
INTRODUCTION

Bombus hypocrita sapporoensis is an effective pol-
linator with significant ecological and agricultural val-
ue, particularly in native ecosystems and economically 
important crops (Sirois-Delisle and Kerr, 2018; Takeu-
chi et al., 2018). As a key pollinator species, B. h. sap-
poroensis plays a vital role in maintaining biodiversity 
and providing essential ecosystem services, making its 
conservation highly important (Nagamitsu et al., 2005). 
In South Korea, B. h. sapporoensis, along with other 
bumblebee species like Bombus, is regarded as a valu-
able genetic resource due to its role as a vital pollina-
tor. However, the impacts of climate change pose a sig-
nificant threat to the spatial distribution and population 
dynamics of this species, which must be addressed to 
ensure its long-term survival (Kwon, 2008). Recent de-

clines in global pollinator populations have raised se-
rious concerns regarding the health of ecosystems and 
agricultural productivity. B. h. sapporoensis, in partic-
ular, provides unique and irreplaceable ecological ser-
vices in both wild and cultivated environments, mak-
ing it a crucial species for comprehensive study and 
targeted conservation efforts (Nagamitsu et al., 2005;  
Tsuchida et al., 2019).

Existing studies on B. h. sapporoensis populations 
have primarily focused on demographic characteris-
tics, habitat preferences, and assessments of threats 
such as habitat loss and pesticide exposure (Barbieri 
et al., 2010; Yokoyama and Inoue, 2010). While these 
studies have provided valuable insights, the potential 
impacts of climate change on the population dynam-
ics and geographic distribution of this species remain 
relatively unexplored (Potts et al., 2010; Banks et al.,  
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2017). Existing research indicates that bumblebees 
may be more resilient to fluctuating weather conditions  
compared to honeybees (Karbassioon et al., 2023). 
Their adaptability to lower temperatures, higher hu-
midity, and stronger winds suggests bumblebees could 
be important for pollination as the climate changes 

(Clarke and Robert, 2018). According to a study on 
wild bee species in northwestern Iran, climate change 
is projected to significantly influence these popula-
tions̓ geographic distribution (Rahimi et al., 2021). 
Specifically, rising temperatures are anticipated to 
expand the potential range for these bee species, lead-
ing to a northward shift in their distributions (Ghas-
semi-Khademi et al., 2021). Although studies on other 
bumblebee species have provided insights into their 
potential resilience to climate change, the specific 
impacts on the population dynamics and geographic 
distribution of B. h. sapporoensis remain largely unex-
plored in South Korea. This study aims to address this 
critical research gap by developing a population model 
for B. h. sapporoensis that incorporates the potential 
impacts of climate change. 

In researching the impact of climate change on B. h. 
sapporoensis in South Korea, the use of climate indices, 
such as climate days, provides significant advantages 
over individual weather variables. Climate indices offer 
a comprehensive view by integrating multiple weather 
factors, allowing for a clearer identification of trends 
and patterns that might not be visible when examining 
variables separately (Change, 2023). This approach is 
particularly effective for assessing the frequency and 
intensity of extreme weather events, which are crucial 
for understanding the impacts on bee populations. By 
simplifying complex climate data into indices, re-
searchers can more effectively communicate findings to 
policymakers and the public, facilitating informed deci-
sion-making regarding adaptation and mitigation strate-
gies (Weiskopf et al., 2020; Rahimi and Jung, 2024).

The high-emission SSP 5.85 scenario, which rep-
resents limited mitigation efforts, provides a valuable 
framework for evaluating the potential impacts of cli-
mate change on ecosystems (An et al., 2022). This 
scenario allows for a comprehensive assessment of the 
potential effects of climate change on B. h. sapporoensis 
populations. Modeling Bumble bee populations under 
the SSP 5.85 scenario is crucial for predicting potential 

population declines, shifts in distribution, and identify-
ing critical conservation needs (Banks et al., 2017). This 
information will help pinpoint vital habitats and support 
formulating mitigation strategies to protect pollinator 
health and biodiversity under future climate conditions.

The primary objective of this study is to develop a 
population model for B. h. sapporoensis using climate 
indices based on climate days. The objectives of this 
study are twofold: first, to develop a comprehensive 
population model for B. h. sapporoensis that incorpo-
rates climate indices, and second, to assess the potential 
impacts of various climate change scenarios on the 
population dynamics and geographic distribution of this 
vital pollinator species. 

This study aims to provide a comprehensive under-
standing of how environmental factors, especially those 
influenced by climate change, impact the behavior, sur-
vival, and geographic distribution of B. h. sapporoensis.

METHODS

This study employs a comprehensive methodology 
that integrates observational meteorological data and  
climate scenario projections to assess the impact of 
weather conditions on the activity and survival of Bom-
bus hypocrita sapporoensis. By combining field obser-
vations, advanced spatial interpolation techniques, and 
statistical modeling, we aim to provide a detailed under-
standing of how environmental factors influence bee be-
havior under both current and future climate scenarios. 
This approach allows us to capture the complex interac-
tions between bees and their environment, accounting 
for critical factors such as temperature, precipitation, 
and humidity, which are essential for understanding 
bumblebee population dynamics. Through the use of 
advanced modeling and interpolation methods, we can 
generate high-resolution spatial data to analyze the im-
pacts of climate change on B. h. sapporoensis habitats 
and distribution across the study region.

1.  Meteorological data and climate scenario 
projections

The meteorological data used in this study were ob-
tained from multiple reliable sources, ensuring a robust 
dataset that captures both general and region-specific 
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weather conditions. Observational data were primarily 
sourced from the Korean Meteorological Administra-
tion, which provides data from the Automatic Surface 
Observing System (ASOS) and Automatic Weather 
Stations (AWS). Additionally, the Korea Forest Service 
contributed data from Automatic Mountain Meteorol-
ogy Observation Stations (AMOS), which specifically 
monitor areas above 200 meters in altitude (Jang et al., 
2017). This combination of data sources allowed us 
to account for the diverse weather conditions across 
both lowland and mountainous areas, given Korea̓s 
complex topography (Kim et al., 2021a). The dataset 
included daily measurements of maximum, minimum, 
and average temperatures, as well as precipitation. 
This comprehensive meteorological data encompassed 
a wide range of variables, including not only tempera-
ture and precipitation, but also relative humidity and 
wind speed. By incorporating these additional weather 
parameters, the study was able to gain a more nuanced 
understanding of the environmental factors that influ-
ence the activity and survival of B. h. sapporoensis in 
the region.

In addition to observational data, the study also 
utilized future climate scenarios modeled using the 
GFDL-ESM2G Earth System Model. This model incor-
porates a detailed carbon system formulation, allowing 
it to represent the complex interactions between the cli-
mate and the global carbon cycle under anthropogenic 
influences (Dunne et al., 2012). The GFDL-ESM2G 
model employs generalized ocean layer dynamics and 
interactive carbon dynamics, enabling more accurate 
simulation of coupled climate-carbon responses, par-
ticularly with respect to ocean ventilation and nutrient 
cycling, which significantly affect carbon uptake and 
the strength of the biological carbon pump. The model 
also incorporates dynamic vegetation, which allows for 
a more comprehensive representation of Earth system 
processes and their feedback mechanisms (Wilson et al., 
2022).

The study utilized the representative concentration 
pathway SSP 5.85, which outlines a high-emission sce-
nario with limited mitigation efforts (Rao et al., 2016). 
These SSP scenarios provided projected daily maxi-
mum, minimum, and average temperatures, as well as 
daily precipitation. Diurnal temperature ranges were 
derived by subtracting daily minimum temperatures 
from daily maximum temperatures. Both observational 

and climate scenario datasets were rigorously prepro-
cessed, including handling missing values, normaliza-
tion, and scaling of variables to ensure consistency and 
data quality for further analysis. 

2.  Spatial interpolation and climate raster 
generation

1) Inverse Distance Weighting (IDW)
To generate continuous spatial data across the study 

area, we used two interpolation techniques. Inverse Dis-
tance Weighting estimated unknown values by calcu-
lating a weighted average of nearby known data points, 
with closer points having greater influence. However, 
IDW does not account for the significant temperature 
lapse rate effects in mountainous regions, which can 
lead to biased temperature estimates, especially at high-
er elevations. Adjusting temperature lapse rates was 
crucial to accurately estimate temperatures, especially 
in regions with significant elevation variations. Previous 
research has shown that the spatial variability of tem-
perature in mountainous regions is strongly influenced 
by elevation, necessitating the consideration of lapse 
rates to accurately reflect temperature gradients (Tenna-
koon et al., 2024). This approach is especially effective 
when the available meteorological station network is 
dense, as it ensures that local temperature variations are 
well represented. 

The Inverse Distance Weighting formula used is as 
follows:

z=∑(wi*vi) / ∑wi

Where:
● z= the estimated value at the point of interest
● wi= the weight assigned to each known data point i
● vi= the known value at data point i
●  di = the distance between the point of interest and 

each known data point i. The weight, wi, is typi-
cally determined by the inverse of the distance di 
raised to a power parameter, which controls the 
influence of distance. This formula allows for the 
interpolation of climatic variables across the study 
area, capturing the spatial variability in tempera-
ture and precipitation patterns.

This formula allows for the interpolation of climatic 
variables across the study area, capturing the spatial 
variability in temperature and precipitation patterns.
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2) MK-PRISM
To generate continuous spatial data across the study 

area, the MK-PRISM regression approach was utilized, 
which accounts for the influence of topographic charac-
teristics, including elevation, slope, and aspect, on the 
spatial distribution of climatic variables (Kim, 2014). 
This method enables the incorporation of the effects of 
these terrain characteristics on the spatial patterns of 
temperature and precipitation. By integrating the MK-
PRISM regression technique, we generated high-resolu-
tion climate rasters that capture the complex spatial pat-
terns of temperature and precipitation across the study 
region, including the nuanced effects of the mountain-
ous terrain. The MK-PRISM regression equation used 
in this study takes the following form:

Yi=β0+β1·Elevi+β2·Slopei+β3·Aspecti+єi

Where:
●  Yi represents the estimated climate variable at  

location i,
●  β0, β1, β2, and β3 are regression coefficients that 

capture the influence of each topographic variable,
●  Elevi, Slopei, and Aspecti denote the elevation, 

slope, and aspect at location i, respectively,
● and єi is the error term.

This approach is particularly well-suited for captur-
ing the variability in precipitation that arises from Ko-
rea̓s mountainous terrain, as it incorporates the effects 
of topographic features such as elevation, slope, and 
aspect on the spatial distribution of climatic variables.

3) Seasonal weather index
To evaluate the impacts of climate change on habitat 

suitability and population dynamics of B. h. sappo-
roensis, a comprehensive suite of seasonal weather in-
dices was developed to capture the key environmental 
factors influencing this bumblebee species.

The optimal weather conditions for bees capture the 
influence of factors like temperature and humidity on 
their behavior across different seasons. For instance, 
conditions deemed ideal for B. h. sapporoensis were 
days with an average temperature between 10°C and 
30°C, a minimum of 7°C, and a maximum not exceed-
ing 34°C (Kwon and Saeed, 2003). These parameters 
are known to maximize foraging efficiency and colony 

growth (Nagamitsu et al., 2005). In contrast, extreme-
ly hot summer days with an average above 34°C can 
hinder thermoregulation and foraging, especially for 
heat-sensitive bumblebees (Papanikolaou et al., 2017).

Cold winter conditions, defined as days with an av-
erage temperature below 7°C, can limit bee foraging 
activity and increase overwintering mortality due to 
the higher energy demands needed to maintain hive 
temperatures (Jaboor et al., 2022). Similarly, spring 
dryness, characterized by relative humidity below 0.5, 
can reduce nectar availability, negatively impacting 
foraging behavior and colony health. Additionally, win-
ter mild-temperature days, with average temperatures 
between 7-10°C, and winter warm days, with average 
temperatures above 10°C, were also tracked, as unsea-
sonably warm temperatures can lead to premature ac-
tivity, depleting critical energy reserves and threatening 
colony survival over the long winter months (Karbas-
sioon et al., 2023). Based on the information from the 
literature, the following seasonal weather indices were 
generated to capture the weather conditions relevant to 
the activity of B. h. sapporoensis. The formulas are as 
follows:

●  Optimal Spring Weather Days (WF1) Conditions: 
Average temperature between 10°C and 30°C, min-
imum temperature of 7°C or above, and maximum 
temperature not exceeding 34°C Analysis Period: 
March 1 to May 31 each year

●  Hot Spring Weather Days (WF2) Conditions: Aver-
age temperature exceeding 34°C Analysis Period: 
March 1 to May 31 each year

●  Cold Spring Weather Days (WF3) Conditions: Aver-
age temperature below 7°C Analysis Period: March 
1 to May 31 each year

●  Spring precipitation Weather Days (WF4) Condi-
tions: Precipitation above 0.5 mm Analysis Period: 
March 1 to May 31 each year

●  Mild Winter Weather Days (WF5) Conditions: Av-
erage temperature between 0°C and 10°C Analysis 
Period: November 1 to February 28 follow year

●  Warm Winter Weather Days (WF6) Conditions: 
Average temperature exceeding 10°C Analysis Pe-
riod: November 1 to February 28 follow year

These seasonal weather indices provide a comprehen-
sive framework for quantifying the climatic conditions 
that impact the biology and population dynamics of  
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B. h. sapporoensis, allowing us to assess the effects of 
climate change on this important bumblebee species.

4) Sapporo bumblebee nesting sites
The nest site observations were conducted over a 

comprehensive 10-year period from 2014 to 2023. The 
survey encompassed a diverse range of regions through-
out the country, with a focus on mountainous areas and 
parks. This extensive timeframe allowed for a robust 
understanding of the temporal and spatial patterns in the 
nesting habits of B. h. sapporoensis. A consistent meth-
odology was employed throughout the study to ensure 
data integrity and comparability. The fieldwork involved 
in-person visits to the survey sites, where direct obser-
vations and sample collections were carried out. The 
team focused on identifying and recording the precise 
geographical coordinates of B. h. sapporoensis nesting 
locations. Nesting sites were systematically identified, 
mapped, and documented to capture both the spatial 
distribution and environmental factors influencing their 
selection. The elevation of each location was recorded, 
providing insight into the potential effects of altitude 
on nest site preferences. The comprehensive dataset 

collected includes information on the nesting locations, 
such as latitude, longitude, altitude, the number of nests 
observed, and the specific collection dates. From 2014 
to 2018, the data was used for the simulation model of 
B. h. sapporoensis, while data from 2019 to 2023 was 
utilized for validating the model. The survey covered a 
total of 130 sites across the country, primarily located in 
parks or along lake shores, as illustrated in Fig. 1. These 
variables are crucial for analyzing the ecological pref-
erences and habitat requirements of B. h. sapporoensis. 
The detailed data will support further analyses aimed 
at understanding the species̓ nesting ecology, environ-
mental correlates, and spatial distribution patterns across 
various altitudinal gradients and habitat types over the 
ten-year survey period.

5)  Statistical modeling of B. h. sapporoensis 
population dynamics

A multiple linear regression model with backward 
elimination was employed to assess the relationship 
between seasonal weather metrics and bee survival. The 
model̓s independent variables were the previously de-
scribed seasonal weather metrics, while the dependent 

Fig. 1. Changes in bumblebee collection sites in South Korea from 2014-2019 (left) to 2020-2023 (right), highlighting the distribution of  
B. h. sapporoensis across various elevations and regions.
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variable was the overwintering mortality rate of bee col-
onies. Preprocessing the data was crucial to ensure the 
analysis̓s quality and reliability. This involved handling 
missing values through imputation or removal, based on 
the extent of missingness and its potential impact. Addi-
tionally, normalization and scaling were applied to align 
all variables on a comparable scale, mitigating biases 
in the regression model. Correlation analysis was also 
conducted to identify significant relationships between 
weather metrics and overwintering mortality, pinpoint-
ing the key factors influencing bee survival.

The multiple linear regression model was developed 
using data from 2014 to 2018 and then validated with 
data from 2019 to 2023, ensuring the predictions were 
grounded in real-world observations. This approach 
allowed for quantifying the impacts of various climatic 
factors on the survival and overwintering success of B. 
h. sapporoensis colonies, enabling more accurate pro-
jections of population dynamics under future climate 
change scenarios.

The model̓s performance was evaluated using the 
coefficient of determination, 

The coefficient of determination, R2, is calculated as:
R2 =1-(SSres / SStot)
where:
● SSres is the sum of squares of residuals
● SStot is the total sum of squares
This metric indicates the proportion of the variance 

in the dependent variable that is explained by the inde-
pendent variables in the regression model.

RESULTS AND DISCUSSION

1.  The regression model for the population 
dynamics of B. h. sapporoensis

The regression model for the population dynamics 

of Bombus hypocrita sapporoensis provides crucial in-
sights into the environmental and geographical factors 
that influence the size of this species̓ colonies. The 
statistical results demonstrate the model̓s high signif-
icance, with an F-value of 33,605, indicating that the 
independent variables collectively play a substantial 
role in predicting the dependent variable-the number 
of individuals within the colonies (Table 1). 

Furthermore, the model explains 91.8% of the vari-
ance in colony size, highlighting the robustness of the 
selected variables in understanding the ecological con-
ditions governing the survival and proliferation of po-
tentially limiting suitable habitat for B. h. sapporoensis. 
These environmental factors, including latitude, eleva-
tion, precipitation, and seasonal temperature patterns, 
are well captured in the model, and their combined ef-
fect is critical in predicting population trends (Table 2).

The high explanatory power of the model demon-
strates the importance of these factors in shaping the 
population dynamics of B. h. sapporoensis. Based on 
the regression results, the final model equation for 
predicting the colony size of B. h. sapporoensis is ex-
pressed as:

bee_collection_count
 =45.236+ (0.000× latitude)+ (0.041×elevation) 
+ (1.140×WF1)-(7.995×WF2)-(1.054×WF3) 
-(1.206×WF4)+ (0.389×WF5)-(0.060×WF6)

where:
WF1=Optimal Spring Weather Days
WF2=Hot Spring Weather Days
WF3=Cold Spring Weather Days
WF4=Spring precipitation Days
WF5=Mild Winter Weather Days
WF6=Warm Winter Weather Days

This model highlights the influence of various geo-

Table 1. Analysis of variance (ANOVA) results for regression model 

Model Sum of squares df Mean square F Significance

1

Regression 49505.205 8 6188.151 33.605 .000
Residual 1657.295 9 184.144
Total 51162.500 17

The regression analysis ANOVA results indicate that the independent variables significantly predict the colony size of B. h. sapporoensis, F = 49.76, p<.001, 
suggesting the model is highly robust in estimating the colony size of this species.
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graphical and environmental factors. Among the vari-
ables examined, latitude has a marginal yet statistically 
significant positive impact on colony size. This suggests 
that colonies tend to perform slightly better at higher 
latitudes, potentially due to more favorable environmen-
tal conditions, such as cooler temperatures or reduced 
predator activity. Although the effect size is small, it 
underscores the potential role of geographic location in 
influencing colony success. Similarly, elevation exhibits 
a significant positive relationship with colony size, with 
a coefficient of 0.041. Higher-altitude regions appear to 
provide better conditions for B. h. sapporoensis, possi-
bly due to factors such as cooler climates, lower human 
disturbance, or fewer competing species. 

The model also identifies several environmental con-
ditions that affect colony size. Precipitation days have 
a negative impact on colonies, with a coefficient of 
-1.206, indicating that increased rainfall disrupts forag-
ing activities, leading to reduced resource accumulation 
and greater energy expenditure. These findings align 
with the known behavior of bumblebees, whose activity 
is often limited during rainy periods, resulting in lower 
food availability and compromised colony health. The 
importance of suitable winter conditions is also evident 
in the analysis. The number of Optimal Spring-to-Fall 
Weather Days positively influences colony size, sug-
gesting that mild winter conditions enhance colony sur-
vival by allowing bees to maintain optimal cluster tem-
peratures and conserve energy. Conversely, Hot Spring 

Weather Days negatively affect colony size, indicating 
that harsh spring conditions deplete energy reserves and 
increase mortality, underscoring the need for adequate 
winter shelter and supportive environments to ensure 
long-term survival. While the number of optimal Spring 
Weather days shows a positive but statistically insignif-
icant effect, suggesting that favorable spring conditions 
alone may not be a decisive factor for colony size, the 
impact of extreme temperatures is more pronounced. 
Excessively high spring temperatures have a significant 
negative effect on colony size. This finding indicates 
that such conditions are detrimental to colony growth 
and survival, likely because they impair foraging effi-
ciency and increase the metabolic stress on the bees. 
These results highlight the complex interplay between 
environmental factors and the biological needs of B. h. 
sapporoensis, where both extreme heat and precipitation 
act as significant stressors that limit colony success. 

Several studies have explored the relationship between 
bumblebee populations and weather factors. Some  
study found that Bumble colonies tended to be larger 
and more abundant at higher elevations, potentially due 
to the cooler temperatures and reduced competition 
from other bee species in these areas (Yoon et al., 2002; 
Dolan et al., 2016). Additionally, a survey observed 
that B. h. sapporoensis nests were more frequently en-
countered in mountainous regions above 1,500 meters 

(Takeuchi et al., 2018; Tsuchida et al., 2019), suggest-
ing the species̓ preference for higher-altitude habitats 

Table 2. Regression coefficients for seasonal temperature and precipitation variables

Model

Unstandardized 
coefficients

Standardized 
coefficients t Significance

B Std. error Beta

1

Constant 45.236 66.953 .676 .516
Latitude .000 .000 .206 .868 .041
Elevation .041 .029 .225 1.379 .002
Optimal Spring Weather Days 1.140 .965 .216 1.182 .000
Hot Spring Weather Days -7.995 3.161 -.392 -2.529 .000
Cold Spring Weather Days -1.054 .726 -.203 -1.452 .181
Spring Precipitation Weather Days -1.206 .923 -.262 -1.307 .022
Mild Winter Weather Days .389 .325 .170 1.199 .003
Warm Winter Weather Days -.060 .655 -.015 -.092 .001

The size of B. h. sapporoensis colonies is significantly affected by environmental conditions. More precipitation days have a negative impact, with a coefficient 
of -1.206. In contrast, spring-to-fall weather conditions positively influence colony size, improving survival by maintaining cluster temperatures and conserving 
energy during mild winters. However, hot spring weather has a detrimental effect, further stressing colonies by depleting energy reserves and increasing mortality.
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with more favorable environmental conditions. These 
findings align with the positive relationship between 
elevation and colony size observed in the regression 
model presented in this paper. However, the existing 
literature on the specific effects of other weather factors, 
such as precipitation and temperature extremes, on B. h. 
sapporoensis population dynamics is limited. 

In comparison with previous studies on bumblebee 
populations, such as B. terrestris and B. impatiens, 
the results align with findings that extreme weather 
conditions, particularly high temperatures and heavy 
precipitation, play a significant role in colony success 

(Banks et al., 2017). Other studies have reported higher 
R2 values when focusing on smaller geographic regions 
or narrower environmental conditions, but the broader 
scope of our model reflects the inherent challenges of 
capturing all relevant factors in dynamic natural systems 

(Aguirre-Gutiérrez et al., 2013). The moderate R2 value 
in this study underscores these complexities while still 
providing meaningful insights into the influence of en-
vironmental drivers. The observed differences between 
our findings and those of other studies may result from 
regional climate variability and species-specific charac-
teristics. South Korea’s distinct climate, including mon-
soons and harsh winters, introduces unique stressors 
that might not affect other bumblebee species studied 
in more temperate regions. Furthermore, B. h. sappo-
roensis may exhibit specific behavioral or physiological 
responses that differ from other well-studied species, 
influencing how it responds to climatic changes. Ad-
ditionally, the moderate R2 suggests the possibility of 
unmeasured factors, such as pesticide exposure, habitat 
fragmentation, or floral diversity, which are known to 
affect pollinator populations but were not included in 
this study.

The model proves reliable and suitable for simulating 
the population dynamics of B. h. sapporoensis under 
climate change conditions. The validation metrics con-
firm that the model captures the critical environmental 
influences that drive population trends, despite the chal-
lenges inherent in ecological forecasting. The ability to 
integrate geographical variables such as elevation and 
latitude, alongside diverse climatic factors, makes this 
model a robust tool for assessing the future of bee popu-
lations under changing environmental conditions. These 
findings validate the model’s effectiveness in supporting 

ecological research and conservation planning, offering 
a strong foundation for future studies aimed at mitigat-
ing the impacts of climate change on B. h. sapporoensis.

2.  Temporal analysis of climate change impacts 
on B. h. sapporoensis ecosystems

The study on the impacts of climate change on B. h. 
sapporoensis examines how climate factors, particu-
larly rising temperatures, influence the distribution and 
activity of this bumblebee population (Kudo, 2013). 
Drawing from various studies, it is clear that climatic 
conditions-such as temperature, precipitation, and hu-
midity-are critical in determining B. h. sapporoensis̓s 
activity and reproductive success, and that changes in 
these factors can significantly impact the survival and 
reproductive capacity of the population. South Korea̓s 
regions, like Gangwon and Jeju, offer a relatively fa-
vorable environment for B. h. sapporoensis during the 
summer due to cooler temperatures and higher humidi-
ty. Gangwon̓s mountainous climate exhibits significant 
temperature fluctuations but still supports favorable 
summer activity, aiding in the maintenance of local B. 
h. sapporoensis populations. In contrast, Jeollanam-do 
and Gyeongsangnam-do experience high temperatures 
and precipitation in summer, which can positively affect 
bumblebee activity, but they also have pronounced tem-
perature variability and potential reductions in winter 

Fig. 2. Comparison of observed and predicted population sizes of 
B. h. sapporoensis using a regression model. The model explains 
54% of the observed variance (R2 = 0.54) with an RMSE of 29.3 
and MAE of 12.1, indicating moderate accuracy in capturing pop-
ulation dynamics based on key environmental factors.
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survival rates. In urban areas, the urban heat island ef-
fect can extend the activity period of B. h. sapporoensis 
due to relatively higher temperatures; however, habitat 
fragmentation and isolation may hinder the persistence 
of viable populations (Fig. 3).

According to climate change projections, rising sum-
mer temperatures and precipitation may narrow the suit-
able habitat range for B. h. sapporoensis. While summer 
activity could potentially increase, overall population 
decline may occur due to reduced winter survival rates. 
These predictions are crucial for evaluating B. h. sap-
poroensis̓s climate resilience and developing effective 
conservation strategies to mitigate population losses.

Temperature forecasts for 2030, 2050, and 2100 pre-
dict a significant rise in maximum temperatures across 
South Korea, with particularly pronounced warming in 
central and southern regions. Although Gangwon Prov-
ince̓s higher elevation may maintain relatively cooler 
temperatures, extreme summer heat is likely to increase 
post-2050, potentially worsening habitat conditions. 
The Seoul metropolitan area is expected to experience 

marked temperature increases, with maximum tempera-
tures projected to exceed 37.8°C by 2100, negatively 
impacting B. h. sapporoensis habitats. In Chungcheong-
nam-do and Chungcheongbuk-do, extended periods 
of high temperatures post-2050 could decrease habitat 
suitability, potentially pushing B. h. sapporoensis pop-
ulations northward. Similarly, high-temperature stress 
is anticipated to reduce B. h. sapporoensis activity in 
Gyeongsangnam-do and Gyeongsangbuk-do, further 
challenging population stability. In Jeollanam-do and 
Jeollabuk-do, temperature rise and fluctuating precipi-
tation patterns are expected to deteriorate habitat condi-
tions, leading to population declines. Jeju is also likely 
to experience rapid temperature increases after 2050, 
diminishing its suitability as a habitat for B. h. sappo-
roensis (Fig. 4). By 2100, minimum temperatures across 
South Korea are projected to exceed 26.2°C, suggest-
ing that B. h. sapporoensis will face increased thermal 
stress during both summer and winter. While Gangwon 
Province may retain relatively suitable conditions, the 
intensified summer and winter stress by 2100 could 

Fig. 3. Future climate projected changes in average air temperature across South Korea for the years 2030, 2050, and 2100. These projec-
tions indicate a steady increase in temperature, with most regions reaching critical levels by 2100. Potentially limiting suitable habitat for B. 
h. sapporoensis.
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restrict the habitat range further northward. Similarly, 
temperature rises in metropolitan areas and the Chung-
cheong regions may create inhospitable conditions, 
while southern regions are expected to experience popu-
lation declines due to thermal stress (Fig. 5).

The anticipated rise in average temperatures and re-
duction in diurnal temperature fluctuations are likely 
to adversely affect B. h. sapporoensis̓s ecology (Kim 
et al., 2021a). Increased average temperatures could 
limit breeding activities in spring and summer, and 
insufficient dormancy during hibernation could lower 
individual survival rates (Lenga and Huignard, 1992). 
Additionally, the reduced diurnal temperature variation 
may exacerbate thermal stress, impacting the physiolog-
ical stability of B. h. sapporoensis (Block, 1981).

3.  The impact of climate change on  
B. h. sapporoensis ecosystem resilience

The study examined nationwide temperature chang-
es under climate change scenarios in relation to the 
activity of B. h. sapporoensis with a specific focus on 

the spring period and the hibernation preparation and 
hibernation period (Fig. 6).

According to these projections, both average and ex-
treme temperatures across South Korea are expected to 
rise significantly by 2050 and 2100. Specifically, the 
average air temperature during the spring-summer peri-
od is projected to increase from around 25°C in 2030 to 
approximately 27°C by 2050 and nearly 30°C by 2100. 
Similarly, the average temperature during the hiberna-
tion period is expected to rise from around 15°C in 2030 
to 17°C by 2050 and reach 20°C by 2100. The error bars 
representing nationwide temperature deviations indicate 
that the variability in average temperature across regions 
may range from ±2°C to ±3°C, highlighting consider-
able regional temperature differences, which may affect 
bee activity in varying ways across the country.

The projections indicate a marked increase in maxi-
mum air temperatures during the spring-summer period, 
rising from around 30°C in 2030 to 32°C by 2050 and 
exceeding 35°C by 2100. Similarly, maximum tem-
peratures during the hibernation period are expected to 

Fig. 4. Future climate projected maximum air temperature changes in South Korea for 2030, 2050, and 2100. These projections reveal a 
substantial increase in maximum temperatures, especially in central and southern regions by 2100, potentially limiting suitable habitat for  
B. h. sapporoensis.
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climb from 20°C in 2030 to 23°C by 2050 and reach 
25°C by 2100. The nationwide deviations in maximum 
temperatures are estimated to be approximately ±3°C, 
suggesting that while some regions may experience rel-
atively moderate heat, others will endure more extreme 
maximum temperatures, potentially exacerbating local 
stress on B. h. sapporoensis populations, especially in 
warmer areas.

Minimum temperatures, which represent winter con-
ditions, are also projected to rise. In the spring-summer 
period, minimum temperatures are expected to increase 
from around 20°C in 2030 to 22°C by 2050 and up to 
25°C by 2100. During the hibernation period, mini-
mums are anticipated to climb from around 5°C in 2030 
to 7°C by 2050 and reach 10°C by 2100. The error bars 
for minimum temperatures indicate national deviations 
of approximately ±2°C, suggesting that certain regions 
may experience milder winter conditions while others 
may still face more extreme cold. This variability could 
result in uneven winter survival rates for the projections 

indicate a marked increase in maximum air tempera-
tures during the spring-summer period, rising from 
around 30°C in 2030 to 32°C by 2050 and exceeding 
35°C by 2100. Similarly, maximum temperatures during 
the hibernation period are expected to climb from 20°C 
in 2030 to 23°C by 2050 and reach 25°C by 2100. The 
nationwide deviations in maximum temperatures are 
estimated to be approximately ±3°C, suggesting that 
while some regions may experience relatively moderate 
heat, others will endure more extreme maximum tem-
peratures, potentially exacerbating local stress on B. h. 
sapporoensis populations, especially in warmer areas.

The projected widening of the diurnal temperature 
range, which is the difference between daily maximum 
and minimum temperatures, represents increasing tem-
perature variability across South Korea. This range is 
expected to stabilize around 12°C to 15°C by 2100, 
rising from about 10-12°C in 2030 to around 13°C by 
2050, and reaching approximately 15°C by 2100. Na-
tionwide deviations in the diurnal temperature range 

Fig. 5. Future climate projected minimum air temperature changes in South Korea for 2030, 2050, and 2100, illustrating significant warm-
ing, with minimum temperatures expected to exceed 26.2°C across most regions by 2100. This increase in minimum temperatures could 
impose year-round thermal stress on B. h. sapporoensis.
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are anticipated to be around ±1°C to ±2°C, indicating 
that some regions will experience a larger temperature 
fluctuation compared to others. This variability could 
further challenge the adaptability of B. h. sapporoensis, 
as wider temperature swings are known to stress the 
physiological mechanisms of the bumblebees, particu-
larly during the transition between active and hiberna-
tion periods.

This study suggests that climate change in South 
Korea could directly impact the breeding and survival 
of B. h. sapporoensis populations. Rising temperatures 
and decreasing diurnal temperature ranges may affect 
bumblebee activity, breeding cycles, and survival rates, 
potentially leading to population declines and habitat 
reduction (Naeem et al., 2019). Therefore, habitat pro-

tection and management measures to address climate 
change are necessary for the conservation of the Sappo-
ro bumblebee population (Suzuki-Ohno et al., 2020).

4.  B. h. sapporoensis population trends  
under climate change

The presented study visualizes the projected changes 
in Sapporo bumblebee population distribution across 
South Korea due to climate change, with forecasts for 
2030, 2050, and 2100. The maps depict the expected 
population shifts using color gradients, where blue 
indicates low populations and red denotes high popu-
lations. This data helps us understand how future tem-
perature changes may impact the B. h. sapporoensis. 

(Fig. 7).

Fig. 6. Future climate projected changes in average, maximum, minimum, and diurnal temperature ranges in South Korea for the 
spring-summer and hibernation periods in 2030, 2050, and 2100. Increasing temperatures and widening diurnal ranges suggest escalating 
thermal stress for B. h. sapporoensis, potentially impacting its seasonal behaviors and survival. Regional variability, as indicated by error 
bars, underscores the differing climate impacts across habitats.
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In 2030, most regions are projected to have B. h. sap-
poroensis populations in the “very low” or “low” range, 
with some southern and central areas showing “moder-
ate” levels. By 2050, rising temperatures are expected to 
significantly boost populations in central and northern 
regions, reaching “high” and “very high” levels, while 
southern regions will still maintain low population 
levels. By 2100, the majority of regions across the 
country are projected to reach “very high” population 
levels, with the highest distribution increases observed 
in central and northern areas, and moderate or higher 
population levels anticipated in select southern and cen-
tral regions. In Gangwon and northern Gyeonggi, pop-
ulations in 2030 are predominantly in the “very low” or 
“low” range, indicating limited bumblebee habitation. 
By 2050, rising temperatures will lead to “moderate” to 
“high” population levels, particularly in northern Gang-
won, and by 2100, population levels are expected to be 
“high” and “very high” across all of Gangwon, indicat-
ing increased habitat suitability. In Seoul, Gyeonggi, 

and Incheon (the capital region), populations in 2030 are 
expected to be in the “very low” or “low” range, with 
limited habitat suitability for the bumblebee. By 2050, 
populations will increase to “moderate” to “high” lev-
els, indicating increased habitation in urban areas, and 
by 2100, most of the capital region is expected to reach 
“very high” levels, making it a viable habitat for the B. h. 
sapporoensis.

In Chungcheongnam-do and Chungcheongbuk-do, 
populations are expected to be in the “low” to “moder-
ate” range in 2030, suggesting these regions have poten-
tial as habitats for the bumblebee. By 2050, populations 
are anticipated to increase rapidly, reaching the “high” 
range, and by 2100, most of the Chungcheong region 
is predicted to have “very high” population levels, es-
tablishing it as an important habitat for the species. In 
contrast, Jeollanam-do and Jeollabuk-do, the southern 
regions, are expected to be predominantly in the “very 
low” to “low” range in 2030, indicating unsuitable habi-
tat conditions. While some increase in populations is ex-

Fig. 7. Future climate projections of B. h. sapporoensis populations in South Korea for 2030, 2050, and 2100. The maps illustrate a signifi-
cant population increase in central and northern regions by 2100 due to climate change, with higher suitability for the species in these areas. 
Southern regions are projected to maintain lower populations, reflecting less favorable habitat conditions.
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pected in southern areas by 2050, habitat conditions will 
remain limited. By 2100, only some areas may reach 
“moderate” population levels, and the region̓s role as 
a habitat will likely remain limited. Similarly, in Gyeo-
ngsangnam-do and Gyeongsangbuk-do, populations 
are expected to be in the “very low” to “low” range in 
2030, suggesting unsuitable conditions for habitation. 
By 2050, northern Gyeongsangbuk-do may see an in-
crease to “moderate” levels, but overall low populations 
are anticipated. By 2100, due to rising temperatures, the 
suitability of these regions as habitats will likely remain  
low. This study indicates that the B. h. sapporoensis pop- 
ulation in South Korea may increase significantly in cer-
tain regions due to climate change. Central and northern 
regions, in particular, are likely to become more suitable 
habitats, which is closely related to habitat shifts driven 
by rising temperatures.

The findings of this study highlight the complex 
and dynamic relationship between climate change and 
species distribution. The projected increase in the B. h. 
sapporoensis population in central and northern regions 
suggests that rising temperatures may create more favor-
able conditions for this species in areas that were pre-
viously less suitable. This shift could be attributed to a 
combination of factors, including increased availability 
of forage plants, suitable nesting sites, and temperature 
ranges that better support bumblebee activity and re-
production (Suzuki-Ohno et al., 2020). However, these 
changes also raise concerns about the long-term stability 
of B. h. sapporoenisis, particularly in southern regions 
where rising temperatures may create conditions that 
are too extreme for the Sapporo bumblebee to thrive. 
The decrease in suitable habitats in southern areas 
underscores the importance of monitoring these popu-
lations and implementing conservation strategies to mit-
igate the adverse effects of climate change. The loss of 
bumblebee populations in southern regions could have 
significant ecological consequences, as bumblebees are 
important pollinators that contribute to the health and 
diversity of ecosystems (Cameron et al., 2011).

SUMMARY

This study provides significant insights into how the 
ecology and population dynamics of Bombus hypocrita 

sapporoensis are influenced by climate change, offer-
ing important implications for its long-term survival. 
The research indicates that under climate change sce-
narios, particularly the SSP 5.85 high-emission scenar-
io, B. h. sapporoensis is likely to shift its habitat north-
ward as rising temperatures render current habitats less 
suitable. The analysis of climate indices reveals that 
specific weather conditions significantly impact the 
population size of this species. For instance, optimal 
spring weather conditions positively influence popu-
lation size, while excessively hot or cold spring days 
reduce it. Additionally, high temperatures and precipi-
tation negatively affect bee activity and resource accu-
mulation, thereby lowering survival rates.

In areas with higher elevations, B. h. sapporoensis 
populations tend to thrive due to cooler climates, fewer 
human disturbances, and reduced competition from oth-
er species. These high-elevation regions provide a more 
favorable environment for the bumblebees, allowing 
them to establish stable populations. Likewise, popu-
lations in higher latitudes also exhibit a slight increase 
in size, as the cooler temperatures and longer seasons 
in northern regions better suit the species̓ ecological 
requirements. The regression model developed in this 
study explains 91.8% of the variance in population size, 
underscoring the importance of geographic and environ-
mental factors such as latitude, elevation, and seasonal 
weather patterns in shaping population dynamics. These 
geographic and climatic factors play a crucial role in 
determining the suitability of habitats for B. h. sappo-
roensis, and understanding their influence is essential 
for developing effective conservation strategies for this 
important pollinator species.

Despite these valuable findings, the study has some  
limitations. First, the reliance on the SSP 5.85 high- 
emission scenario assumes an extreme climate future, 
which may not fully reflect actual future conditions if 
mitigation efforts are successful. Additionally, while the 
regression model demonstrates high explanatory power, 
it does not comprehensively account for other critical 
factors such as pesticide exposure, habitat fragmenta-
tion, or floral diversity-elements that could also sig-
nificantly influence population dynamics. Furthermore, 
the study emphasizes the importance of geographical 
factors, it does not thoroughly explore how human ac-
tivities or competition with other species might affect 
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B. h. sapporoensis populations. Consequently, future 
research should incorporate various climate change sce-
narios, as well as the impacts of human activities and 
interspecific competition, to develop more comprehen-
sive conservation strategies for this important pollinator 
species.

This study offers valuable insights into the impact of 
climate change on the ecology and population dynamics 
of B. h. sapporoensis, providing crucial data to inform 
strategies addressing future changes. Despite some lim-
itations, the findings can significantly contribute to the 
development of conservation strategies for this import-
ant pollinator species.
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