
INTRODUCTION

Apis mellifera colony collapse has emerged as a sig- 
nificant global crisis, with growing concerns about the  
impact of climate change on A. mellifera survival (van 
Engelsdorp et al., 2008). A. mellifera play a vital role in 
ecosystems, contributing to plant pollination and food 
production (Calovi et al., 2021; Rajagopalan et al., 2024).  
In South Korea, the problem of A. mellifera winter mor-

tality has become increasingly severe in recent years, 
with factors such as abnormal temperatures, pests, and 
nutritional deficiencies exacerbating this concerning 
trend (Kim et al., 2016; Truong et al., 2023). Climate 
change is a major factor influencing the success of A. 
mellifera overwintering. Several studies have identified  
the mechanisms by which climate change leads to in-
creased A. mellifera mortality (Quinlan et al., 2023; Raja- 
gopalan et al., 2024). The temperature variability associ- 
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ated with climate change directly impacts the survival 
of A. mellifera colonies, weakening their resilience and 
making them more susceptible to pests and diseases 

(Switanek et al., 2016; Calovi et al., 2021). These tem-
perature fluctuations can stress the bees, causing them to 
expend more energy to maintain a stable hive tempera-
ture, which in turn can reduce their overall fitness and 
make them more vulnerable to pathogens and parasites 

(Calovi et al., 2021). Additionally, warmer temperatures 
and erratic weather patterns can create favorable condi-
tions for the proliferation of pests, such as Varroa mites 

(Varroa destructor) and Nosema, leading to increased 
infestations and elevated colony mortality rates (Overturf 
et al., 2022). Lastly, dramatic temperature fluctuations, 
particularly wide daily temperature ranges, can disrupt 
the A. mellifera ability to maintain a stable hive tem-
perature, further compromising their survival (Desai and 
Currie, 2016).

The key meteorological factors that influence A. mel-
lifera overwintering mortality are as follows: extreme 
temperature fluctuations, particularly rapid temperature 
drops in winter, which are a critical factor contributing 
to the decline in A. mellifera colony survival rates (Mar-
dan and Kevan, 2002). A. mellifera expend significant  
energy to maintain a consistent hive temperature, and sub- 
stantial temperature variations can increase their energy 
expenditure, weaken them, and make them more suscep-
tible to diseases (Heinrich, 1996; Harrison and Fewell, 
2002). Similarly, large daily temperature differences can 
negatively impact A. mellifera survival (Stabentheiner and  
Kovac, 2014). Excessive precipitation or heavy snowfall 
during the winter can also interfere with the foraging 
activities of A. mellifera and increase humidity, which 
elevates the risk of disease outbreaks (Abou-Shaara et 
al., 2017). Reduced sunlight exposure during cloudy or  
overcast weather conditions can also negatively impact 
the bees’ ability to maintain their internal hive tempera-
ture (Li et al., 2019). These meteorological factors do not  
act in isolation, but rather exert a combined influence on 
A. mellifera overwintering mortality. To enhance the sur-
vival rate of A. mellifera, a comprehensive analysis and  
development of predictive models that consider various 
meteorological elements is necessary to better understand 
and mitigate the challenges posed by climate change on  
A. mellifera populations.

To address the growing importance of understanding 
the interactions between climate change and A. mellifera  
overwintering mortality, it is critical to simulate the po-
tential impacts of future climate scenarios on A. mellifera  
populations. By simulating different climate change sce-
narios, it is possible to predict how changes in tempera- 
ture, precipitation, and other weather factors will influ-
ence A. mellifera colony health and overwintering success  

(Switanek et al., 2016). This approach will allow resear- 
chers and stakeholders to anticipate potential risks and 
develop adaptive management strategies to protect A. 
mellifera populations. While some studies have focused 
on the influence of specific meteorological variables or 
management practices, there remains a lack of compre-
hensive research on the broader, complex interactions 
between climate change and A. mellifera colony collapse 
in South Korea.

This research aims to develop a comprehensive set of 
meteorological indices that capture the optimal environ-
mental conditions for A. mellifera activity and survival. 
These indices will synthesize key factors, such as tem-
perature, precipitation, and daily temperature range, that 
are known to significantly impact A. mellifera health and  
colony viability (Becsi et al., 2021). The introduction of 
these meteorological indices offers several advantages:  
enhanced accuracy of predictive models, a holistic analy-
sis of the complex relationships between climate change  
and A. mellifera mortality, and improved ability to anti- 
cipate and respond to the challenges posed by climate 
change (Calovi et al., 2021).

The primary research objectives of this study are 
threefold: 1) to develop a set of four distinct meteoro-
logical indices that comprehensively capture the optimal  
environmental conditions required for A. mellifera acti- 
vity and survival, 2) to construct predictive models for A. 
mellifera overwintering mortality based on these newly 
developed meteorological indices, and 3) to apply these  
models to climate change scenarios to evaluate the poten-
tial impacts on A. mellifera winter mortality rate under  
future climate conditions. By expanding our understand-
ing of the intricate connections between meteorological 
factors and A. mellifera survival, this research aims to 
provide valuable insights and tools to support the pro-
tection and resilience of A. mellifera populations in the 
face of a changing climate.
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METHODOLOGY

1. �Field survey on Apis mellifera  
winter mortality rates

The study gathered data from 2022 to 2023 by survey-
ing 200 beekeeping farms across the country in 2022 and 
40 farms in 2023. A combination of structured surveys 
and on-site visits was used to collect information about 
the practices, challenges, and outcomes associated with 
Apis mellifera colony survival over the winter. The data 
collected included variables such as geographic location,  
beekeeper experience, migratory practices, colony counts  
before and after wintering, and winter mortality rates. 
The 200 farms surveyed in 2022 were used to build the 
predictive models, while the 40 farms surveyed in 2023 
were used to validate the models.

The winter mortality rate was calculated by comparing 
the number of A. mellifera colonies in October before 
overwintering to the number of colonies remaining in 
March after overwintering. This measurement represents 
the percentage of colonies that did not survive the winter 

period, providing a crucial indicator for evaluating the 
impact of environmental, biological, and management 
factors on bee populations during the particularly vulner- 
able winter season. Mathematically, the winter mortality 
rate can be expressed as:

Winter Mortality Rate (%)
= �[(Number of colonies in October 
- number of colonies remaining in March) 
 /(Number of colonies in October)]×100

This measurement is significant in evaluating the impact  
of environmental, biological, and management factors on  
bee populations during winter-a period when resources 
are scarce and colonies are particularly vulnerable (Kul-
hanek et al., 2017). 

High winter mortality rates typically suggest that A. 
mellifera colonies face stressors such as inadequate food 
stores, harsh climate conditions, disease, or suboptimal 
management practices (Steinhauer et al., 2014). The geo- 
graphic information of each farm, including latitude and 
longitude, was used to generate spatial information for 

The study collected data from 2022 to 2023 by surveying 200 beekeeping farms 2022 to develop predictive models and 40 farms in 
2023 for validation. Information on the winter survival of A. mellifera colonies, including variables such as geographic location, bee-
keeper experience, migratory practices, colony counts, and mortality rates, was obtained through structured surveys and on-site visits

Fig. 1. Modeling and validation of Apis mellifera winter survival: insights from nationwide beekeeping surveys (2022-2023).
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the beekeeping farms in 2022 and 2023. The 200 farms 
surveyed in 2022 were used to build the raster, while 
35 farms surveyed in 2023 were used for raster valida-
tion. Fig. 1 shows the locations of the beekeeping farms 
surveyed in 2022 and 2023, which were mapped using 
ArcGIS 10.5 (ESRI, Redlands, CA, USA) software.

2. �Meteorological data collection  
and processing

The meteorological data used in this study were ob-
tained from multiple reliable institutions, creating a com-
prehensive dataset that captured both general and location- 
specific weather conditions. Observational data primar-
ily came from the Korean Meteorological Administ- 
ration, utilizing their Automatic Surface Observing Sys-
tem (ASOS) with 95 stations and Automatic Weather 
Stations (AWS) with 520 stations. The Korea Forest Ser-
vice also contributed data from 464 Automatic Moun-
tain Meteorology Observation Stations (AMOS), which  
monitor weather conditions at elevations exceeding 200  
meters (Jang et al., 2017). This integration of data sour- 
ces ensured comprehensive coverage of the diverse cli-
matic conditions across Korea’s varied terrain, includ- 
ing both lowland and mountainous regions (Park et al., 
2018). The dataset included daily records of maximum, 
minimum, and average temperatures, as well as precipi- 
tation. The observational datasets underwent rigorous 
preprocessing, including handling missing values, nor-
malization, and scaling of variables to ensure consis-
tency and data quality for further analysis. The diurnal 
temperature range, calculated as the difference between 
the daily maximum and minimum temperatures, was a 
crucial meteorological variable for analyzing the envi-
ronmental impacts on Apis mellifera overwintering mor-
tality. Several studies have examined the relationship  
between diurnal temperature range and A. mellifera over- 
wintering mortality. These studies have found that signi- 
ficant variations in daily temperatures can negatively  
impact A. mellifera survival and colony health. Rapid tem- 
perature changes, especially sudden temperature drops, 
can disrupt the bees’ ability to maintain the optimal hive  
environment needed for successful overwintering, lead-
ing to increased energy expenditure and depletion of 
essential winter food stores. 

The inclusion of data from both the Korean Meteoro-
logical Administration and the Korea Forest Service pro-

vided a comprehensive and accurate representation of 
the various climatic conditions across different regions 
and elevations in South Korea, facilitating a thorough 
investigation of the environmental factors influencing A. 
mellifera overwintering mortality.

3. Climate scenario projections 

The study used climate projections from the GFDL- 
ESM2G Earth System Model, a comprehensive model- 
ing framework. This model has a robust carbon cycle 
formulation that can capture the complex interactions 
between climate and carbon cycling under human influ- 
ence. The GFDL-ESM2G model simulates dynamic 
ocean processes and interactive carbon dynamics, pro-
viding a more accurate representation of climate respon- 
ses, particularly regarding ocean ventilation and nutrient  
cycling (Dunne et al., 2013). These oceanographic pro-
cesses significantly impact carbon sequestration and the  
biological carbon pump. Additionally, the model incorpo- 
rates dynamic vegetation, enabling a holistic representa-
tion of Earth system processes and their interdependen-
cies (Siegel et al., 2022).

In this study, the high-emission SSP 5.85 scenario, 
which represents a future with limited climate change mit-
igation efforts, was utilized (An et al., 2022). These SSP  
scenarios provided projections of daily maximum, mini-
mum, and average temperatures, as well as daily precipi- 
tation data. Diurnal temperature ranges were calculated 
by subtracting daily minimum temperatures from daily 
maximum temperatures. The modeled climate data served 
as the foundation for assessing the potential impacts of  
future climate change on A. mellifera overwintering mor-
tality. 

This study employed the high-emission SSP 5.85 
scenario from the GFDL-ESM2G Earth System Model, 
which represents a future with limited climate change 
mitigation efforts, to simulate the potential impacts of 
climate change on A. mellifera overwintering mortality. 
This comprehensive climate modeling approach, com-
bined with the detailed meteorological data, enabled a 
thorough investigation of the complex environmental 
factors influencing A. mellifera overwintering mortality 
in South Korea (Lim et al., 2018). The daily weather 
scenario data were collected from the Climate Informa-
tion Portal (http://www.climate.go.kr) provided by the 
Korea Meteorological Administration. 

http://www.climate.go.kr
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4. �Spatial interpolation and climate raster 
generation 

To generate continuous spatial data across the study 
area, two interpolation techniques were employed: 
Inverse Distance Weighting for temperature and MK-
PRISM for precipitation. The choice of each method 
was based on the specific characteristics of the climate 
variable being modeled, considering the topographical 
and environmental factors.

IDW was used to estimate temperature values, where 
unknown values were calculated as a weighted average 
of nearby known data points, with closer points having 
greater influence (Özelkan et al., 2013; Yan et al., 2015). 
However, IDW does not inherently account for the sig-
nificant temperature lapse rate effects in mountainous 
regions, which can lead to biased estimates, particularly 
at higher elevations (Kim, 2014). To address this, adjust-
ments for temperature lapse rates were applied, as pre-
vious research has demonstrated that temperature vari-
ability in mountainous areas is strongly influenced by 
elevation, necessitating the consideration of lapse rates 
to accurately reflect temperature gradients (Minder et 
al., 2010). This approach is particularly effective when 
the meteorological station network is dense, ensuring 
that local temperature variations are well represented.

The MK-PRISM approach was employed for precipi- 
tation modeling. Precipitation is influenced by more 
than just the distance from meteorological stations, un-
like temperature. To capture the complex spatial patterns 
of precipitation across the study region, particularly the  
nuanced effects of mountainous terrain, the MK-PRISM 
regression approach was employed. This approach ac-
counts for topographical characteristics, such as elevation, 
slope, and aspect, which have significant effects on pre-
cipitation distribution (Daly et al., 2008; Kim, 2014). By 
incorporating these terrain characteristics, high-resolu- 
tion climate rasters were generated that effectively cap-
ture the variability in precipitation influenced by Korea’s 
diverse topography.

5. �Climate indices for overwintering  
Apis mellifera

The overwintering success of Apis mellifera colonies 
is largely determined by specific meteorological condi-
tions, which significantly impact bee health, foraging 
activities, and overall survival rates (Calovi et al., 2021). 

To better assess the climate’s influence on overwintering 
A. mellifera, a series of climate indices were developed 
incorporating temperature, precipitation, and diurnal 
temperature range. These indices are crucial for under-
standing how environmental conditions shape A. mel-
lifera behavior and colony strength, especially during 
critical seasonal transitions (Becsi et al., 2021).

The Spring to Autumn Optimal Climate Index repre- 
sents the ideal conditions for A. mellifera activity from 
March to November. During this period, a higher average  
temperature encourages efficient foraging, while limited 
precipitation and stable diurnal temperatures minimize 
stress. By maintaining favorable environmental condi-
tions, colonies can maximize resource accumulation and 
maintain strong populations leading into winter. 

Conversely, the Autumn Low Temperature Index indi- 
cates the early arrival of cold temperatures, which re-
stricts foraging and forces bees to expend more energy 
maintaining the optimal hive temperature. When tem-
peratures average below 10℃, with minimums dipping 
below 4℃, bees reduce their activity, increasing the 
risk of colony mortality due to insufficient food stores 
and energy demands (Owen et al., 2013; McAfee et al., 
2020). On the other hand, warmer autumn conditions can 
indeed be detrimental to A. mellifera colonies, as they  
disrupt the bees’ natural overwintering processes. Higher  
autumn temperatures, with an average of at least 14℃ 
and minimums of at least 4℃, may extend the resource 
collection period, but can also prevent the colonies from  
adequately preparing for the harsh winter conditions (Ra-
jagopalan et al., 2024). This can lead to several adverse  
effects, including prolonged foraging and energy expen-
diture, disruption of overwintering preparation such as 
forming winter clusters and conserving energy, skewed 
colony age structure resulting in “spring dwindle,” and 
increased pest pressure from pests like Varroa mites 

(Sgolastra et al., 2011). In contrast, lower autumn tem-
peratures are more favorable for A. mellifera, as they 
allow the colonies to better transition into and prepare 
for the winter season (Ricigliano et al., 2018).

Precipitation also plays a key role in colony success 

(Switanek et al., 2016). The Autumn Precipitation Index 
measures cumulative rainfall above 0.5 mm from Sep-
tember to November, which can negatively impact A. 
mellifera foraging. Increased rainfall limits bee move-
ment and resource collection, increasing colony stress. 
During winter, precipitation and temperature changes 
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can further strain bee colonies, especially when paired 
with fluctuating diurnal temperatures (Switanek et al., 
2016; Calovi et al., 2021).

The Winter Low Temperature Index is crucial for 
assessing harsh winter conditions. It considers periods 
of sustained low temperatures following high winter 
temperatures. A minimum temperature below 4℃ and a 
diurnal temperature range greater than or equal to 14℃ 
pose challenges for bee colonies. High variations in daily  
temperatures place additional stress on the bees, as they 
must constantly adjust to fluctuating conditions to main-
tain an optimal internal hive environment. This index is 
vital for understanding the energy expenditure and nutri-
tional depletion experienced by overwintering colonies 

(Schenk et al., 2018; Maes et al., 2021). This index is 
vital for understanding the energy expenditure required 
for hive thermoregulation during the coldest months. In 
contrast, the Winter High-Temperature Index identifies 
periods when the average temperature exceeds 4℃, with 
minimum temperatures at or above 14℃. These warmer 
conditions can be both beneficial and harmful. While  
reduced energy requirements for maintaining warmth are  
advantageous, the increased activity due to higher tem-
peratures may lead to greater resource consumption. 
This situation can leave colonies vulnerable if a subse-
quent cold spell occurs and resources are depleted pre-
maturely (Sinclair, 2014).

Overall, these climate indices provide an essential 
framework for evaluating the overwintering success of A.  
mellifera colonies. Each index reflects critical aspects of  
the climate that can either benefit or harm bee populations  

(Becsi et al., 2021). By analyzing these indices, research-
ers and beekeepers can identify environmental stressors 
and develop mitigation strategies to enhance colony sur-
vival through challenging winter periods (Table 1).

6. �Statistical modeling of overwintering 
mortality of Apis mellifera

To evaluate the relationship between seasonal weather 
measurements and Apis mellifera overwintering survival,  
a multiple linear regression model with backward elimi- 
nation was utilized. The independent variables in the 
model included various seasonal weather measurements, 
while the dependent variable was the overwintering mor-
tality rate of A. mellifera colonies. Preprocessing of the  
data was performed to enhance the quality and reliability  
of the analysis. This involved handling missing data 
through either imputation or removal, depending on the  
extent and potential impact of the missing values. Further-
more, normalization and scaling were applied to ensure  
that all variables were on a comparable scale, thereby re-
ducing biases in the regression model. Correlation anal-
ysis was conducted to identify significant relationships 
between the weather measurements and overwintering 

Table 1. Climate indices for simulating Apis mellifera overwintering mortality

Index Criteria Analysis period

Spring to autumn optimal climate index
Average temperature≥20℃,
cumulative precipitation≤0 mm,
diurnal temperature range≤14℃

March to November

Autumn low-temperature index
Average temperature<10℃,
minimum temperature<4℃

September to November

Autumn high-temperature index
Average temperature≥14℃,
minimum temperature≥4℃

September to November

Autumn precipitation index Cumulative precipitation>0.5 mm September to November

Winter low-temperature index
Minimum temperature<4℃,
diurnal temperature range≥14℃

December to February

Winter high-temperature index
Average temperature>4℃,
minimum temperature≥14℃

December to February

The table defines climate indices used to model A. mellifera overwintering mortality, detailing the temperature, precipitation, and diurnal range thresholds across 
seasonal periods to assess environmental impacts on colony survival
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mortality, highlighting the key climatic factors affecting  
A. mellifera survival. The regression model was con-
structed using data collected in 2022 and validated with 
data from 2023, ensuring that the model’s predictions 
were based on recent real-world observations. This 
methodology enabled the quantification of the effects of  
various climatic factors on the overwintering success and  
survival of A. mellifera colonies, thus providing a foun-
dation for making accurate projections regarding popu-
lation dynamics under future climate scenarios. The per-
formance of the model was assessed using the coefficient  
of determination, R2, which offered insights into its 
explanatory power and accuracy. R2 is a key statistical 
measurement used to evaluate how well the regression 
model fits the observed data. It indicates the proportion 
of variance in the dependent variable that is explained 
by the independent variables. A higher R2 value suggests 
that the model explains a large portion of the variability 
in the response variable, whereas a lower R2 value indi-
cates a less effective model fit. The coefficient of deter-
mination is calculated as: 

	 SSres
R2 =1- --------
	 SStot

Where SSres is the residual sum of squares: ∑(y-ŷ)2 

SStot is the total sum of squares: ∑(y-ȳ)2

y represents the observed values, ŷ denotes the pre-
dicted values, and ȳ is the mean of the observed values. 

This measurement measures the proportion of variance  
in the dependent variable that is explained by the inde-
pendent variables in the regression model. By conduct-
ing this statistical analysis, the research team was able to 
develop a robust predictive model that accurately fore-
casts A. mellifera overwintering mortality based on key 
climatic factors. 

RESULTS

1. �Evaluating predictive models for  
Apis mellifera winter mortality rate

The ANOVA results demonstrate that the regression 
model for predicting Apis mellifera winter mortality rate 
is statistically significant. With an F-statistic of 58.108 
and a p-value of 0.000, the model is significant at the 
0.05 level, indicating that the independent variables, 
excluding the Spring to Autumn Optimal Climate In-
dex days, collectively explain a considerable portion of 
the variance in winter mortality rate. The total sum of 
squares was 6,382.977, with a regression sum of squares 
of 5,644.706 and a residual sum of squares of 738.272. 
These values suggest that the regression model provides 
a good fit to the data, offering meaningful insights into 
the determinants of A. mellifera overwintering mortality.

The regression coefficients reveal the individual pre-
dictors’ contributions to winter mortality rate (Table 3). 
The intercept indicates the baseline level of the winter 
mortality rate when all predictors are zero. The variable 
representing autumn low-temperature days has a signifi- 
cant negative impact, suggesting that more low-tempera-
ture days during autumn are associated with a reduced  
winter mortality rate. This aligns with the notion that 
gradual cooling stimulates winter cluster formation and 
fosters energy-conserving behaviors, ultimately en-
hancing colony survival (Becsi et al., 2021). In contrast, 
autumn high-temperature days and autumn precipita-
tion days are not statistically significant, indicating no 
substantial influence on winter mortality rate. Winter 
low-temperature days, however, have a highly significant  
positive effect, with more low-temperature days in winter  
strongly linked to increased A. mellifera mortality (Swi- 
tanek et al., 2016). This finding is consistent with pre-
vious research, which indicates that prolonged exposure 

Table 2. ANOVA results for regression model predicting Apis mellifera winter mortality rate

Model Sunm of squares df Mean square F Significance

1

Regression 5644.706 5 1128.941 58.108 .000
Residual 738.272 38 19.428
Total 6382.977 43

The table presents the ANOVA results for the regression model predicting A. mellifera winter mortality rate, demonstrating a statistically significant fit with an 
F-statistic of 58.108 and a p-value of 0.000. The model explains a substantial proportion of the variance in winter mortality rate, as indicated by the high regression 
sum of squares relative to the total.
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to cold forces colonies to expend substantial energy on  
thermoregulation, thereby depleting their resources and 
heightening their susceptibility to disease and parasites 

(Maes et al., 2021). The coefficient for winter high-tem-
perature days was found not to be statistically significant,  
suggesting that the impact of warm spells during winter 
on A. mellifera overwintering mortality may have been 
mitigated by regional climatic variations or beekeeping 
practices, such as artificial feeding and hive insulation. 
However, this result could be influenced by the fact that 
the model was constructed based solely on 2022 data. To 
better understand the relationship between winter high 
temperatures and winter mortality rate, further research 
with multi-year data collection and a comprehensive 
analysis of regional beekeeping practices would be neces- 
sary. The final regression equation for predicting A. melli- 
fera overwintering mortality is:

Ŷ= �45.953-1.021WF4 +0.279WF5 +0.233WF6 
+0.299WF7+0.329WF8

Where: Ŷ=Predicted overwintering mortality rate
WF4=Autumn low-temperature days
WF5=Autumn high-temperature days
WF6=Autumn precipitation days
WF7=Winter low-temperature days
WF8=Winter high-temperature days

The validation of the model for A. mellifera winter mor-
tality rate was conducted using the 2023 observed data  
on A. mellifera winter mortality rate (Fig. 2). The statis-
tical measurements used for the validation included the 
coefficient of determination (R2), Mean Absolute Error 

(MAE), and Root Mean Squared Error (RMSE).
The model achieved an R2 of 0.65, indicating that 65% 

of the variance in the observed data is explained by the 
model. This suggests a moderately strong relationship  
between the predicted and observed values, though 35% 
of the variance remains unexplained, pointing to areas 
for further improvement.

The MAE of 5.322 shows that, on average, the absol- 
ute deviation between predicted and observed losses is 

Table 3. Regression coefficients for seasonal climate predictors of Apis mellifera overwintering mortality

Model

Unstandardized  
coefficients

Standardized 
coefficients t Significance

B Standard error Beta

1

Constant 45.953 11.960 3.842 .000
Autumn low-temperature days -1.021 .233 -.381 -4.380 .000
Autumn high-temperature days .279 .220 .105 1.266 .213
Autumn precipitation days .233 .312 .046 .746 .460
Winter low-temperature days .299 .058 .611 5.199 .000
Winter high-temperature days .329 .300 .083 1.099 .000

The table presents regression coefficients for seasonal temperature and precipitation variables, highlighting their influence on A. mellifera overwintering mortality. 
Notably, autumn low-temperature days and winter low-temperature days have significant effects, with the former reducing mortality and the latter increasing it, 
while other variables show limited or no significance.

Fig. 2. Model validation of Apis mellifera winter mortality predic-
tions based on 2023 observed data.

The scatter plot validates the model’s ability to predict A. mellifera 
winter mortality rate. It demonstrates a coefficient of determination 
of 0.65, indicating that the model explains 65% of the variance in the  
observed data. The Mean Absolute Error of 5.322 and Root Mean Squared  
Error of 6.547 suggests the model has moderate prediction accuracy, 
although some deviations and potential outliers appear to affect the error 
measurements.
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approximately 5.3 units. Similarly, the RMSE of 6.547 
indicates the average magnitude of prediction errors, 
meaning the model’s predictions deviate from the ob-
served values by about 6.5 units on average. The higher 
RMSE compared to MAE suggests the presence of out-
liers or a few cases with larger deviations, which influ-
ence the error measurements.

The scatter plot demonstrates a general alignment be-
tween the predicted and observed values, with most data  
points closely following the regression line. However,  
some deviations, particularly at higher loss values, indi- 
cate that the model struggles to accurately predict ex-
treme cases. The presence of outliers suggests that addi-
tional factors, such as regional environmental differences,  
management practices, or disease prevalence, may influ-
ence A. mellifera winter mortality rate beyond the scope of 
the current model. Despite these limitations, the model’s  
overall performance provides a reasonably reliable tool 
for predicting A. mellifera overwintering mortality based 
on key climatic variables. This suggests that this model 
can be applied to simulate the impact of climate change 
on A. mellifera winter mortality rate.

2. �Temporal analysis of climate change impacts 
on Apis mellifera ecosystems 

This study examines the projected changes in climate 
and overwintering bee ecosystems in South Korea based 
on climate change scenarios for 2030, 2050, and 2100. 
The methodology involved generating daily raster layers 
of maximum, minimum, and mean temperature through 
interpolation methods using the daily data from the cli-
mate change scenarios. These time points serve as signi- 
ficant benchmarks for international climate policies and  
research, representing short-term, mid-term, and long-
term perspectives. Evaluating these time frames is essen- 
tial for assessing the effectiveness of climate change re- 
sponse strategies and policies, as well as developing 
future adaptation plans (Parson and Karwat, 2011). Spe-
cifically, the 2030 scenario is suitable for examining the  
initial effects of current climate policies, 2050 is an  
important milestone for achieving carbon neutrality and  
preparing mid-term adaptation strategies, and 2100 marks  
the endpoint for long-term climate change, allowing for 
an assessment of the extreme impacts of global warming 
on ecosystems and biodiversity (Randerson et al., 2015).

Fig. 3 illustrates the projected changes in average air 

temperature across South Korea, highlighting a signi- 
ficant warming trend from 2030 to 2100. By 2030, the 
nation exhibits a cool-toned gradient, with average tem-
peratures ranging from approximately -19℃ in the 
northern and mountainous regions to near 0℃. By 2050,  
the warming intensifies, with the prevalence of green 
and yellow zones indicating moderate temperature in-
creases. By 2100, the warming trend peaks, with the map  
predominantly shaded in red tones, signifying wide-
spread average temperatures around 21℃. This progres-
sion underscores the critical impact of climate change on 
A. mellifera overwintering ecosystems in South Korea. 
The drastic increase in annual air temperatures projected 
for the country has the potential to significantly alter the  
habitats and survival of A. mellifera colonies, with far- 
reaching consequences for ecological systems and agri-
cultural pollination (Cho et al., 2021).

The regional climate projections for South Korea from  
2030 to 2100 reveal distinct spatial patterns. In 2030, 
northern regions, including high-altitude areas like Gang- 
won Province, are expected to remain relatively cooler, 
with average temperatures around -19℃. Conversely, 
southern regions such as Jeollanam-do and Gyeongsang- 
nam-do exhibit comparatively warmer climates, ranging 
from -5℃ to 0℃. By 2050, central South Korea expe-
riences a moderation of temperature gradients, with most 
areas transitioning to a range of -5℃ to 10℃. While 
high-altitude regions like Gangwon Province continue  
to experience relatively cooler climates, a discernible 
warming trend is observed compared to 2030. Notably, 
southern coastal areas, including Busan and Jeju Island, 
exhibit significant warming, with averages approaching 
15℃. By 2100, the impacts of climate change become 
starkly evident on a nationwide scale, with the majority 
of the country projected to experience average annual  
temperatures between 15℃ and 21℃. The historically 
coldest northern mountainous regions undergo unprece- 
dented warming, with average temperatures nearing 
10℃ to 15℃. Furthermore, urban and coastal areas, par-
ticularly in the southern and western regions, including  
metropolitan areas such as Seoul, Busan, and Jeju Island,  
display the highest temperatures, often exceeding 20℃. 

Fig. 4 illustrates the projected changes in maximum air  
temperature across South Korea, highlighting a signifi- 
cant warming trend from 2030 to 2100. By 2030, the 
maximum temperatures are expected to range from 
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The figure depicts projected average air temperature changes across South Korea for 2030, 2050, and 2100, showing a clear warming 
trend over time. By 2100, most regions are expected to experience significantly higher temperatures, with averages ranging from 15℃ 
to 21℃, highlighting the potential impact of climate change on ecosystems, including Apis mellifera overwintering habitats.

Fig. 3. Future climate projections: average air temperature changes in South Korea (2030, 2050, 2100).

The figure illustrates projected changes in maximum air temperatures across South Korea from 2030 to 2100, revealing a significant 
warming trend. By 2100, maximum temperatures predominantly range from 15℃ to 18.4℃ nationwide, with southern and coastal areas  
experiencing the most pronounced warming

Fig. 4. Future climate projections: maximum air temperature changes in South Korea (2030, 2050, 2100).
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around -2.7℃ in the colder northern and high-altitude 
areas to 5-10℃ in the southern and coastal regions. This  
moderate warming pattern is indicated by the dominance  
of blue tones in the north and yellowish tones in the south, 
suggesting the beginning of a shift towards a warmer  
climate. By 2050, the warming trend becomes more pro-
nounced, with maximum temperatures increasing to 5 
over 10℃ across most areas. Distinct hotspots emerge, 
particularly in the southern coastal regions and Jeju Is-
land, where maximum temperatures approach 15-18℃. 
These areas, depicted in orange and red, are among the 
first to experience significant climate shifts, aligning 
more closely with subtropical patterns. This highlights a 
growing disparity between the relatively cooler northern 
regions and the increasingly warm southern and coastal  
areas. By 2100, the warming intensifies dramatically, 
with maximum air temperatures predominantly ranging 
from 15 to 18.4℃ across South Korea. The map transi-
tions to an almost entirely red color, indicating a substan-
tial and widespread increase in maximum temperatures. 
Even the historically cooler northern and high-altitude  
regions experience unprecedented warming, with maxi- 
mum temperatures reaching 10-15℃. The urban and 
coastal areas, including major metropolitan regions, exhi- 
bit extreme maximum temperatures nearing or exceed- 
ing 18℃, becoming the hottest parts of the country by 
the end of the century.

The regional climate projections for South Korea from  
2030 to 2100 reveal distinct spatial patterns in maximum 
temperatures that warrant a detailed analysis. In 2030, 
northern regions, including mountainous areas like Gang- 
won Province, are projected to maintain relatively low 
maximum temperatures around -2.7℃. Central and  
southern regions, such as Gyeonggi Province and Gyeong- 
sang-do, exhibit moderate warming with maximum tem-
peratures ranging from 5℃ to 10℃. Southern coastal  
areas and Jeju Island show slightly higher maximum 
temperatures, nearing 10℃, reflecting early warming 
impacts. By 2050, northern high-altitude areas see a sig-
nificant temperature rise, ranging between 0℃ and 10℃, 
though remaining cooler than the rest of the country.  
Central and southern regions experience a noticeable in-
crease, with maximum temperatures consistently ranging 
from 10℃ to 15℃. Southern coastal areas and Jeju Island 
undergo a sharper rise, with maximum temperatures near-
ing 15℃ to 18℃, indicating substantial warming com- 

pared to 2030. By 2100, the impact of warming is evident  
nationwide. Maximum temperatures across most of the 
country range between 15℃ and 18.4℃, with north- 
ern and high-altitude regions climbing to unprecedented  
levels of 10℃ to 15℃. Urban and coastal hotspots, such  
as Seoul, Busan, and Jeju Island, face maximum tem-
peratures exceeding 18℃, making them the warmest 
regions in South Korea. 

The minimum temperature is also expected to rise 
continuously from 2030 to 2100 (Fig. 5). By 2030, the 
minimum air temperatures are projected to range from 
approximately -11.4℃ in the colder northern and high- 
altitude regions to near 0℃ in southern and coastal areas.  
This moderate warming is visually depicted by the 
dominance of blue tones in northern areas, while lighter 
yellow tones emerge in the southern regions, indicating 
slightly warmer minimum temperatures compared to the  
current baseline. By 2050, minimum temperatures are 
expected to rise noticeably across most parts of the coun-
try, ranging from -5℃ in northern regions to 10℃ in  
southern areas. Notably, southern coastal regions and 
Jeju Island exhibit a sharper warming trend, with mini-
mum temperatures approaching 10℃ to 15℃. The in-
creasing contrast between the colder northern mountain-
ous areas and the warming southern lowlands highlights 
the intensifying warming trend. By 2100, the warming 
becomes dramatic, with minimum temperatures predom-
inantly ranging between 10℃ and 16.3℃ nationwide. 
The map transitions into a mix of yellow and red tones, 
signaling widespread and substantial warming across the 
entire country. Northern regions, which historically expe- 
rienced freezing minimum temperatures, undergo sig-
nificant warming, with minimum temperatures reaching 
between 5℃ and 10℃. Meanwhile, southern and urban 
areas, such as Busan and Jeju Island, record the highest 
minimum temperatures, exceeding 15℃, reflecting the 
most pronounced warming trends across South Korea.

The regional climate projections for South Korea from 
2030 to 2100 reveal distinct spatial patterns in minimum 
temperatures that warrant a detailed analysis. In the 2030  
projections, northern regions, including high-altitude 
areas like Gangwon Province, are expected to maintain  
low minimum temperatures around -11.4℃. In contrast,  
central and southern regions, such as Gyeonggi Province 
and Gyeongsang-do, exhibit moderate warming, with 
minimum temperatures ranging from -5℃ to 0℃. Jeju 
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Island and southern coastal areas show slightly higher 
minimum temperatures, nearing 0℃, indicating early  
signs of warming in these regions. By 2050, northern 
high-altitude areas experience a rise in minimum tem-
peratures, ranging between -5℃ and 0℃. Although  
these regions remain colder than the rest of the country, 
the warming trend is evident. In the central and southern 
regions, minimum temperatures increase significantly, 
ranging from 0℃ to 10℃, with widespread warming 
across the central plains. Southern coastal areas and Jeju  
Island see a marked increase in minimum temperatures,  
reaching 10℃ to 15℃, signaling a shift toward a more 
subtropical climate in these areas. By 2100, the minimum 
temperatures across northern and high-altitude regions,  
which historically experienced prolonged freezing condi-
tions, rise substantially, ranging between 5℃ and 10℃.  
Central and southern regions also see minimum tempera-
tures rise to 10℃ to 15℃, indicating widespread warm-
ing in areas that were previously cooler. Urban and coastal  
areas, including Busan and Jeju Island, experience the 
highest minimum temperatures, exceeding 15℃, making  
them the warmest regions in the country. These warm-

ing trends reflect the profound impact of climate change, 
necessitating targeted adaptation and mitigation strate-
gies to address the challenges posed by such significant 
temperature increases.

The projected changes in maximum, minimum, and 
average temperatures across South Korea from 2030 to 
2100 highlight the significant and widespread warming 
trends. Northern and high-altitude regions, traditionally 
known for their cooler climates, are expected to experi- 
ence substantial warming, with average, maximum and 
minimum temperatures rising substantially. Central and  
southern regions, as well as coastal areas and Jeju Island,  
are projected to undergo even more pronounced warm-
ing, with average, maximum and minimum temperatures 
reaching unprecedented levels. 

3. �The impact of climate change on  
Apis mellifera ecosystem resilience

The study categorized the Apis mellifera overwintering 
periods into three distinct stages based on their activity 
and preparation for winter survival: the spring-autumn 
preparation period, the autumn preparation period, and 

The figure illustrates the projected rise in minimum air temperatures across South Korea from 2030 to 2100, with a significant warming 
trend. By 2100, minimum temperatures are expected to range from 10℃ to 16.3℃ nationwide, with southern and coastal regions, such 
as Busan and Jeju Island, experiencing the most pronounced increases

Fig. 5. Future climate projections: minimum air temperature changes in South Korea (2030, 2050, 2100).
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the winter overwintering period. These stages represent 
the critical phases in the Apis mellifera annual cycle,  
each presenting unique climate-related challenges.

By 2030, projections indicate that average air tempera-
tures will range from approximately 5℃ to 15℃ across  
different seasons, with the highest averages occurring 
during the spring-summer preparation period. During this  
time, maximum temperatures are expected to rise from 
around 20℃ during hibernation to roughly 30℃, while 
minimum temperatures will range from 0℃ during hiber- 
nation to 10℃ during warmer periods. The diurnal tem-
perature range-the difference between daytime highs 
and nighttime lows-is projected to remain relatively sta-

ble, fluctuating between 10℃ and 15℃. However, the  
spring-summer preparation period may exhibit slightly 
higher variability, indicating more pronounced day-night 
temperature differences compared to other periods.

By 2050, average air temperatures are projected to 
rise further, ranging from 10℃ to 20℃, with the highest  
averages during the spring-summer preparation period. 
Maximum temperatures are likely to climb to between 
25℃ and 35℃, while minimum temperatures are expec- 
ted to increase from 5℃ to 15℃, particularly impacting 
traditionally cooler periods. The diurnal temperature 
range is expected to narrow slightly during hibernation 
due to rising minimum temperatures, reducing day-to-

The figure shows projected trends in average, maximum, and minimum air temperatures, as well as diurnal temperature range (DTR), 
for the three seasonal periods crucial to A. mellifera overwintering. By 2100, significant warming is projected, with higher minimum 
and maximum temperatures reducing freezing conditions critical for overwintering. While DTR narrows during hibernation, it remains 
relatively stable in warmer seasons, highlighting challenges for bee survival during winter.

Fig. 6. Future projected seasonal air temperature trends and diurnal temperature range for A. mellifera overwintering periods (2030, 2050, 
2100).
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night variability. However, for other periods, the DTR 
is anticipated to remain relatively stable, fluctuating be-
tween 10℃ and 15℃. 

By 2100, the warming trend is expected to accelerate, 
with nationwide average temperatures ranging between 
15℃ and 25℃, and maximum temperatures surpassing 
35℃ during the spring-summer preparation period. 
Minimum temperatures will also rise significantly, from 
10℃ to 20℃, suggesting a substantial reduction in 
freezing conditions essential for A. mellifera overwinter-
ing. Despite these changes, the DTR for the spring-sum-
mer and autumn periods is expected to remain consis-
tent, while narrowing further during hibernation. The  
error bars representing regional deviations suggest that 
disparities in temperature patterns will become more 
pronounced by the end of the century, with significant 
implications for A. mellifera survival and agricultural 
pollination.

Diurnal temperature range is a crucial parameter for 
analyzing seasonal climate dynamics, particularly in 
understanding its impact on ecological systems like A. 
mellifera populations (Sgolastra et al., 2011). A. mel-
lifera colonies are highly sensitive to changes in tem-
perature variability, especially during hibernation, when 
maintaining a stable internal hive temperature is crucial 
for their survival (Ricigliano et al., 2018). By 2030, the 
DTR across seasonal periods is projected to remain rela- 
tively stable, fluctuating between 10℃ and 15℃, with 
the highest values observed during the spring-summer 
period. In contrast, the hibernation period will have nar-
rower DTR values, indicating more stable nighttime tem-
peratures, which could potentially disrupt the bees’ nat-
ural wintering processes. By 2050, rising minimum tem-
peratures are expected to further narrow the DTR during 
hibernation, reducing variability to around 10℃. This 
reduced thermal fluctuation may hinder the bees’ ability 
to regulate hive temperature and maintain their energy 
reserves. By 2100, the narrowing of DTR during hiber-
nation is expected to continue, while the DTR for the 
spring-summer and autumn periods remains more sta-
ble, highlighting the resilience of day-night temperature  
patterns in warmer seasons but also underscoring the 
increasing challenge for A. mellifera during the winter 
months.

Regional variability in temperature patterns, as indi- 
cated by the standard deviations represented in the error 

bars, is expected to change significantly by 2100. In 
2030, regional variability is expected to be relatively 
minor, with most areas in South Korea staying within  
1-2℃ of the national average. By 2050, regional vari-
ability is projected to increase slightly, especially during 
the autumn preparation period, indicating the beginning 
of more pronounced regional differences in warming 
trends. By 2100, these differences are expected to become 
more significant, particularly during the spring-summer  
and autumn periods, with standard deviations widening  
to 3-5℃. This suggests that southern coastal and urban 
areas may experience greater temperature increases com- 
pared to northern and high-altitude regions, potentially 
affecting A. mellifera populations differently depending 
on their location.

The implications of these temperature trends, includ-
ing DTR and regional variability, are profound for A. 
mellifera colonies and their ability to survive winter 

(Ricigliano et al., 2018). A narrowing DTR during the 
hibernation period could negatively impact A. mellifera 
colonies, which rely on cold nighttime conditions to slow  
their metabolism and conserve energy (Nürnberger et 
al., 2018). Reduced temperature variability may lead to 
increased metabolic activity, depleting energy reserves 
more quickly and resulting in higher winter mortality 
rates (Switanek et al., 2016). Additionally, agricultural  
crops that rely on A. mellifera pollination may face re-
duced yields due to declining bee populations, particular-
ly in regions experiencing consistently narrower DTRs 

(Sgolastra et al., 2011; Calovi et al., 2021). 
The increasing regional variability, as indicated by 

growing standard deviations, also highlights the need 
for tailored climate adaptation strategies (Millard et al.,  
2023). Southern coastal and urban areas, which are pro-
jected to experience the largest deviations, may require  
targeted interventions to address the compounded effects  
of heat stress and reduced overwintering success in bee 
populations. The projected temperature increases and 
changing DTR have critical implications for the survival  
of A. mellifera colonies during winter. Accelerated warm- 
ing during the spring-summer preparation period could 
disrupt biological processes, such as foraging behavior 
and colony growth, by altering the timing of flowering 
and resource availability (Johannesen et al., 2022). The 
autumn preparation period, essential for building energy 
reserves for winter, may benefit from extended foraging 
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opportunities but also risks disrupting brood production  
and hive thermoregulation (Seeley and Visscher, 1985; 
Mattila and Otis, 2007). The hibernation period, how- 
ever, remains the most vulnerable, as a narrowing di-
urnal temperature range could compromise the bees’ 
ability to regulate hive temperature and conserve energy, 
potentially leading to higher winter mortality rates (Sgo-
lastra et al., 2011). With average temperatures rising to 
between 15℃ and 20℃, and maximums reaching 30℃, 
A. mellifera colonies may struggle to enter a proper state  
of dormancy, leading to increased energy expenditure, re-
duced survival rates, and potential colony collapse (Calovi  
et al., 2021). These changes underscore the importance 
of understanding not only absolute temperature increases 
but also variability within daily cycles, as these factors 
directly influence A. mellifera physiology, colony sur-
vival, and broader ecological resilience (Bordier et al., 
2017). The analysis of diurnal temperature ranges and 
regional standard deviations emphasizes the complexity 
of seasonal climate change impacts, highlighting uneven 
effects across regions.

4. �Assessing the impacts of climate change on 
Apis mellifera overwintering in Korea  
using climate indices 

This study developed climate-based indices to exam-
ine the impact of climate change on Apis mellifera over-
wintering and mortality in Korea, analyzing scenarios for  
2030, 2050, and 2100. 

1) �Spring to autumn optimal climate index for  
Apis mellifera overwintering

Fig. 7 shows that analyzing the effects of climate 
change on the Spring to Autumn Optimal Climate Index  
in South Korea highlights significant shifts in the dura- 
tion of optimal conditions for bee activity over the de-
cades. The Autumn Optimal Climate Index, which repre- 
sents the duration of favorable climate conditions for bee  
survival and activity, reveals a gradual increase over time. 

Between 2030 and 2100, the Spring to Autumn Opti- 
mal Climate Index across South Korea shows a clear 
trend of prolonged optimal climate conditions, particu-
larly in the southern and coastal regions. By 2030, north-

The figure illustrates the projected increase in the Spring to Autumn Optimal Climate Index across South Korea from 2030 to 2100. By 
2100, most regions, particularly in southern and coastal areas, are expected to experience prolonged optimal conditions for A. mellifera 
activity, with durations exceeding 93 days, reflecting a significant shift due to climate change.

Fig. 7. Projected changes in spring to autumn optimal climate index in South Korea (2030, 2050, 2100).
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ern and mountainous areas, such as Gangwon Province, 
maintain a relatively short Spring to Autumn Optimal 
Climate Index of less than 48 days, indicating limited 
suitability for extended bee activity. In contrast, south-
ern coastal regions, including Jeolla and Gyeongsang 
Provinces, exhibit a more favorable Spring to Autumn 
Optimal Climate Index, exceeding 74 days. The central 
regions, such as Gyeonggi and Chungcheong Provinces,  
experience intermediate durations of around 48-67 days,  
suggesting moderate conditions for bee activity. 

By 2050, climate models predict broader suitability 
across South Korea. The southern and coastal areas con-
tinue to lead with Spring to Autumn Optimal Climate 
Index durations exceeding 74 days, while the central 
regions begin to reach similar levels of suitability. Even 
the northern areas, which previously had shorter dura- 
tions, show an increase to around 48-67 days. This north- 
ward expansion of optimal climate conditions reflects the 
warming trends associated with climate change, suggest- 
ing improved conditions for pollinator activity in regions 
previously constrained by cooler climates.

The year 2100 marks the most significant expansion of 
Spring to Autumn Optimal Climate Index across South  
Korea, with most regions exhibiting durations exceeding 
93 days. The central and southern areas maintain optimal  
conditions for as long as 93-142 days, and even the 
northern provinces, including Gangwon, experience nota- 
ble increases, with Spring to Autumn Optimal Climate 
Index durations ranging from 67 to 74 days. This indi-
cates a comprehensive shift toward longer active periods 
for bees across the entire South Korea.

The increase in Spring to Autumn Optimal Climate 
Index across most regions of South Korea indicates that 
climate change is leading to more favorable conditions 
for A. mellifera overwintering. The prolonged duration  
of optimal climate conditions, particularly in the southern  
and coastal areas, suggests that bees will have extended 
foraging periods and better opportunities to accumulate 
the necessary energy reserves for successful overwinter-
ing.

2) �Autumn low-temperature days for  
Apis mellifera overwintering

Analyzing the impact of climate change on autumn low- 
temperature conditions in South Korea is critical, as a de- 
cline in low-temperature days could pose a significant 

threat to the preparation of Apis mellifera populations for 
successful overwintering. This examination, within the 
climate change scenarios, focuses on the availability of 
days with sufficiently low temperatures necessary for A.  
mellifera overwintering preparation, as shown in Fig. 8.

The findings indicate a concerning decline in low-tem-
perature days across South Korea due to climate change. 
Projections suggest that by 2100, most of the country  
will experience conditions unsuitable for effective A. 
mellifera overwintering preparation, posing a significant 
threat to their survival. From 2030 to 2100, the number 
of low-temperature days is predicted to decrease drama- 
tically. 

In 2030, northern regions, such as northern Gyeonggi  
and northern Gangwon provinces, retain relatively favor- 
able conditions, with some areas experiencing 4 to 14 
low-temperature days. These less climate-impacted areas  
still provide an adequate environment for A. mellifera to 
prepare for overwintering. However, central and south- 
ern regions see a significant reduction in low-temperature  
days. Southern coastal areas, including Jeollanam-do and  
Gyeongsangnam-do, already exhibit fewer than one day 
of low temperatures by 2030, indicating an early onset 
of climate-driven challenges for A. mellifera overwinter-
ing. 

By 2050, the situation worsens across the country, 
with the number of low-temperature days declining fur-
ther. Northern regions such as Gangwon Province show 
only 1 to 2 days of low temperatures, while central and 
southern areas face near-total elimination of such con-
ditions. In southern coastal regions like Busan, Ulsan, 
and Jeju, low-temperature days are virtually nonexistent. 
This trend highlights the widening regional gap in sup-
porting A. mellifera populations during the critical over-
wintering preparation phase. 

By 2100, the projections are even more concerning, 
as low-temperature days are expected to vanish almost 
entirely across the Korean Peninsula. Northern areas, 
which had previously maintained some resilience, are 
now predicted to experience only sporadic occurrences  
of 0 to 1 low-temperature days. Meanwhile, central and  
southern regions face a complete absence of these criti- 
cal conditions. This lack of low-temperature days in south- 
ern coastal regions, such as Jeollanam-do and Gyeong-
sangnam-do, will severely hinder A. mellifera overwin-
tering preparation, leading to potentially catastrophic 
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declines in bee populations.
The drastic decline in low-temperature days disrupts 

A. mellifera ability to properly enter an overwintering 
phase. This compromises their capacity to accumulate 
adequate energy reserves and effectively regulate their  
body temperatures (Rajagopalan et al., 2024). Con-
sequently, the risk of colony failure during the winter 
months is heightened. Southern and coastal regions are 
particularly vulnerable, as the complete loss of low-tem-
perature days in these areas will prevent A. mellifera 
from undergoing the critical physiological processes re-
quired for winter survival (Ricigliano et al., 2018). Even 
northern regions, which still retain some low-tempera-
ture days, are expected to face increasing challenges as 
these days become fewer and more sporadic.

3) �Autumn high-temperature days for  
Apis mellifera overwintering

Fig. 9 investigates the effects of climate change on the 
number of high-temperature days experienced during the  
autumn season, as reflected in the Autumn High Tempera- 

ture Index. This index measures the frequency of high- 
temperature days in the crucial autumn period when 
Apis mellifera colonies prepare for overwintering. Pro-
longed exposure to elevated temperatures can disrupt the 
bees’ ability to accumulate the essential energy reserves 
needed to survive the winter.

From 2030 to 2100, the study reveals a clear upward 
trend in high-temperature days across South Korea, with 
the most dramatic increases observed in southern and 
central regions. By 2030, most areas experience over 46  
high-temperature days, with southern regions such as 
Jeollanam-do and Gyeongsangnam-do reaching 49 to 56 
days, the highest in the country. These extended high- 
temperature conditions are likely to hinder A. mellifera 
colonies from adequately transitioning into overwinter-
ing phases, leaving them unable to accumulate the neces- 
sary energy reserves for winter survival. Northern and 
mountainous regions, including northern Gangwon Prov- 
ince, exhibit slightly fewer high-temperature days, rang-
ing from 40 to 46 days. However, even these levels are 
elevated compared to historical norms, indicating the 

The figure depicts the projected decline in autumn low-temperature days across South Korea from 2030 to 2100. By 2100, the majority 
of the country, including historically cooler northern regions, is expected to experience minimal to no low-temperature days, posing 
significant challenges to A. mellifera overwintering preparation.

Fig. 8. Projected decline in autumn low-temperature days in South Korea (2030, 2050, 2100).
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widespread impact of climate warming.
By 2050, the number of high-temperature days de-

creases slightly in some northern areas, such as northern 
Gyeonggi and northern Gangwon provinces, where they 
range from 26 to 40 days. These regions may provide 
relatively better conditions for A. mellifera overwinter-
ing preparation compared to southern and central areas. 
However, in southern regions, including Jeollanam-do 
and Gyeongsangnam-do, high-temperature days remain  
high, exceeding 49 days in many areas. This persistent 
trend underscores the heightened vulnerability of south- 
ern regions to climate-driven challenges, as the prolonged 
high-temperature conditions limit the time available for  
A. mellifera colonies to prepare for winter. 

By 2100, high-temperature days are projected to remain  
elevated across much of South Korea, with southern and  
central regions continuing to face the most significant 
challenges. Areas such as Jeollanam-do and Gyeong-
sangnam-do are expected to experience over 49 high- 
temperature days, creating highly unfavorable conditions  

for A. mellifera overwintering. In contrast, northern re-
gions, including northern Gangwon and northern Gyeong- 
gi provinces, show a slight reduction in high-temperature 
days, ranging from 26 to 40 days. While these north- 
ern areas may retain some capacity to support A. melli- 
fera overwintering, they are still significantly affected 
by warming trends and higher temperatures compared to 
historical averages.

The rise in high temperatures during autumn disrupts 
A. mellifera colonies’ ability to prepare for winter (Calovi 
et al., 2021). This leads to insufficient energy reserves 
and increases the risk of colony failure during the winter 
months (Switanek et al., 2016). The effects are partic-
ularly severe in southern and coastal regions of South  
Korea, where high temperatures are most prolonged. 
While northern regions are less affected, they still face 
challenges due to climate change. The extended expo-
sure to high temperatures in autumn prevents the bees 
from properly transitioning into the overwintering phase. 
This disrupts their physiology and prevents them from 

The figure shows the projected increase in high-temperature days during autumn in South Korea, highlighting the Autumn High  
Temperature Index from 2030 to 2100. Southern and central regions are expected to experience the most significant increases, with over 
49 high-temperature days by 2100, disrupting A. mellifera overwintering preparations and raising the risk of colony failure.

Fig. 9. Projected autumn high temperature index across South Korea (2030, 2050, 2100).
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accumulating necessary energy reserves (Salehizadeh et 
al., 2020). This raises the likelihood of significant colony  
losses, especially in southern and coastal areas where 
high temperatures are most pronounced. The northern 
regions may be relatively less affected, but they too face 
heightened challenges from the widespread impacts of 
climate change.

4) �Autumn precipitation index for  
Apis mellifera overwintering

This study examines the impact of climate change 
on autumn precipitation patterns, with a focus on the 
Autumn Precipitation Index. This index measures the 
number of rainy days during the crucial autumn season. 
Rainy days during this critical period can significantly 
disrupt A. mellifera activity, hindering their ability to for-
age and accumulate the essential energy reserves needed 
for overwintering (Johannesen et al., 2022). Projec- 
tions indicate that, due to climate change, the number of  
autumn precipitation days is expected to rise across South  
Korea, particularly in the southern and central regions, 

by the year 2100 (Fig. 10).
By 2030, northern regions like Gangwon and Gyeong- 

gi exhibit relatively low precipitation, with only 0 to 3 
rainy days. These areas may provide more favorable con-
ditions for Apis mellifera to prepare for winter. However,  
central regions such as Chungcheong and Jeolla see a rise 
to 4 to 6 rainy days, presenting moderate challenges to A. 
mellifera activity. Meanwhile, southern regions includ-
ing Gyeongsangnam-do and Jeollanam-do are already  
experiencing higher precipitation levels of 8 to 9 rainy 
days. This early increase in rainfall disrupts A. mellifera 
foraging and preparation, making these southern areas 
particularly vulnerable to climate change effects.

By 2050, autumn precipitation continues to rise across 
much of the country. Most regions, including central areas,  
see 6 to 8 rainy days, further limiting the time A. melli- 
fera have to forage and store energy. Northern regions 
like Gyeonggi and Gangwon still retain lower precipita-
tion of 4 to 6 rainy days, providing comparatively better 
overwintering conditions. However, southern coastal re-
gions including Gyeongsangnam-do, Jeollanam-do, and 

The figure illustrates the projected increase in autumn precipitation days across South Korea from 2030 to 2100. By 2100, southern and 
central regions are expected to experience the highest levels of rainfall, with 9 to 15 rainy days, significantly disrupting A. mellifera  
foraging and overwintering preparation.

Fig. 10. Projected autumn precipitation index across South Korea (2030, 2050, and 2100).
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parts of Chungcheongnam-do experience a persistent 8 
to 9 rainy days. This prolonged rainfall severely restricts 
A. mellifera activity and energy storage, increasing the 
risk of colony stress and overwintering failure.

By 2100, the impact on autumn precipitation is even 
more pronounced. Most regions see 8 to 9 rainy days, 
with southern and central areas facing the highest levels 
of 9 to 15 days. Southern coastal regions like Jeollanam- 
do and Gyeongsangnam-do are particularly affected, 
experiencing the country’s highest precipitation. These 
conditions are expected to significantly hinder A. melli- 
fera activity, making it nearly impossible for colonies 
to gather sufficient resources for overwintering (Kim et  
al., 2023a). While northern regions like Gangwon and 
Gyeonggi see relatively fewer 4 to 6 rainy days, they too 
are impacted by the overall trend of increased precipita-
tion, which could reduce ecosystem stability over time. 
Increased rainfall during the autumn months impedes A. 
mellifera ability to forage efficiently, diminishing their 
capacity to accumulate the energy reserves necessary for 
overwintering (Switanek et al., 2016). Regions with the 
highest autumn precipitation, especially in southern and 
central South Korea, face the greatest risk of A. mellif-
era colony losses due to inadequate resource collection 
for overwintering. Even the relatively stable northern re-
gions are not exempt from the effects of climate change.

5) �Winter low-temperature days for  
Apis mellifera overwintering

This study also examines the impact of climate change  
on winter low-temperature days, a critical factor for Apis 
mellifera overwintering survival. The Winter Low-Tem-
perature Index quantifies the number of days with suffi-
ciently low temperatures during winter, which are essen- 
tial for A. mellifera colonies to conserve energy and main- 
tain their winter clusters. Cold weather during win-
ter helps A. mellifera reduce energy consumption by  
remaining in a dormant state, ensuring they have enough 
reserves to survive until spring (Becsi et al., 2021).  
Between 2030 and 2100, the study highlights a progres- 
sive decline in the number of low-temperature days across  
South Korea, with southern and coastal regions being 
the most severely affected (Fig. 11). 

By 2030, areas such as Chungcheong-do and parts  
of Gyeonggi-do experience 5 to 10 low-temperature 
days, providing moderately favorable conditions for A. 

mellifera overwintering. Some regions in Jeonbuk and 
Gyeongbuk also have 4 to 5 days of sufficiently low 
temperatures, offering marginally suitable conditions for 
A. mellifera colonies. However, southern coastal regions,  
including Jeollanam-do and Gyeongsangnam-do, already  
exhibit a significant reduction in low-temperature days, 
with many areas recording only 0 to 2 days. This early 
onset of warming in the south poses immediate challen- 
ges for A. mellifera overwintering preparation.

By 2050, the conditions continue to worsen across 
much of the country. The number of low-temperature 
days across the country decreases to just 2 to 4 days,  
reflecting a narrowing window of suitable conditions 
for A. mellifera overwintering. Northern areas such as  
northern Gyeonggi-do and northern Gangwon-do retain 
slightly more favorable conditions, with 4 to 5 low-tem-
perature days, but even these regions show a declining 
trend. In southern and coastal regions, including southern  
Gyeongsang-do and Jeollanam-do, low-temperature days  
almost disappear entirely, with most areas recording only 
0 to 2 days. This decline severely limits the ability of  
A. mellifera colonies in these regions to prepare for win-
ter, increasing their vulnerability to overwintering failure 

(Kim et al., 2023b).
By 2100, the decline in low-temperature days becomes  

critical. Most of South Korea experiences just 0 to 2 low- 
temperature days during winter, a near-complete loss of 
suitable conditions for A. mellifera overwintering. Only  
a few areas in northern Gangwon-do and northern Gyeong- 
gi-do retain 2 to 4 low-temperature days, offering limited  
pockets of favorable conditions. Southern and coastal re-
gions, such as Jeollanam-do and southern Gyeongsang- 
do, record virtually no low-temperature days, placing A. 
mellifera colonies in these areas under severe stress. The 
lack of sufficient cold weather forces A. mellifera to re-
main active throughout the winter, leading to increased 
energy expenditure, depleted reserves, and heightened 
risks of colony collapse (Ricigliano et al., 2018).

Without sufficient low-temperature days, A. mellifera 
colonies are unable to enter a proper dormant state, result- 
ing in higher energy consumption and reduced survival 
rates during the winter (Johannesen et al., 2022). The 
progressive decline in low-temperature days across South 
Korea, particularly in southern and coastal regions, poses  
a severe threat to the overwintering success of A. melli- 
fera colonies. 
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6) �Winter high-temperature days for  
Apis mellifera overwintering

Fig. 12 examines the rising number of high-tempera-
ture days during winter due to climate change and the 
potential impact on Apis mellifera colonies. The Winter 
High Temperature Index quantifies the frequency of 
warm days in winter, which directly affects A. mellifera 
activity and energy consumption. Elevated winter tem-
peratures can compel A. mellifera colonies to become 
more active, significantly increasing their energy expen-
diture and reducing their ability to conserve resources 
for survival (Johannesen et al., 2022). From 2030 to 
2100, winter high-temperature days are projected to in-
crease across all regions of South Korea, with the most 
substantial increases observed in the central and south-
ern areas. 

By 2030, areas such as southern Gyeonggi-do, Chung- 
cheong-do, Jeolla-do, and inland Gyeongsang-do experi- 
ence between 5 to 10 high-temperature days, while some 
southern inland regions record 10 to 25 such days. These 
extended warm periods disrupt A. mellifera overwinter- 

ing by prompting unnecessary activity, depleting the cri- 
tical energy reserves they need to survive. In contrast, 
northern regions like northern Gangwon-do and parts of  
northern Gyeonggi-do have relatively few high-tempera-
ture days (0-2), providing more stable conditions for A. 
mellifera overwintering.

By 2050, the situation worsens, with the central and  
southern inland regions experiencing a significant incre- 
ase in high-temperature days. In Chungcheongnam-do, 
Gyeongsangbuk-do, and parts of Jeollanam-do, the num-
ber of high-temperature days rises to between 10 and 
25, further straining A. mellifera colonies in these areas. 
In contrast, the northernmost regions, including northern 
Gangwon-do, maintain lower levels of high-temperature 
days (0-2), continuing to provide comparatively better 
conditions for overwintering. However, the general trend 
indicates an expansion of high-temperature conditions 
into previously cooler areas, signaling the widespread 
impacts of climate change across the Korean Peninsula.

By 2100, high-temperature days will be prevalent across  
most of South Korea. Regions such as Chungcheong-do, 

The figure highlights the projected decline in winter low-temperature days across South Korea from 2030 to 2100. By 2100, most re-
gions, especially southern and coastal areas, experience near-total loss of low-temperature days

Fig. 11. Projected winter low-temperature index across South Korea (2030, 2050, 2100).
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Gyeonggi-do, Jeolla-do, and Gyeongsang-do are projec- 
ted to experience 10 to 25 high-temperature days, posing  
a critical challenge for A. mellifera overwintering survi- 
val. These extended warm periods will make it extreme-
ly difficult for A. mellifera colonies to conserve energy, 
leading to increased mortality rates and potential colony 
collapse (Maes et al., 2021). Even northern areas like 
northern Gangwon-do, which previously had more sta-
ble winter conditions, are expected to see a rise in high- 
temperature days, underscoring the pervasive effects of 
climate change. Southern and inland regions are particu-
larly vulnerable, as their high-temperature days are anti- 
cipated to far exceed the thresholds needed for success- 
ful A. mellifera overwintering.

The increase in high-temperature days during winter  
forces A. mellifera to remain active, depleting their 
stored energy and reducing their chances of surviving  
until spring. This trend poses a significant threat to A. 
mellifera populations, particularly in the central and 
southern regions where the frequency of warm days is  
highest (Calovi et al., 2021). The disparity between re-

gions highlights the urgent need for region-specific adap- 
tive strategies to mitigate these effects.

5. �Assessing the impacts of climate change on 
Apis mellifera overwintering in Korea

Fig. 13 shows the impact of climate change on Apis 
mellifera ecosystems in South Korea, focusing speci- 
fically on the winter mortality rates of A. mellifera col-
onies. The projected changes in the frequency of low- 
temperature days and high-temperature days, as detailed 
in the previous sections, are the primary drivers contrib-
uting to increased overwintering mortality rates among 
A. mellifera colonies across the country. 

In 2030, the mortality rates of A. mellifera colonies are 
already high in certain regions. Central inland areas like 
Gyeonggi-do, Chungcheongbuk-do, and Chungcheong- 
nam-do exhibit mortality rates of approximately 66-
68%. Similarly, southern coastal regions, including parts 
of Jeollanam-do and Gyeongsangnam-do, also face high 
mortality rates due to warming winters and increased 
temperature variability. In contrast, northern regions, 

The figure depicts the projected rise in winter high-temperature days across South Korea from 2030 to 2100, with the central and 
southern regions experiencing the most significant increases. By 2100, these regions face up to 25 high-temperature days

Fig. 12. Projected winter high temperature index across South Korea (2030, 2050, 2100).
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such as Gangwon-do, experience relatively lower mor-
tality rates, with milder increases compared to the central 
and southern regions. This is likely because their cooler 
winter temperatures remain more stable, providing better  
conditions for A. mellifera overwintering.

By 2050, the situation continues to deteriorate. A. 
mellifera mortality rates rise to over 55% across most re-
gions, with several areas experiencing dramatic increases.  
Regions such as Daegu, Gyeongsangbuk-do, and Jeolla-
buk-do stand out as critical hotspots, reporting mortality 
rates exceeding 68%. In Chungcheong-do, the combi-
nation of warming winters and growing temperature 
variability drives mortality rates to over 63%. Southern 
coastal areas persist in experiencing high rates, exacer-
bated by prolonged warm periods and increased stress on 
A. mellifera colonies. While northern regions, including  
northern Gangwon-do and northern Gyeonggi-do, main-
tain relatively lower mortality rates, these areas are also 
trending upwards, reflecting the widespread impact of 
climate change.

By 2100, A. mellifera mortality rates will reach alarm-
ing levels across South Korea. Most regions, including 
Gyeonggi-do, Seoul, and Chungcheong-do, are projected  
to record mortality rates exceeding 66%, with some areas  
pproaching 74%. Southern regions such as Gyeongsang- 
nam-do and Jeollanam-do are among the most severely 
affected, with mortality rates surpassing 70%. These high  
rates are the result of sustained warming winters and re-
duced energy conservation within A. mellifera colonies,  
leaving them unable to survive until spring (Truong et al.,  
2023). Even northern regions, such as northern Gang-
won-do, are not immune to these trends, as mortality rates  
in these areas are projected to rise to 55-63%, demon-
strating the pervasive effects of climate change on A. 
mellifera survival.

A. mellifera are highly sensitive to environmental 
changes, particularly temperature fluctuations (Kuhl-
mann et al., 2012). Rising winter temperatures com-
bined with greater day-night temperature variability dis-
rupt the natural dormancy cycle of A. mellifera colonies 

The figure illustrates the projected rise in winter mortality rates of A. mellifera colonies across South Korea from 2030 to 2100. By 
2100, most regions, especially central and southern areas, are expected to experience mortality rates exceeding 66%, driven by warming 
winters and increased temperature variability, with even northern regions showing substantial increases

Fig. 13. Projected winter mortality rates of A. mellifera colonies in South Korea (2030, 2050, 2100).
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(Nürnberger et al., 2018). Instead of conserving energy 
during a cold and stable winter, A. mellifera are forced to 
remain active, resulting in increased energy expenditure 
and depleted reserves. These stressors reduce their ability  
to survive the winter (Seeley and Visscher, 1985). The 
study predicts that this phenomenon will worsen over 
time, with winter mortality rates for A. mellifera colo-
nies steadily increasing across South Korea. By 2100, 
most regions are expected to experience mortality rates 
exceeding 66%, with southern and central areas facing 
the most severe challenges.

DISCUSSION

1. �Analysis of factors influencing  
Apis mellifera overwintering mortality 

This study provides valuable insights into the climatic 
factors influencing Apis mellifera overwintering mortal-
ity, contributing to a broader understanding of how envi-
ronmental conditions impact colony health. The regres-
sion analysis reveals that low-temperature days during  
the autumn and winter seasons are the most significant 
predictors of overwinter losses. The negative impact of 
autumn low-temperature days suggests that gradual cool- 
ing and the formation of the winter cluster are essential 
for colony survival (Becsi et al., 2021). In contrast, the 
positive effect of winter low-temperature days highlights 
the detrimental impact of prolonged cold stress, which 
forces colonies to expend substantial energy on thermo-
regulation, depleting their resources and compromising 
their resilience (Nürnberger et al., 2018).

The negative impact of autumn low-temperature days 
suggests that gradual cooling and the formation of the 
winter cluster are essential for colony survival (Becsi et  
al., 2021). This aligns with previous research indicating 
that the gradual transition to winter conditions helps pre- 
pare colonies for the harsh winter season (Switanek et  
al., 2016; Calovi et al., 2021). However, low-tempera-
ture days during winter combined with high day-night  
temperature variability can significantly impact A. melli- 
fera overwintering. The combination of warm winter 
temperatures and large temperature fluctuations disrupts  
the bees’ natural dormancy cycle, forcing them to remain  
active and expend more energy to maintain hive tempera-
ture. This heightened activity and energy expenditure  

leave the colonies depleted and less able to survive the 
winter until spring. This reinforces the importance of 
temperature regulation as a critical factor in colony sur-
vival during winter. The negative correlation between 
autumn low-temperature days and A. mellifera mortal-
ity supports the hypothesis that gradual cooling during 
autumn helps colonies prepare for winter. Studies have  
demonstrated that early cooling encourages the forma-
tion of winter clusters and promotes energy conservation 
behaviors, which are essential for overwintering survival 

(Seeley and Visscher, 1985). Furthermore, research indi-
cates that early autumn cooling stimulates the develop-
ment of winter bees with physiological adaptations, such 
as increased fat storage, further enhancing the colony’s 
ability to withstand long periods of cold (Qin et al., 
2019).

The results align with many existing studies, but there 
are some notable differences. High-temperature days 
during autumn and winter did not significantly impact A. 
mellifera mortality in this study. This contrasts with pre-
vious research, which found that warm spells, especially 
in winter, can increase colony activity and deplete resour- 
ces (Ricigliano et al., 2018). A possible explanation is 
that the model was constructed using only 2022 data. To 
accurately predict the impacts of climate change on A. 
mellifera overwintering mortality, long-term, data-driven  
research is needed. Regional and environmental variabil-
ity play a key role, and a comprehensive dataset span-
ning multiple years would provide a more robust under-
standing of how temperature fluctuations, both mild and  
extreme, impact A. mellifera colonies in different cli-
mates (Łangowska et al., 2016). Also, autumn precipi-
tation was not a significant predictor of overwintering 
mortality, differing from earlier studies suggesting wet 
autumns reduce forage and negatively impact colonies. 
This discrepancy could be due to localized foraging con-
ditions or beekeeper interventions like artificial feeding 

(Johannesen et al., 2022).
Regional and environmental variability is a key factor 

in understanding the complex relationships between cli-
mate conditions and A. mellifera behavior and survival 

(Ricigliano et al., 2018). Climate conditions in different 
regions can influence how temperature and precipitation 
affect A. mellifera colonies in unique ways (Łangowska 
et al., 2016). For instance, studies from North America 
and Europe have highlighted the negative effects of mild 
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winters on A. mellifera health (Ricigliano et al., 2018), 
but the conditions in this study’s region may have miti-
gated the impacts of high-temperature days. Beekeeping 
practices like artificial feeding and hive insulation could 
also alleviate environmental stressors and help colonies 
better withstand temperature variations. Additionally, 
indoor overwintering may limit A. mellifera colonies’ 
exposure to external temperature fluctuations (Bordier 
et al., 2017). Pathogen and parasite interactions can also 
complicate the relationships between temperature and A. 
mellifera health (Orčić et al., 2017).

This study emphasizes the importance of low-tempera-
ture exposure in autumn and winter for predicting over- 
wintering mortality. Stable autumn cooling helps colo-
nies prepare for the winter season, while prolonged cold 
spells in winter can deplete colony resources and in-
crease stress (Ricigliano et al., 2018). Beekeepers should  
ensure their colonies enter the winter season with suffi- 
cient food reserves and overall health to mitigate the risks  
of severe temperature changes, using strategies such as  
indoor overwintering or hive insulation (Mattila and Otis,  
2007). Proactive management of pathogens and para- 
sites, especially for Varroa mites, is also essential to 
minimize winter losses and support the overall resilience 
of A. mellifera populations (Ricigliano et al., 2018).

2. �Climate change's Impact on Apis mellifera 
overwintering and ecosystem resilience

These earlier studies have demonstrated that rising 
temperatures and temperature fluctuations significantly 
affect the physiology, behavior, and survival of bees, 
posing major challenges for overwintering survival and 
ecosystem sustainability (Orčić et al., 2017; Johannesen 
et al., 2022). For instance, increases in winter tempera-
tures lead to higher energy expenditure in Apis mellifera 
colonies, which aligns with this study’s findings regard-
ing the heightened energy needs of colonies in warmer 
overwintering conditions (Ricigliano et al., 2018).

Other research found that increased winter tempera-
tures lead to higher energy expenditure in A. mellifera 
colonies, which aligns with this study’s findings regard-
ing the heightened energy needs in warmer overwinter-
ing conditions (Rajagopalan et al., 2024). Additionally, 
Lee et al. (2022) investigate how temperature variability  
affects A. mellifera colony loss during winter, specifically  
highlighting the influence of unusually warm weather in 

January and February. These warm spells can disrupt the 
natural behaviors of bees, potentially leading to higher 
mortality rates.

This study, however, provides a more nuanced tempo-
ral analysis across specific climate change time points 
and explores the differing impacts across seasonal phases,  
particularly during the spring-autumn preparation and 
autumn-winter transition periods. This detailed approach 
allows for a deeper understanding of how even subtle  
increases in diurnal temperature range may act as an addi- 
tional stressor (Stevenson et al., 2015). For example, 
by 2100, the DTR is projected to increase significantly, 
especially during preparation periods, potentially exac-
erbating the physiological demands on bees to regulate 
internal temperatures within colonies. This builds on 
findings from global studies that highlight DTR as a 
critical yet often overlooked factor affecting ecosystem 
stability (Bordier et al., 2017). While earlier works have 
focused primarily on general temperature increases 

(Stabentheiner et al., 2010), this study’s integration of 
diurnal fluctuations emphasizes the importance of tem-
perature consistency in maintaining pollinator health 
and colony resilience.

The study also adds to existing knowledge by empha-
sizing regional variations within Korea. It highlights that 
southern coastal regions will likely experience the most 
dramatic temperature changes, which could have severe 
implications for bee populations localized in these areas. 
Prior research, including studies from warmer climates 
such as Queensland, and Australia, shows that similar 
regional disparities in temperature fluctuations can lead 
to significant shifts in habitat suitability for bees, under- 
scoring the need for localized adaptation strategies (Kuhl- 
mann et al., 2012). However, the projections of DTR 
changes in the Korean context specifically underline the 
need for targeted interventions in regions where DTR 
increases sharply, rather than a one-size-fits-all national 
approach (Kim et al., 2023a).

The study also diverges from some prior findings by 
presenting evidence of how the temperature increases in 
spring-autumn and autumn-winter preparation periods  
particularly impact energy management in bees, affect-
ing their ability to stockpile sufficient energy reserves 
for overwintering. This may be attributed to the Korea’s 
unique seasonal climate and the rapid rate of projected  
warming in this study compared to earlier studies focused 
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on temperate or tropical climates, where such marked  
diurnal temperature increases are less pronounced. 

This study builds upon the existing body of research  
by providing a detailed analysis of the impacts of specific  
climate change scenarios on A. mellifera populations in 
Korea. It underscores the necessity for climate adaptation 
strategies that are both time- and region-specific, address-
ing temperature increases, diurnal fluctuations, and pre-
cipitation changes. These findings highlight the critical  
importance of temperature stability for the health and 
survival of overwintering bees.

3. �Impact of climate indicators on Apis mellifera 
overwintering mortality in Korea

This study provides valuable insights into the effects of 
climate change on bee overwintering mortality in Korea.  
It focuses on key climate indicators such as average tem-
perature rise, high-temperature days, diurnal temperature 
range, low-temperature days, and autumn rainfall days. 
The findings indicate that average temperature rise and 
high-temperature days are the primary factors affecting 
overwintering mortality in bees. Consistent with previ-
ous research, these factors directly influence energy ex-
penditure and hinder Apis mellifera from accumulating 
sufficient energy reserves for overwintering (Maes et 
al., 2021). Higher average temperatures increase energy 
consumption within colonies, leading to higher mortality  
rates (Calovi et al., 2021). DTR fluctuations also emer- 
ged as a significant factor, as greater temperature varia-
tions between day and night increase bees’ energy expen-
diture, further reducing their overwintering success. This  
aligns with findings in other studies that link wider DTR 
to increased metabolic stress in bees, underscoring the 
need for management interventions in areas with high  
DTR (Kronenberg and Heller, 1982; Bennett et al., 2023).

Although low-temperature days and autumn rainfall  
days may be less critical than temperature rise and high- 
temperature days, they nevertheless play significant roles  
in overwintering preparation (Bennett et al., 2015). Redu- 
ced low-temperature days can hinder A. mellifera ability 
to adequately prepare for winter, while increased autumn  
rainfall can interfere with foraging and energy storage ac-
tivities (Calovi et al., 2021). Using a comprehensive set  
of climate indices, including temperature rise, high-tem-
perature days, diurnal temperature range, low-temperature  
days, and autumn rainfall days, provide a more thorough 

understanding of the factors impacting bee survival com- 
pared to relying on a single climate measure (Switanek 
et al., 2016). These indices allow for the consideration of  
multiple environmental stressors that collectively influ-
ence bee overwintering success, capturing the complexity  
of real-world climate interactions (Becsi et al., 2021). Col- 
lectively, these findings suggest that maintaining optimal 
temperature ranges and minimizing disruptive weather 
events during the critical pre-winter months is essential 
for supporting bee survival.

The study highlights regional variations in bee mortal- 
ity rates across Korea. In particular, southern coastal and  
central inland areas experience disproportionately high 
mortality risks due to pronounced increases in average 
temperature and high-temperature days. In these regions, 
the warmer conditions combined with fewer low-tem-
perature days create an environment that makes it excep- 
tionally challenging for bees to adequately prepare for 
winter (Calovi et al., 2021). In contrast, northern regions 
and mountainous areas in Gangwon Province tend to have  
relatively lower mortality rates, as they are less affected 
by the temperature rises and diurnal temperature range 
increases. These less impacted areas may therefore serve 
as important refuges for A. mellifera populations under 
future climate scenarios (Naeem et al., 2019).

The observed regional differences suggest that the cli-
matic conditions and bee colonies’ adaptability vary sig-
nificantly across Korea, necessitating a tailored approach 
to bee conservation. Accordingly, the increased mortal- 
ity rates in the southern coastal and central inland regions 
indicate a pressing need for more intensive management  
practices in these high-risk areas to effectively mitigate 
climate-induced stress (Kim et al., 2023b).

Our findings align with previous research that highlights  
the critical roles of temperature rise and high-tempera-
ture days in determining overwintering success (Chen 
et al., 2015; Markle et al., 2020). However, this study 
extends beyond prior work by examining the impacts of 
DTR fluctuations and autumn rainfall days, providing a 
more comprehensive assessment of the various climate 
stressors on bee ecosystems. These additional factors 
are particularly relevant in the context of the Korean cli-
mate, where seasonal rainfall patterns and temperature 
fluctuations can significantly influence bee activity and 
survival. One notable divergence from existing research 
is our discovery that southern coastal and central inland 
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areas are more severely impacted by increased autumn 
rainfall days and decreased low-temperature days (Nürn-
berger et al., 2018). This specificity to the Korean Penin- 
sula reflects unique regional climate characteristics, such  
as prolonged monsoon seasons and relatively warm  
autumns (Yi, 2011), which can disrupt bees’ energy stor-
age activities (Kim et al., 2023a). The increased autumn 
rainfall in these areas, in particular, represents a unique 
finding that may inform future studies on the interac-
tions between climate change and bee foraging behavior 
in similar monsoonal climates.

SUMMARY

This study underscores the significant impact of cli-
mate change on Apis mellifera overwintering mortality, 
specifically within the Korean Peninsula. By examining 
climate change projections for the years 2030, 2050, and  
2100, this research provides critical insights into how 
rising average temperatures, increased diurnal tempera- 
ture range (DTR), high-temperature days, reduced low- 
temperature days, and increased autumn precipitation 
are expected to influence A. mellifera survival.

The study revealed that average temperature rise and 
high-temperature days have the most profound effects 
on A. mellifera overwintering mortality. These factors 
contribute to elevated energy consumption as bees are 
forced to remain active during warmer winter periods, 
preventing them from conserving the necessary energy 
reserves for successful overwintering. Increased DTR, 
especially in southern and inland regions, further com-
plicates the bees’ thermoregulation, leading to additional 
energy expenditures that weaken colony resilience.

Moreover, the projected decrease in low-temperature 
days by 2100, especially in southern coastal and central  
inland areas, presents a unique challenge for bees. Redu- 
ced exposure to cold during the pre-winter period disrupts 
their ability to transition into the overwintering phase,  
leaving colonies unprepared for the winter season. The 
increase in autumn rainfall days also poses a threat by 
limiting bees’ foraging days, hindering their ability to  
stockpile adequate resources for winter. These findings 
suggest that targeted climate adaptation strategies are es-
sential to mitigate the negative effects of climate change 
on A. mellifera populations. The study recommends that 
vulnerable regions, particularly the southern coastal and 

central inland areas, implement region-specific interven-
tions, such as indoor overwintering environments and 
hive insulation practices, to reduce energy consumption 
within colonies. 

This study has several limitations. It relies heavily on  
climate projections, which inherently contain uncertainty.  
The accuracy of the overwintering mortality predictions 
depends on the reliability and precision of the future cli-
mate models used. Additionally, the study focuses on a 
limited set of climate variables, such as temperature and  
precipitation, potentially overlooking other important 
factors that may impact bee survival, including changes  
in vegetation, pathogen dynamics, and colony-level vari-
ations. Furthermore, the model was only validated using  
2023 data, and the limited set of variables, such as wind 
speed, regional microclimates, humidity, pests, diseases, 
beekeeping practices, and surrounding vegetation, may 
restrict the model’s ability to accurately predict overwin-
ter mortality. Bee colonies can exhibit diverse responses 
to environmental stressors, and individual colony charac- 
teristics, management practices, and genetic diversity may  
not be fully captured in the current modeling approach. 
Additionally, the increased frequency of mite infestations 
associated with climate change can contribute to the 
complex dynamics affecting A. mellifera overwintering 
success. 

Overall, this research contributes to a deeper under-
standing of the relationship between climate change and 
A. mellifera overwintering mortality. The identified cli-
mate indices provide valuable tools for predicting future 
colony losses and guiding the development of adaptive 
management strategies. Despite the limitations, the use 
of climate indices in the model allows for the evaluation 
of various weather factors and short-term weather anom-
alies, and it enables the creation of a nationwide predic-
tive model. 

To enhance the resilience of A. mellifera populations 
navigating the challenges of a rapidly changing climate, 
additional research is necessary to refine predictive 
models and explore a wider range of factors. These in-
clude wind speed, regional microclimates, humidity, the 
impacts of pests and diseases, variations in beekeeping 
practices across farms, and the surrounding vegetation. 
Incorporating these elements will enable the development  
of more robust and accurate predictive models to guide 
the implementation of effective adaptive management 
strategies.
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