LTF events, we collected all altitu-
dinal data (i.e., mountains, slopes, flats, and depressions) in each village 
and the surveyed orchards by using Google satellite maps (Google Sat-
elliet Map, 2022). Landform information for each of the surveyed or-
chards was obtained via a farmer questionnaire, allowing us to 
approximate the altitude of each orchard. 

We conducted face-to-face questionnaire interviews with farmers in 
July 2019, each lasting approximately 50 min. This method allowed us 
to collect apple yield data for each orchard for five (2014–2018), which 
we used to analyze the yield losses caused by the LTF event in 2018. 
These yield data refer to actual apple production in each current year (i. 
e., including commercial fruit and retained fruit) and were based on 
each of the farmers’ responses. 

The adoption of climate adaptation practices by farmers was deter-
mined to evaluate both the uptake and effectiveness of climate adapta-
tion practices in mitigating apple yield losses. We investigated the 
following six practical measures aimed at reducing the risk posed by LTF 
during apple production: autumn fertilization, orchard grassing, tree 
tray mulching, early spring irrigation, orchard fumigation, and Osmia- 
pollination. A detailed explanation of these practical measures is pro-
vided in Supplementary Data Table 1. 

According to our conceptual framework (Fig. 1), we collected data 
on household demographic characteristics (planting experience, edu-
cation level, number of agricultural laborers, and access to credit in 
2017), orchard characteristics (fruit variety, orchard area, and tree age), 
and the participation of farmers in production organizations (member-
ship in cooperative production and enterprise production). These vari-
ables were crucial explanatory variables that influenced the uptake of 
the different climate-related adaptation techniques outlined in our 
conceptual framework. Next, we collected data on PE systems (including 
farmer participation in training and the number of low-temperature 

warnings issues) and IPE mechanisms (price grading and average sales 
prices for each county in 2017). The number of low-temperature 
warnings for each county was obtained through the official county 
government website. In addition to all the orchards growing the variety 
“Fuji”, 11 indicators in five-factor categories were identified in the 
questionnaire research. In addition, to assess the revenue status of 
farmers in these two regions, we identified the selling prices and first- 
grade fruit production rates of the surveyed SAFs in 2018. First-grade 
fruits were defined as those with a diameter ≥80 mm, coloring ≥75%, 
and surfaces free from disease spots. We also determined implementa-
tion cost data for each adaptation measure (Supplementary Data 
Table 6) to assess the sustainability of apple production in the two re-
gions supported by the different resilient systems. 

3.3. Data analysis 

3.3.1. Low-temperature hazards in apple orchards 
The occurrence of low temperatures during the flowering periods 

was frequent; however, apple flowers are only harmed when a low- 
temperature threshold is exceeded. We first recorded the lowest tem-
perature of each year during the apple flowering periods as Tmin

j , where j 
denotes different years from 1999 to 2018. Next, we summed the lowest 
temperature of each year and further divided it by 20 so that we could 
calculate the average lowest temperature of the past 20 years as Tave

min 15 
(Equation (1)). 

Tave
min 15 =

∑2018
j=1999Tmin

j

20
, j = 1999, 2000, 2001,…, 2018 (1) 

After we calculated the average lowest temperature during the apple 
flowering period of 15 days, we could count the actual number of days 
with daily minimum temperatures below Tave

min 15 during the 15 days 
flowering period of each year, denoted as Dhaz

j . The ratio of days that has 
a minimum temperature below Tave

min 15 during the 15 days flowering 
period is the probability of low-temperature hazards occurring in each 
year, referred to as Phaz

j . 

Phaz
j =

Dhaz
j

15
× 100%, j = 1999, 2000, 2001,…, 2018 (2) 

By using this approach, we calculated the actual presences of low- 
temperature hazards in each year over the past 20 years (Fig. 2e and 
f). However, when calculating the incidences of LTF events at the or-
chard level, we must further consider the change in the altitudes, 
particularly in counties with a significant variation in altitude. 

We calculated the orchard level incidence of LTF (TOmin
ij ) with the 

condition of its altitude (with temperature decreasing by 0.6 ◦C for every 
100 m increase in elevation). First, we calculated the lowest temperature 
during the flowering period in 575 orchards in 2018 according to 
equation (3). 

TOmin
ij = Tmin

ij −

(
ALTO

i − ALTC
i

)

100
× 0.6, j= 2018 (3)  

where i denotes orchard i at county c, Tmin
ij is the county minimum low 

temperature in 2018, ALTO
i is the orchard i altitude, and ALTC

i is the 
county average altitude. When TOmin

ij ≤ Tave
min 15, the orchard was classi-

fied as being threatened by the low-temperature event in 2018. Next, we 
counted how many orchards within a county were threatened by the 
LTF, denoted as DOhaz

j . We found that 554 orchards were threatened by 
low temperatures in 2018, with 21 orchards in Jingning County 
unaffected. 

POhaz
j =

DOhaz
j

n
× 100%, j = 2018 (4)  

where n denotes the number of orchards per county. In each county 
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except for one, we sampled 72 orchards, in Luochuan County, we 
sampled 71 orchards. The ratio of the number of orchards threatened by 
this low-temperature event to the total number of samples in each 
county was then defined as the proportion of low-temperature orchards, 
denoted as POhaz

j (Supplementary Data Table 3). 

3.3.2. Low-temperature resilient farming practices and smallholder 
technology adoptions 

Apple yields are influenced by a combination of management, cli-
matic, and soil conditions. Thus, to determine the effect of climatic 
conditions on apple yield, we evaluated yield variability during 2014, 
2016, and 2017, and found that no low temperatures had occurred 
(Supplementary Data Fig. 2). Yield variability over these three years 
was, therefore, attributed to differences in management and soil prop-
erties. Overall, the decline in yield associated with the 2018 LTF event 
was 8.8% relative to the three years 2014, 2016, and 2017, which we 
attributed to low-temperature damage during apple flowering and fruit 
set. Although this overall decline in yield appears relatively low, 
adopting low-temperature adaptation techniques can help stabilize (and 
possibly increase) yields in these vulnerable regions. 

The calculated yield decline was defined as the low-temperature 
yield losses, denoted as Yloss, and an orchard that experienced low 
temperatures and a decrease in yield was defined as OYloss of which there 
were 165 orchards, including 40 orchards in the Bohai Bay and 125 
orchards in the Loess Plateau production areas. The percentage of or-
chards in the different study regions that experienced low temperatures 
and yield losses are shown in Fig. 2d (graphs I and II). 

Yloss = Ymean − Y2018 (5)  

where Y2018 is the apple yield in 2018, and Ymean is the average yield for 
the three years 2014, 2016, and 2017. 

During apple production, farmers often use various practical mea-
sures to minimize the damage caused by low temperatures and to ensure 
stable yields (Supplementary Data Table 4). Therefore, we analyzed the 
variation in yields in 2018 for the 554 orchards that experienced low 
temperatures, denoted by ΔY: 

ΔY = Y2018 − Ymean (6)  

where Y2018 is the apple yield in 2018, and Ymean is the average yield for 
the three years 2014, 2016, and 2017. 

Although most studies have confirmed the role of these management 
practices in preventing LTF events (Li et al., 2009; Bizikova et al., 2020; 
Autio et al., 2021), they have not compared the prevention effects of 
different management practices. Notably, the integrated effect of mul-
tiple management measures is frequently more effective than single 
measures. Therefore, to evaluate the integrated effect of multiple man-
agement measures, we determined those farms that employed 0, 1–2, 
3–4, or 5–6 of these practical measures and compared these data with 
reported apple yields. 

3.3.3. Empirical model and relative importance analysis 
The data in this study were cross-sectional, and to investigate the 

mediating role of the number of technology adoptions between the 
resilience system and yield value added, we proposed the following 
model, drawing on the testing process proposed by Wen and Ye (2014). 
The adoption of the mediated modeling approach expresses the causal 
relationship among the resilience systems, the number of technologies 
adopted by farmers and yield value added. 

In the first step, model (7) was constructed to test whether the 
resilience system could influence the yield value added: 

ΔY = α1 + β1Resi + εi (7)  

In the second step, model (8) was constructed to test whether the 
resilience system could influence the number of technology adoption by 

farmers: 

Teci =α2 + β2Resi + εi (8)  

In the third step, model (9) was constructed by testing the mediating 
effect of the number of farmers’ technology adoption in the relationship 
between the resilience system and the yield and the yield value added: 

ΔY =α3 + β3Resi + λTeci + εi (9)  

where i denotes farmer ith; α1, α2,α3 represent the constant term to be 
estimated in each model; ΔY are outcome variables indicating yield 
value added, the detailed calculation method is shown in Equation (6); 
Resi denotes the explanatory variable, namely, the relevant influencing 
factors in the resilience system, which are the education level of the head 
of the household (years), the farming experience of the head of the 
household (years), the total number of laborers within the household, 
access to credit within the household in the past year, tree age (years), 
the total planting area of Fuji apples (ha), technical training (whether 
farmers had attended public or private training on management mea-
sures for the prevention of low-temperature risks; 1 = yes; 0 = no), low- 
temperature warning information (number of times a warning was is-
sued, as published on the websites of local fruit management de-
partments before the onset of the 2018 LTF event), organized services 
(whether the farmer had joined an industrial organization such as a 
cooperative or company; 1 = yes; 0 = no), the average sales price (RMB/ 
kg) and the number of sales grades (grades) in each county in 2017 
(Supplementary Data Table 5); Teci denotes the mediating variable, 
namely, the number of technologies adopted by farmers (which refers to 
the total number of orchard grassing), tree tray mulching, autumn 
fertilization, early spring irrigation, orchard fumigation, and Osmia- 
pollination adopted by farmers in 2018; and β1 denotes the effect of 
the resilience system on yield value added in model (7); β2 denotes the 
effect of the resilience system on the number of technology adoption by 
farmers in model (8); β3 denotes the effect of the resilience system on 
yield value added in model (9); λ denotes the effect of the mediating 
variable (the number of technology adoptions) on yield variation in 
model (9); and εi is the random perturbation term. The description of 
each variable and the descriptive statistics are shown in Supplementary 
Data Table 7. 

To further explain the causal relationship between the different 
variables, we adhere to the principle of causality within the realm of 
social sciences (Morgan, S. L. and Winship, C., 2015). Grounded in the 
notion that causes precede effects, we delineate the relationships among 
the indicators in this study. The average price of apples and the sales 
grade figures in 2017, as discussed in our study, indisputably occurred 
prior to farmers obtaining apple yields in 2018. Similarly, other in-
dicators such as the frequency of low-temperature warnings, participa-
tion in technical training, and engagement in organizational services 
also transpired before the apple production in 2018. Furthermore, the 
mediating variable posited in our model—the number of technologies 
adopted by farmers—likewise pertains to the pre-yield adoption of 
technologies. Consequently, the interplay of indicators in this study 
aligns with the principle of causation, where causes precede effects. The 
principle of causality in social sciences encompasses causal co-variation 
as well. In our study, the fluctuations in market prices in 2017 impact 
the adoption of technological measures by farmers. Concurrently, 
changes in farmers’ technological adoption contribute to variations in 
apple yield. Additionally, alterations in the other independent variables 
considered in this study result in corresponding changes in the outcome 
variable, thus affirming adherence to the principle of causal 
co-variation. The third principle is to exclude other explanations except 
causal relationships, such as interaction relationships. It is obvious that 
there is no interaction between market prices in 2017 and production in 
2018 in this study. 

In addition to the principle of causality in the social sciences, we 
employed the causal mediation analysis method to validate the 
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traditional mediation effects. The validity of causal mediation effects 
hinges on adherence to the serial negligibility assumption, though its 
verification using observed data remains unattainable. We acknowledge 
the presence of confounding factors, and the evaluation of the extent to 
which these confounders may influence the mediating effect necessitates 
additional sensitivity analysis (Imai et al., 2011). 

A relative importance analysis was performed based on regression 
analysis (Ye et al., 2015; Israeli O, 2006). Therefore, relative importance 
analysis was used to analyze the effect of factors in the resilient system 
on the number of technology adoption by farmers. First, the R2 value 
related to the number of adaptation measures adopted was obtained. 
Second, the value was decomposed for each impact factor. Finally, the 
relative importance of each variable relative to the dependent variable 
(i.e., the number of measures adopted) was determined. All analyses 
were performed using stata15. 

3.4. Statistical analysis 

All estimated parameters were based on analysis of variance using 
IBM SPSS statistical software version 22. Duncan’s least significant 
difference test was used to compare the mean records, with a signifi-
cance level of 5%, 1%, and 0.1%. Model estimation and relative 
importance were analyzed using stata15. 

4. Results 

4.1. LTF events in China and their effect on SAF apple production 

From 1999 to 2018, the magnitude of LTF events in the main apple- 
producing regions of China (including 122 counties) increased. During 
this period, the average daily minimum temperature decreased by 
1.77 ◦C overall (− 0.91 ◦C in 1999–2008 and − 2.68 ◦C in 2009–2018; 
Fig. 2b and c). This dramatic drop in minimum temperatures is beyond 
the tolerance threshold of apple flowers, leading to an increased prob-
ability of low-temperature hazards during the apple-flowering season. 

We found that the probability of LTF hazard increased from 4.3% in 
1999–2008 to 10.4% in 2009–2018 (Fig. 2e and f, Supplementary Data 
Fig. 3). In the Loess Plateau region, the minimum daily temperature 
decreased by 1.71 ◦C, and the LTF hazard probability increased from 
5.2% to 8.6% (+3.4%). In the Bohai Bay region, the minimum daily 
temperature decreased by 1.85 ◦C, and the LTF risk increased from 3.2% 
to 12.8% (+9.6%) (Fig. 2b, c, 2e, 2f). In 2018, some of the sampled 
counties (eight typical counties) in these regions experienced an extreme 
LTF event, such as the − 5 ◦C event in Luochuan County (Supplementary 
Data Fig. 2). 

Because temperature differences partly correspond to altitude, LTF 
hazards can vary among orchards in the same county. Therefore, we 
determined whether individual orchards were threatened by LTF events 
based on the relationship between altitude and temperature (see 
Methods for details). Among the 575 surveyed SAFs, 21 SAFs in Jingning 
county were unaffected by LTF events during the apple production pe-
riods in 2018, and the remaining 554 SAFs (96.3% of those sampled 
SAFs) were adversely affected by at least one LTF event (Supplementary 
Data Table 2). 

LTF events in the studied regions have been associated with sharp 
declines in apple yields, although losses vary by region. By calculating 
the coefficient of variation in yield among 2014, 2016, and 2017 (when 
no LTF events occurred), we determined that an overall yield decline of 
more than 8.8% was associated with the 2018 LTF event (see Methods 
for details). We found that 165 SAFs experienced declines in yield, ac-
counting for 29.8% of those who experienced the LTF event (554 SAFs). 
For those SAFs experiencing losses, apple yields decreased by an average 
of 16.43 t/ha (Supplementary Data Table 3). In the Loess Plateau region, 
64.4% of the farmers experienced yield losses due to the LTF event, 
resulting in an average yield loss of 17.85 t/ha for the same event, the 
proportion of farmers experiencing yield losses (11.1%) and the average 

yield losses (12.00 t/ha) were significantly lower in the Bohai Bay region 
than in the Loess Plateau region (Fig. 2d). 

4.2. Adopting practical measures to address LTF risks and mitigate yield 
losses 

The adoption of farming practices to manage LTF events helps reduce 
yield losses, as shown by the difference between yields in 2018 and the 
average yield during three years (2014, 2016, and 2017, see ΔY in the 
Methods), and adopting multiple management measures is more effec-
tive than adopting single measures in this respect (Supplementary Data 
Fig. 4). Among the 554 orchards that experienced LTF events, there were 
differences in the adaptation measures used and corresponding yield 
changes. For the 554 SAFs who experienced LTF events, yield losses 
decreased when adequate practical measures were adopted, and yield 
increases were achieved when five to six measures were adopted 
(Fig. 3). In the Bohai Bay region, apple yields were unaffected by the 
adoption of one or two practical measures, and in the Loess Plateau 
region, yield losses were avoided when at least five practical measures 
were adopted (Fig. 3). Overall, 90.0% and 30.4% of the SAFs in the 
Bohai Bay region and the Loess Plateau region, respectively, adopted at 
least three adaptive practices during the study period (Fig. 3). Notably, 
the adoption of the same number of adaptive practices had less effect on 
LTF losses in the Loess Plateau than in the Bohai Bay region. This finding 
partly occurred because fewer farmers applied the other seven practical 
measures (thinning flowers, thinning fruits, orchard pruning, bagging 
and bag-removing, topdressing, spraying pesticides, and laying reflec-
tive film) throughout the apple production season in the Loess Plateau 
region (73.4% adoption) than in the Bohai Bay region (91.0% adoption; 
Supplementary Data Table 4). Although these seven practical measures 
did not directly prevent LTF, they supported high yields. For example, 
orchard pruning increases yields by facilitating the formation of fruit- 
bearing branches and encouraging fruit trees to produce flower buds 
and fruits in spring. Topdressing supports high yields by fulfilling the 
nutrient requirements of late fruit growth, promoting fruit expansion 
and increased fruit weight. 

Fig. 3. Relationship between the number of climate change adaptation 
measures adopted by smallholders and changes in apple yields in two 
dominant appleproducing regions of China (see Methods for a full 
explanation of ΔY). When the fruit farmer does not take any practical mea-
sures, it is defined as 0. When the fruit farmer adopts any one or two of the six 
practical measures, it is defined as 1–2. When the fruit farmer adopts any three 
or four of the six practical measures, it is defined as 3–4. When fruit farmers 
adopt any five or six of the six practical measures, it is defined as 5–6. Blue 
indicates the Bohai Bay production area, and red indicates the Loess Plateau 
production area. *P < 0.05, **P < 0.01, ***P < 0.001. Practical measures 1 to 6 
are fully defined in Supplementary Table 2. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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4.3. Factors driving the adoption of LTF-related adaptive practices 

Our analysis suggests that the adoption of various practices helped 
mitigate yield losses during the study period and that the establishment 
of resilience systems helped improve farmers’ management practices. 
Therefore, we selected the mediating effects model to explore the 
mediating role of the number of technologies adopted by farmers be-
tween resilience systems and yield value added (column 1, column 2 and 
column 3, Table 2), i.e., the resilience system ameliorates yield losses by 
enhancing farmers’ technology adoption. Meanwhile, based on the 
traditional mediated effects analysis, causal mediated effects analysis 
was further used to validate the mediated effects results (column 4, 
column 5, Table 2). Our findings demonstrate that the mediating effect 
persists as robust, affirming the existence of causality despite the 
acknowledged confounders. The following results were obtained with 
reliable modeling results. 

First, we analyzed the effects of the factors in the resilience system on 
yield value added. Among these factors, the number of price grades and 
the average price in the price-enhancement mechanism showed a posi-
tive effect on yield value added (the regression coefficient is signifi-
cantly positive at the 1% level) (column 1, Table 2), namely, as the price- 
enhancement mechanism improved, yields showed a positive increase 
(higher yields). The number of low temperature warnings also showed a 
positive effect (regression coefficient significant at 5% level). By 
contrast, farmers’ planting experience showed a negative effect (at 10% 
level) (column 1, Table 2) probably because experienced farmers tend to 
use management practices with which they are familiar and which are 
not effective in managing climate change and ensuring yields. 

Second, we analyzed the effect of factors in the resilience system on 
the number of technology adoption by farmers. The results showed that 
the number of price tiers and the average price in the price enhancement 
mechanism had a positive effect on the number of technology adoptions 
by farmers (significantly positive at the 1% level), namely, the 
improvement in the price-enhancement mechanism enhanced the 
adoption of adaptive measures by farmers. Low-temperature warnings 
were also important for farmers’ technology adoption (significantly 
positive at the 10% level), and when the number of low-temperature 
warnings increased, farmers’ climate change perception improved, 
which enhanced technology adoption. Farmers’ education level had a 

significant positive effect (significant at 1% level) on inducing their 
technology adoption, indicating that improving education increased the 
farmers’ knowledge and understanding of climate change risks and, 
thus, motivation to adapt. Planting area and organizational services also 
showed positive effects on enhancing technology adoption by farmers 
(significant at the 5% and 10% level, respectively) (column 2, Table 2), 
the causal mediation analysis also obtained similar results (column 4, 
Table 2). 

Finally, we verified the mediating effect of the number of farmers’ 
technology adoptions. The regression analysis found that the number of 
technology adoptions had a significant positive effect (significant at 5% 
level) on yield value added (column 3, Table 2). According to the 
stepwise regression mediation effect test criterion, the number of tech-
nology adoptions played a mediating role between the resilience system 
and yield value added, namely, the resilience system achieved yield 
enhancement by enhancing farmers’ technology adoption. In addition to 
the proven mediating effect of the number of technology adoptions, the 
number of price tiers and average price in the price enhancement 
mechanism showed a positive effect (significant at the 1% level) on yield 
value added. The number of low-temperature warnings likewise showed 
a positive effect on yield value added (significant at the 5% level); by 
contrast, farmers’ growing experience showed a negative effect on the 
value added to apple yield (significant at the 10% level) (column 3, 
Table 2), the above results were likewise validated by causal mediation 
effect analysis (column 5, Table 2). 

Based on an assessment of the relative contribution of the different 
factors using R2 values (Ye et al., 2015; Israeli O, 2006), the two IPE 
measures explained 84.0% of the variation in the uptake of climate 
change adaptation measures (43.7% for the number of price grades and 
40.3% for the average price), OPS measures accounted for 3.8%, and the 
education level of SAFs accounted for 5.3% (Fig. 4). 

4.4. A virtuous or vicious circle? Climate shocks, adaptation, and system 
resilience 

Climate shocks might push a poor, resilient agricultural production 
system into a vicious circle. When there is a relatively strong resilience 
system in apple production, the influence of climate shocks might 
decrease, and the damage due to climate shocks can be mitigated 

Table 2 
Analyzing the mediating role of the amount of technology adoption by farmers between resilience systems and yield value added.   

(1)Yield value 
added 

(2)Number of technology 
adoptions 

(3)Yield value 
added 

(4)Number of technology 
adoptions 

(5)Yield value 
added 

Number of technology adoptions   0.9080** (2.3119)  0.9080** (2.31) 
Institutional Price-Enhancing Mechanism 

Number of apple price grades 5.8390*** (8.30) 0.5157*** (4.91) 5.3708*** (7.14) 0.5157*** (4.82) 5.3708*** (5.37) 
The average price of apples (RMB/ 
kg) 

3.0855*** (4.04) 0.4877*** (4.31) 2.6427*** (3.35) 0.4877*** (4.38) 2.6427*** (2.55) 

Public Extension System 
Technical training (1 = yes; 0 =
no) 

− 0.4388 (0.40) − 0.0537 (0.46) − 0.3901 (0.36) − 0.0537 (0.45) − 0.3901 (0.36) 

Low-temperature warning times 1.2586** (2.18) 0.1097* (1.70) 1.1590** (2.01) 0.1097* (1.68) 1.1590** (1.93) 
Household demographic characteristics 

Education (years) − 0.1384 (0.87) 0.0496*** (2.66) − 0.1835 (1.13) 0.0496*** (2.60) − 0.1835 (1.04) 
Planting experience (years) − 0.1220* (1.82) − 0.0100 (1.25) − 0.1130* (1.70) − 0.0100 (1.35) − 0.1130* (1.67) 
Agricultural labor force 0.8679 (0.86) − 0.1108 (1.07) 0.9685 (0.95) − 0.1108 (1.04) 0.9685 (0.99) 
Access to credit − 0.0294 (0.03) 0.0277 (0.22) − 0.0546 (0.06) 0.0277 (0.21) − 0.0546 (0.05) 

Orchard characteristics 
Tree age (years) − 0.0129 (0.19) − 0.0013 (0.16) − 0.0117 (0.18) − 0.0013 (0.18) − 0.0117 (0.17) 
Planting area (ha) 0.0090 (0.77) 0.0034** (2.15) 0.0058 (0.52) 0.0034** (1.39) 0.0058 (0.26) 

Organizational Production-Support System 
Organized service (1 = yes; 0 =
no) 

− 0.2662 (0.28) 0.2194* (1.96) − 0.4654 (0.50) 0.2194* (1.97) − 0.4654 (0.46) 

Constant − 31.7886*** 
(7.94) 

− 0.5999 (1.53) − 31.2439*** 
(7.76) 

− 0.5999 (1.43) − 31.2439*** 
(8.13) 

R2 0.285 0.325 0.292 0.325 0.292 

Note: The resilience system refers to 11 factors in 5 parts. The absolute value of t is in parentheses; ***, **, *indicate statistically significant at the 1%, 5%, and 10%, 
respectively. The total number of observations is 554. 
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effectively. Our field interviews demonstrated that, overall, the Bohai 
Bay region has a relatively well-established climate-adapted resilient 
system of apple production, and the system in the Loess Plateau region is 
relatively poorly developed. For instance, SAFs from the Bohai Bay re-
gion adopted an average of 3.86 adaptation practices (as listed in the 
survey), and 15.3% of the SAFs in this region reported yield losses due to 
LTF events. A local apple farmer [in Bohai Bay region] told us, “LTF 
events can have huge damage if they have no expectations or early 
warnings. However, when there are some early warnings from the local 
agricultural department or extension support, we can effectively prevent 
such damage. It might cast some negative impact, but the magnitude 
will be much less severe.” 

Notably, during the study period in 2018, SAFs in the Bohai Bay 
region achieved relatively higher yields (approximately 41.81 t/ha, 
average yield of the sample orchards) than those in the Loess Plateau 
region (13.49 t/ha). As we expected, SAFs in the Loess Plateau region 
adopted an average of 2.01 recommended adaptation practices 
(Table 3). Regarding apple quality, 60.4% of the apples produced in the 
Bohai Bay region were of premium quality, and the per unit price was as 
high as 6.26 RMB/kg (Table 2). Apple quality in the Loess Plateau region 
was comparatively low, with 28.7% of the apples being premium quality 
and an average per unit price of 5.08 RMB/kg. Despite the considerable 
variation in the average unit price of apples across the two regions, the 
price of apples of the same grade remained relatively stable. For 
instance, the unit price of 70–75 grade apples was RMB 3.2 in Yiyuan 
County and RMB 3.0 in Jingning County (Supplementary Data Table 5). 
According to the wholesaler and other interviewed apple agribusiness 
owners, “There were limited price differences among the premium 
quality apple either from the Bohai Bay region or from the Loess Plateau; 
however, there was significant short of premium quality apple from the 
Loess Plateau region compared with the Bohai Bay region. We have got 
much more premium quality apple (further with different rankings 
among premium quality apple) supply from Bohai Bay region.” 

In this context, we used SAFs’ yields and market prices to calculate 
their total apple revenue; that in the Bohai Bay region (270,018 RMB/ 
ha) was almost four times higher than that of the Loess Plateau region 
(76,235 RMB/ha) (Table 3). The high returns support the operating 
costs of the practice, and social security increases smallholder revenues 
through enhanced action, guaranteed prices, and higher yields, gradu-
ally creating a virtuous circle. In the Loess Plateau region, the per capita 
income of fruit farmers (RMB 12,579) was approximately one-third of 
the per capita income (Table 3). As such, SAFs in the Loess Plateau 

Fig. 4. Relative importance of different factors influencing the number of practical adaptation measures adopted by smallholders in China. Purple in-
dicates household demographic characteristics, orange indicates orchard characteristics, green indicates public extension systems, yellow indicates organizational 
production-support systems, and blue indicates institutional price-enhancing mechanisms. Household demographic characteristics include education level, planting 
experience, agricultural labor force, and access to credit. Orchard characteristics include tree age and planting area. Public extension systems include technical 
training and low-temperature warnings. Organizational production-support systems refer to organized services for smallholders. Institutional price-enhancing 
mechanisms include the average price of apples and the number of apple price grades. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 3 
Evaluation of the effect of different resilient systems (good and poor) on 
smallholder apple farmers (SAFs) in two apple-producing regions of China.  

Indicators Well resilient system 
support (Bohai Bay) 

Poor resilient system 
support (Loess Plateau) 

(n = 360) (n = 194) 

Number of practical 
measures adopted 

3.86 ± 1.06*** 2.01 ± 1.24 

The average yield of the 
sample orchards (t/ha) 

41.81 ± 22.56*** 13.49 ± 14.21 

Percentage of first-grade 
fruits (%) 

60.4 ± 28.5*** 28.7 ± 20.6 

The average sales price in 
2018 (RMB/kg) 

6.26 ± 2.17*** 5.08 ± 1.63 

Apple revenue of SAFs in 
2018 (RMB/ha) 

270,018 ± 195,507*** 76,235 ± 104,943 

Per capita income in 2018 
(RMB) 

44,553 ± 32,269*** 12,579 ± 17,316 

Note: Due to the well-established price mechanism, public extension services, 
and better organizational support in the Bohai Bay production area, we 
compared the Bohai Bay production area with the Loess Plateau region as re-
gions well and poor resilient system, respectively. T-tests were performed based 
on “Loess Plateau” as the reference. *, **, and *** indicate statistical significance 
at P < 0.05, P < 0.01, and P < 0.001, respectively. 
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region are constrained by the high operational costs of adopting the LTF- 
related adaptation practices (10.1% higher than the technical opera-
tional costs in Bohai Bay, Supplementary Data Table 6), low returns 
cannot support the costs of practical activities and weak social protec-
tion, which fuel a vicious cycle of hazard vulnerability and insufficient 
practice adaption or inaction. 

5. Discussion 

5.1. Hazards of low-temperature events during apple flowering 

Managing climate change and ensuring fruit production are essential 
to achieving global food security and several of the United Nations’ 
sustainable development goals. Studies have explored the containment 
of apple production in terms of unsuitable temperature changes such as 
winter warming and high summer temperatures (Zaller et al., 2023; 
Parkes et al., 2020). However, additional research on the threat to apple 
production from low-temperature events during flowering is urgently 
necessary. We used low-temperature events during apple flowering in 
China to clarify the threat of low-temperature events in the spring to 
yield in the main apple-producing regions of China. Low temperatures 
during flowering in 2018 resulted in a yield loss of 16.43 t/ha, and 
similar results were supported by related disaster reports, such as the 
expected 42.6% reduction in commercial fruit production across the 
country, according to apple bagging data from China Apple Network in 
2018. The main reason for the significant decline in yield is flower 
failure triggered by low temperatures in the spring. Studies have shown 
that when there are low-temperature cold waves, the pistil in the floral 
apparatus is the least cold-tolerant part and can be harmed by slightly 
low temperatures (Rodrigo J., 2000), and although the flower can open 
normally, it cannot complete the fertilization of the fruit and ultimately 
result in a loss of yield. 

In addition, as global climate change continues to intensify, the risk 
of low temperatures during the flowering period of apples is increasing. 
There are two main reasons for this result: on the one hand, the increase 
in winter temperature forces apple cultivation to gradually extend to 
higher altitude areas, where temperature changes are drastic, and the 
fluctuating high and low temperatures increase the risk of low temper-
atures during flowering (Delgado et al., 2021); on the other hand, 
climate warming will lead to an advance in the flowering time of apples, 
and the literature has shown that warming-induced apple flowering has 
advanced by 0.21–0.35%. Some studies have shown that warming 
causes apple blossom to advance by 0.21–0.35 days/year, and the 
advancement of blossom increases the overlap between apple blossom 
time and spring low-temperature events, which increases the risk of 
experiencing low temperatures (Pfleiderer et al., 2019). Thus, apple 
production in China must strengthen its response to low temperatures 
during flowering to achieve sustainable development. 

5.2. Effects and drivers of adaptive measures by smallholder farmers 

The positive effects of different management practices for adapting 
to low temperatures during flowering have been demonstrated; for 
example, physical adaptations (e.g., antifreeze spraying and artificial 
heating) have significant effects in protecting apples from low temper-
atures (Unterberger et al., 2018). In smallholder practices in China, 
management measures such as early spring irrigation and orchard 
fumigation are commonly used to manage low temperatures during 
flowering, and studies have focused on the analysis of the effects of a 
single practice (Anconelli et al., 2002; Ribeiro et al., 2006) but not 
analyzed the integrated effects of multiple practices. 

We quantified the effects of multiple practice measures on yield loss 
by summarizing six commonly used management practices and 
grouping them. The results indicate that adopting multiple management 
practices is more effective in avoiding yield loss than adopting a single 
practice, and when the number of practice measures adopted reaches 

5–6, yield loss is prevented, and yield increase is achieved. This study 
also demonstrated that a combination of management practices is much 
more effective in increasing yields than a single technical measure 
(Zhang et al., 2016). 

In practice, not all smallholders adopt practical measures to manage 
low temperatures during flowering. Our study found that 96.8% of the 
farmers adopted one or more practical measures, and 19.5% of the 
smallholders adopted more than five practical measures. The main 
reason for this difference is insufficient incentives. In our proposed 
conceptual framework, based on previous research, it is clarified that 
household demographic characteristics and orchard characteristics are 
intrinsic factors that influence smallholder climate adaptation decisions. 
In addition, we hypothesize that effective organized production system, 
a well-developed price promotion system and a sound public extension 
system play a positive role in the adoption of climate adaptation de-
cisions by farmers, and these hypotheses (H1–H5) are verified in the 
results analysis. For example, cash crops have a higher value than food 
crops and can provide economic support to farmers; thus, crop prices can 
severely constrain the adoption of climate adaptation measures (Jeffrey 
et al., 2005). The price of apples is generally determined by quality 
grading: different prices are set according to the size of the fruit. If the 
fruit is small and the price is low, the lack of available assets reduces the 
willingness of smallholders to manage orchards (Zhang et al., 2023). 
Smallholders should be encouraged to move from low-quality to 
high-quality products, which depends largely on field practices, 
including input use, farm management, and local climatic conditions 
(Luning et al., 2007; Milošević et al., 2022). Additionally, the price that 
accompanies quality fruit needs to be guaranteed; otherwise, it can 
create psychological barriers for farmers and lead to a negative attitude 
toward cultivation. For example, the decline in agricultural prices and 
incomes may explain 10–30% of the decline in production in the United 
States in 1930 (Hausman et al., 2021). We also posit that if high-quality 
fruits are not guaranteed higher prices than low-quality fruits, farmers 
are likely to become negatively disposed to agricultural production. 
However, raising prices without proper planning may not be a long-term 
solution, and building a resilience system based on price guarantees may 
be more feasible than that plan. 

Second, organizing production also plays a positive role in the 
adoption of adaptive measures. We found that approximately 32.5% of 
all smallholder farmers joined some form of cooperative or agribusiness 
and that cooperatives provided farmers with integrated service support 
throughout the production process to fulfill the IT information needs of 
smallholder farmers. A well-functioning cooperative organization can 
increase smallholder farmers’ investment in production, regulated 
farming, market access, and price stability (Blekking et al., 2021; 
Mangnus et al., 2020). For example, a cooperative organization can 
provide apple smallholders with specialized production materials and 
standardized operations to achieve stable product output. However, the 
size of the cooperative organization needs to be considered, and rela-
tively larger cooperatives can provide lower-cost services to farmers 
(Gezahegn et al., 2019). The effect of the public service system on the 
adoption of adaptive measures was not observed in this study, and 
notably, public services can provide smallholder farmers with techno-
logical innovations, weather information, and policy guidance (Buadi 
et al., 2013; Haigh et al., 2018). According to our survey, smallholders 
can gain technical knowledge on apple management in technical 
training via public services and can sense temperature changes in 
advance via cold weather warnings. However, the local government’s 
technical training and weather warning services are relatively weak, for 
example, the number of low-temperature warnings provided by the 
government is one per year, and the weak public services do not fully 
play the role of extension, which may be why the public service effect 
was not found in this study. 

In addition, farm household (education, farming experience, agri-
cultural labor, available credit) and orchard characteristics (age, size) 
are important factors influencing the adaptation decisions of economic 
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smallholders, which have long been confirmed by studies in different 
regions (Acevedo et al., 2020; Ojo et al., 2021; Vincent et al., 2020; Duan 
et al., 2023). 

5.3. Challenges in building resilient systems for adaptation to climate 
change 

As our analytical framework shows, three support mechanisms are 
necessary to establish an effective SA-CRS. One of them, the IPE system, 
is key to ensuring that smallholder production systems can manage with 
the risk of low temperatures during flowering. However, how to build a 
sound IPE system has not attracted much attention in the agricultural 
community. Studies on agricultural product price security have only 
focused on price forecasting, not specifying how to build a stable price 
enhancement system (Mohanty et al., 2023; Ray et al., 2023). 

In the case of apple production in China, we posit that local gov-
ernments should implement several measures. First, an effective quality 
grading system with a reflective price system should be established. 
Although there is a national apple-quality grading system in China, due 
to differences in sales markets, SAFs in different regions often must use 
different grading systems when selling their apples. For instance, in the 
Loess Plateau region, SAFs report two grades of apple prices that 
correspond to quality, and in the Bohai Bay region, SAFs report four 
grades (Supplementary Data Table 8). Such differences in IPE systems 
can be attributed to varying public investments in local logistics, apple 
storage, wholesale market development, and government regulations 
regarding quality inspection. Second, effective market price monitoring 
and communication with SAFs are required. Because in cash crops, such 
as apples, often show very drastic market price fluctuations. Notably, 
without timely market price monitoring and communication, price 
volatility can be exacerbated rather than stabilized among SAFs without 
an effective quality grading system. Under these circumstances, local 
government involvement in the dissemination of cash crop market price 
information among stakeholders along the supply chain would be good 
practice, warning SAFs to take preventive action. Third, building an 
effective IPE system might also be achieved via regional branding 
practices. Developing a regional brand will empower SAFs to improve 
market accessibility and bargaining power and help stabilize regional 
apple prices. 

To establish SA-CRS to manage with the adverse impacts of potential 
climate shocks, local governments and relevant stakeholders must 
establish and strengthen local OPS systems, such as multifunctional 
cooperatives and small- and medium-sized agribusinesses, focusing on 
production, storage and logistics, and market prices. First, the govern-
ment should support the development of cooperative organizations 
through policies, such as providing financial support and legal guaran-
tees; second, it should promote agricultural technological innovation, 
with research institutes providing new technologies, varieties, and 
models for cooperative organizations and strengthening technical 
training and guidance for farmers; finally, it should guide organizations 
to establish standardized cooperatives, implement professional man-
agement models, and improve the operational efficiency of co-
operatives. In addition, the public service system should be guaranteed, 
for example, the government meteorological department can strengthen 
the low-temperature disaster warning (Frank et al., 2015) and cooperate 
with communication agencies to release early warning information in 
the form of text messages; banks and financial institutions can innovate 
financial products and strengthen credit services (Kumasi et al., 2019); 
and scientific research colleges and universities can innovate the mode 
of scientific and technological services to realize the effective technol-
ogy dissemination and landing. 

6. Conclusions 

Climate change adaptation and its impacts require the participation 
of multiple actors, such as governments, research institutions, markets, 

and cooperative organizations, in climate action, and how to adapt to 
climate change in cash crop production requires further research. Our 
research aimed to help cash crop smallholders construct a climate 
change resilience framework dominated by market systems and sup-
ported by cooperative organizations and public services. To achieve this 
goal, we selected apple production in China as an example, and our 
empirical analysis proved that a resilient framework with a complete 
market system promotes a large number of practical measures, reduces 
yield losses, and supports a virtuous cycle of apple smallholder pro-
duction. It encourages the development of a high-standard market sys-
tem and promotes market price stability in terms of basic systems, 
market opening, and market regulation; supports the development of 
multifunctional cooperatives by providing a series of preferential pol-
icies to cooperatives, such as preferential land transfers and water and 
electricity costs; and improves the functioning of the public service 
system by strengthening the subsidies for agro-meteorological disasters 
and setting up special credits and insurances. The efforts of various 
stakeholders can help reduce the barriers smallholder farmers experi-
ence in managing with the ongoing risks of climate change. By estab-
lishing guaranteed market prices, ensuring the availability of technical 
information, and encouraging organized production, the capacity of 
farmers to manage climate change will be improved, and the sustainable 
development of global cash crops will be achieved. 

This study provides a resilient framework for adaptation to climate 
change for smallholder cash crop farmers in developing countries, and 
further empirical research on cash crop systems is necessary to validate 
the appropriateness of this framework as climate change continues to 
intensify. Additionally, this study used cross-sectional data from small-
holder surveys, and further research could use household panel data to 
measure changes in farmer behavior over time and refine the resilience 
framework. 
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