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Vulnerability of Korean Apiculture to Extreme Weather and
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m Managed honey bee colonies occupy a dual position in agriculture, functioning both as livestock
and as mobile providers of pollination services, yet quantitative assessments of their climate
vulnerability remain scarce relative to studies of wild pollinators. This review synthesizes the
peer-reviewed literature and public statistics relevant to the vulnerability of Korean apiculture
to extreme weather and climate change. Two analytical distinctions are maintained throughout:
climate change is treated as a long-term trend and extreme weather as a short-term shock
acting on the same colony outcomes, and biological responses of bees and nectar plants are
read through threshold-based indices rather than seasonal means, because queen fertility,
foraging, nectar secretion and overwintering all show nonlinear, threshold-type responses.
Evidence is organized across the honey bee annual life cycle, the nectar-plant pathway, global
climate drivers (ENSO teleconnections and Arctic-midlatitude linkages), shifts in melliferous
flora, and the multiple-stressor system in which weather plays three distinct roles: direct
regulator, interaction modulator of pesticides and invasive pests, and background erosion of
colony defense capacity. A 2024~2025 national study of 40 Korean apiaries reporting 69.1% over-
wintering success found that colonies in warmer and more stable temperature clusters survived
significantly better, while mean winter temperature had no significant effect, empirically support-
ing the variability-centered approach. International comparison of colony losses, invasive pest
frontiers, and pathogen profiles in China, the USA, Australia, and Japan shows that Korea’s
condition —a dual-species burden (Apis mellifera and Apis cerana), dependence on an artificial
Robinia pseudoacacia monoculture forage base, and one of the highest colony densities in the
world —converges in a way that precludes direct transfer of foreign conclusions and requires
independent, Korea-specific analysis. Future research priorities include diversification of flower-
ing periods across complementary nectar trees, characterization of species-specific thermal and
disease tolerance, and operational use of multi-month teleconnection lead times for apicultural
preparation.
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mellifera, Apis cerana, Multiple stressors
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220l o3t RN AA Al Ak oA E
Aol f2lel Ao, AlA F8 ZHE 10091 2 ‘%‘:
75%7} SIS 2o R st FAE AR AT+

Hol| 55 sHEuf7fo] 9]&3$t} (Buchmann, 1996; Klein et
al., 2007). 1% F5EH (Apis melliferayS Z3A RS2 7t
A S99 SHEo 7R ot} (Potts et al., 2010). =H oA &
ShEul7he] AAA 742]= wi-$- 24 FrtE| o, 2= A4t
N 7kt A Fatol 25 SRzl ofEshs A o=
24 =] 21t (Jung, 2008; Jung and Shin, 2022). B2 &,
\:ﬂa— 9}_‘_ Eoﬂxﬂa _ui;‘-‘_a] ﬂ = ki/‘l_]—%_% /%4
AFshE 7FEQ1 BA9 (Lee et al., 2010; Jung, 2022), ATH<t
olF iR E Sl A oA SHEuisR AHIAE AlE
Sh= ©9fol7| & st whebA] Bt HAbe FE7He] A
A &40 1122 9 AE o AR S| SR s
A5k o]ofZitt.
ey 715/t R ARl mA =
T F9E, G T o 9«%“}17}174}94 —Er 9=

7] ¥istol| HFE o] $toH, A =
5_]— 7(4%]:_‘ ] HOI:/H nﬂ7}1— /\H;H;G OE A
o}, 7|5 st 2 VRl Ao v Y
e ZH o=z HAEH HE )9 (Le Conte and Navajas,
2008; Reddy e al., 2012), 243}t A2} o] 7]40] D
A, f8 A, ol &4 5 FAA S Holl= et
== ol et AFA A= ofxs] AlgH ol

S-augte A 2021~22d AL o|F A=FHoR Y
T 2O HAret AFol REEA s BAUEIT(Jung,
2022; Jung and Bae, 2022; Kim, 2022; Kim and Lee, 2022;
Lee et al.,2022). 1 Y102 = BHSofF O] =2 T o}
oFAl A, AHlA E-&ol W oFdll, 7Fd ol A=
T AE ol 5 o7 ol A A EUH Jung
and Bae, 2022; Kim and Lee, 2022; Lee et al., 2022; Kang
et al., 2024). o]2|3t &4-2 f2fufeto] Sgte @/do] of
Yt e S22 gF COLOSS =A] ZAM A= 3
ol 71 Y= &£AF 2 HAP) EelEQl o (Gray et
al., 2019, 2023), u]=r2] = A A= 2024'H 4E5H
20259 49712 9] ATt Bt EAEO] °F 55.6%% Halk
QAL (AIA, 2025), B2 717 A4 FEel &4 oF 2%
2 FA =)0tk (Project Apis m., 2025). B]Z1} -G oA B

o
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TR & (colony collapse disorder, CCD)< 715
A3 o, I 28, 5o 5 of7] 8lo] EHo=w
285k AR 7]&E ) © ™ (vanEngelsdorp et al., 2009;
Jung and Lee, 2018), A= 7F&0] FA B oA Bt &
AL 718800, BoF, o789 oAt A4 I
(Insolia ef al., 2022). & B+ £42 T QQlHt ths
AEHA Q010 Aoztg o g sty 1 7ke] 714
I 71%= thE 8219 A8 22 AAsk= i adlo]
.
2 TAA= v} 7] S5
H| 2= FFel Bt =] 2 2] T HE
stoleh. A, 71 S = 71 84 2] F7)A o)F
Z FA(trend) 2 (IPCC, 2021), O1F7 142 1 B x| |
ojutes @714 F4 (shock) 2.2 F-Z5H3ATt. FAof
A 8% 01744 e ohs) WA Als S48
o], A0l Holire B2 B Ho]
ol 8 EHRE T F99] 70| TAas]
i H A Z9] 7)1 §Eg-2 A S
2 HVL 3402 YERE 2 (Takkis ef al., 2018; McAfee
et al., 2020), A BatH = AR 2 A, 2S5 7]
7t WS I92 ohe 2E9MH S39H7] 524 (Zhang
et al., 20115 7|50 = A3 A+E HESII. oF=d
FElyets FeEE AAEE (Apis ceranays A A
23511 2121 (Jung and Lee, 2018), A1, 1=, §it- &
ZF 71 Aot AR R BEA A Hof| wE ApolE 2t A
ofl A HA st fEuehs o B Ao 71 At
7 A3 10097 A o]EA 213t FElshA
Z5 7|53} 917t X Hof| &5 E (Choi et al., 2018), =
Hol| A @75+= 27 2320 & Tt 2 os It
(Jung and Bae, 2022).
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Table 1. Major temperature thresholds limiting honey bee activity and development

Activity or state Temperature (°C) References
Lower limit of activity 6~7 Southwick and Heldmaier, 1987
Flight muscle activation 10 Esch, 1988
Lower limit of foraging 11~12 Southwick and Heldmaier, 1987
Optimal foraging 20~25 Southwick and Mugaas, 1971; Seeley and Visscher, 1985
Upper limit of foraging 35~38 Southwick and Moritz, 1987
Optimal brood nest 35 Winston, 1987; Yi and Jung, 2010
Winter cluster formation 10~14 Southwick and Heldmaier, 1987; Stabentheiner et al., 2010
Winter cluster core (broodless) 20~25 Winston, 1987
Winter cluster mantle 6~7 Jung and Bae, 2022
Induction of oviposition during winter 12 Winston, 1987; Lee et al., 2022
Supercooling point ca. —8 Qin et al.,2019; Mohammad and Jung, 2021
Safe range for queen sperm viability 15~38 McAfee et al., 2020

Table 2. Major meteorological factors, thresholds and colony responses by life-cycle stage

Llfse;cg};cle Meteorological factor Colony and floral response Key references
Spring Advanced flowering (trend); Mismatch between brood rearing and Kudo and Ida, 2013;
buildup late frost and low temperature (shock) nectar flow; reduced flowering Kim et al.,2021b
Summer Rising maximum temperature; Reduced queen sperm viability above 38°C; lgggsfi th aé.(,)fg.ZO;
foraging increased heat wave frequency upper foraging limit reached Southwick and Moritz, 1987

. Delayed transition to winter bees; Mattila and Otis, 2006;
Autumn Autumn warming;

preparation abrupt cooling after abnormal warmth

prolonged late-season mite reproduction;
overlapping hornet predation

Smolinski et al., 2021;
Jung, 2015; Lee et al., 2022

Temperature variability;

Overwintering warm spells above 12°C; cold waves

Cluster loosening and resumed oviposition;
failure to return from flights;
reduced overwintering success

Lee et al.,2022;
Son et al., 2026;
Rajagopalan et al., 2024

2ol et ©@712ke] At 2Hte = gatof 15

7HEAE o e ofndt 2 oM E FE 4, o

24 Y7, 7FeH 9% 24|, 9E5O] A= 7 Sl A

A9 520 2482 TR}l FESLT (Table 2), FBE
W3} B 71 Aol E T DAL,
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A A5 0] AHjE Hron g Ui A] 22 &5 o] 55
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thH(McAfee ef al., 2020). B HA} o3 Azt A
Z|5kel A2 ofe] ZAf A e 1% QAT (Pettis et al.,
2016). A S5 GA] Ast 2o] AekS whof 35~38°C
B2 A F23] #4535 (Southwick and Moritz, 1987),
Bof ol 25 33~36°C HH oA HUsH =84
‘jr(Winston 1987; Stabentheiner et al., 2010; Yi and Jung,
2010). o]A gk ¥h-g-2 H2 F4 Heleld= FA =Tt
HAE 2t F24 5] Aot = AAR %ﬂiolﬂi 04
54 Ht7]2o] b e dofl AiEtE 38°CE
—]-__ 1:]-7]7]—_4 *7%1:32; o:]%]-l?:j _/J":_Al—o] H]—AH 01- /\ 0]
o}, webA] Gt 7]2of 7|6kt A2 ol 2|et mslE At
ShA] ERtet. eyt = 04%’3 7|20 s &
Mgt Z9 fx S @7 285kl 919 (Choi et al.,

2018), 954 a2l AiH o= DA S
o] Aok gt F24 w7t = 4= Qlrt
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H ASE YL
7R Etol ol 11 A

At of et

=Ad 2 A=) At
Sh= Al7]olM, A2 o] ot Ao AF =S 2ot
(Doke et al., 2015) o EANH LR O] o] oF 15~45U¢4]
o vlal A-gHo] £ oF 150 o o= g 9,
109 T o]F et dHo] F= AL sttt
(Mattila et al., 2001; Jung and Bae, 2022). 2He 7
=22 obgo] R vk 2Ad Fe T 27 ol
o] =2 A EX-S HO|™ (Fluri ef al., 1982; Huang and
Robinson, 1995; Kunc et al., 2019), A2/ Ho] A|gtx]
o] Hiolg| A el A o= FoFstth (Gitschenberger
et al.,2013; Steinmann et al., 2015).
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TFe2 QRS QshaL A5 A A dz o] AeH
S A A A, A Hdo] =2 A7le] A2 5
o A7 AYAE]A gH (Mattila and Otis, 2006; Déke er
al.,2015). A4, 7S @Foh= 2 212 71488l
o] 37| AL AEAXIT AE 2k o2 7HEE B
H-2-ol (Varroa destructor) W& 73slol= 207 HiE

© ™ (Smolifiski et al., 2021), FHIA &= el 715 271
= 28t JiAlEE R O] Ao A EE-gof AT 57
7t =2 Bl 9t Jung, 2015). 5o AE2 A2 H]
daAd = A% 24 542 4aAA e 25
AlZ1 B2 (Amdam et al., 2004; van Dooremalen ef al., 2012;
Ramsey et al., 2019), oo D7t =2 Aejz L5
At B2 E5 AFYEC] 2A FoHIt(Genersch et al.,
2010; Guzman-Novoa et al., 2010). °F=&] $2|U=ts &
R FobAolAE 7He B EA ghele] AR
W opdloh AA B4 SRS A7 Askeeh Gung er .
2007; Jung, 2012a; Leza et al., 2019). TW2kA FE7}o7]
FrelsHAl Q1A EE TRt 7heo] Az olEdl & &
A& BAshk= AI717FE & Qlot

=

4. 45 870 9 R0t 7|2 WS Y

w2 tE dF 2o 22 VA o Uighdel o
o127 gt 2o A9 Y5 2Fo] yhyzdo] A
—23~—18°C< © vl ] FhP7HEL oF —g°CE
]'(Qin et al., 2019; Mohammad and Jung, 2021), 515
AT A 559 Al 240] 95 BE 712 A

an&

09., HH‘ HU '

o] QE]‘(Southwick and Mugaas, 1971; Stabentheiner et al.,
2010). BFET= 9 7]-20] 10~14°CE Hobd uwf J4
7] AFehH, S elu]= ElHo] A&l WA= of

7°C FZolA FAH= AL = 2= At (Southwick and
Heldmaier, 1987; Jung and Bae, 2022). ©] FXol4 €5 A
= BAIeE S ¥ Fxol 27 HeEH, dF T
Al 15,000~20,0001F2] F=Fo] AAgt o2 BTl
Th(Mattila ez al., 2001; Doke et al., 2019).

715 AyE S 283 A FH 29 (VARROA
POP) Aol A w5t 7hat A& LE | v Ate
Akl dF M-S 1PE SHoE HFAA 5
Bt 1A 91E-& =0l AL 2 YENITH(Rajagopalan er
al., 2024). o]ao} 0]:[L6_' _4| 7]7_4—01] Bﬂaﬁbd 7]11—0] %;’d
ot GrhEHtel 2 A (DWY) - B g0 B A= AE
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o] 1S F712 TEA17]™ (Dainat et al., 2012), DWV,
SAEE u}a]a}o]a{/\(ABpV) o] AgtdlF A ulu|dlo] g
2 (IAPV) 5 -3oll w7} viol#| A= Tt g5 &4dx A
BEE Ao E BTt (Lanzi et al., 2006; Berthoud et
al., 2010).

U Az o] £A9 dHA IAE Al
2021~20224 A-&0] tiitR HAF AZEo| gt 714
A= AE Bt 2ET 4 Tl 720 AR
Fol 27AQ 8Rlo g A=A (Lee et al., 2022). T
;(ﬂl% oz 2021151 1094 74% AH/R]—7]oﬂ ]/\1—120] 1]5:
Hot AT 712 A5k ololA Aad Agte] abdol
SIS 7573, 1195 E 129 o Bt 7] 12°C ©]
&E]o] YT Bato|A Algro] A=
H o] BEEE 754, 20228 1~2€9] o)
ot ghuko] Wolj7} @ & njETof oJjt v AE=
Istle 7Fs/dol Al A= (Lee et al., 2022).
ole] 20241 11€95¥ 20259 29714 = 87§ A< 40
7N 72 10,8057 B2 FARRE AolM= Bt 4
T AETE 69.1%%} Bt ixﬂ Tag 41 3%7} 515404 o
JAs B2 €

o4
J§E ret
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70.9%, p=0.033) 7]
o] ATS Hth(Son er al., 2026). ©1= EF5 AW E ¢
’c‘ﬂh 718 A7t A& 0] Pat A 2dsto] opyet B
O|A|7|= 2\ 7%kt har} wefishe WEe] 7]
= AU Atm= ERIe AxtE A, Fto] opbd Akt
%/H ZA] _g] _1:;/8 o] Q= oq:rLoﬂ bafelgei e M%B‘]—\:}.
A AU EF Aufls 713 aQvte s AYEA] o=
t}. 2011~2013d FAfo)| A =] 3
(75.1~91.5%) .0 Aof 1o
o LAmt 5 WHlE 25.6%, T H 252%, Hol B
112%7}F A= AT (Jeong et al., 2016). 202313 Z=F 439
SE OV R S AR EA0A = 20229 DE A&l
Bt 36% AL AT 67.7%, F'F 22.6%= A< 7F WAt
o, A 4 5 YAl ot ¥l Fo] 633%= 7t
7 =9tk (Kang et al., 2024). ©] oA 45 Au
IR EFErolRl A B F, 78N (Tropilaelaps
mercedesae) Tl A&, T w5 H, Sof ¥HA] 3142}
W ot oFo] Ahe Helow, RE qcle] oA &

rE: oo, ml

E\_

Table 3. Correlations between overwintering failure rate and assoc-
iated factors based on a questionnaire survey of Korean beekeepers

Correlation

Factor coefficient (r) Significance
Severity of
Tropilaelaps mite damage 053 p<0.0001
Level of
deformed wing virus symptoms 0.45 p<0.0001
Number of
miticide treatments 0.39 p<0.0001
Severity of hornet damage 0.26 p<0.0001
Queen replacement rate —0.06 Not significant

Based on responses from 439 beekeeping households nationwide; mean over-
wintering failure rate of 36% in 2022 (Kang et al., 2024).

i

<k o A o] 71 =3kt (Table 3). 53] -3-off A
15 A ool A4S 23] Ak T )
S8 B AL A 4 e At
(Mullin ez al., 2010; Dai ef al., 2018; Wu et al., 2022), =W
oA Bt ) BRElole A4 A9 o E0
2] Zoll T 9] B aAS ST (Kim and Lee, 2022;
Oh et al.,2024).

5. 83 7t X0

PRI ARBAL AL 28 YT, 45 A%, I

1§ dadolA Aelg EO]“

U -esh 270] 22 AN AgEE 5 Bgo] Az
S 48U 4 SIEk ARELE 279 27190 £

H AR 7155 o] 9l FaEH-2 1900 Zof ¢
%] o] (Jung, 2014; Jung and Cho, 2015), T+ B-5-0] HEoh=
A F27F @ FRIEC] st T S WA A
oA F5lo] FEE o], FF-go o] 2|4 (SBV)
+ =l e AT-S HZSHA AR ¥ (Choi
et al., 2010) FEEHo| A= 124 o7} B =] oF
ATt o3t BF 1 Zpol= o] HARE A E BRI =
AEA Aoz, =A| Bl oA F=o] thi+tR &4 2

= 5l ARSI, webA 714 kel of-8-5he e
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M=z obd 2ol &, &, A7l 9= niAle 1 A
B2E ZH=(Corbet, 1990). 1H] AZE G737t A 57HA
o7 A1d5o] Y] miiol] HAagrhEr] 49, =
Ao A= 2 ArEo o & 9% 7E 4 ot
(Table 4).
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=}
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HE AEo 229 o7

Lo 20t Ao whg Shd 4] Wolk= d”o] A
HH o2 RIE SO (Jakobsen and Kristjansson, 1994;
Burquez and Corbet, 1998), 213} A2]= Z|Z3l A&E2]
shul Rulg PaAZT T ATk 27 Akt g )
S} 7| o2 YERTH(Takkis et al., 2015, 2018). T2}
A extel 2Ae §2719) A71S o A7 2 ohjzt 5}
wek A N2 4 Jon, 9el ke Faehe
o192 A G 4 gk 1 2l el
PVEe SRR} ol 8% 4 Sl sha s AHelg

A RO FaAA 2o TR thf e BT 11’5

l‘l

2 o

el O

H
=
719] 7hadt 7|2 Aol B %}Dwr HEAFE RS B

Al qu—f"‘:} IPCC 7} AU 5 BARRE S8 (Cucur-
AolA 29 A= A2A] 2o bl d=F
TEFS T Y] oF 74% S7HAIZ 9, g e
A= oF 34~37%, ST 7Ha A= o 95~98%7F
] A A FH T} (Frigero et al., 2025). ©|& 8t #H-3-2] 7|2}
HIt RS Bt A 2402+ fotEA] et &
Aol FLstH e vt L EA RS AE £
-9 7hEo] wehet AL Ad HHo R ] ¢
A9k, shd Aol A= & 2pol & Helt.

A e e Nl e = R e e =
213 Aokttt 714 a¢lo] Ay EEt S SAlol H
A= G QAR E FAFH o2 B RGO ™ (Gary,
1967, Szabo, 1980), Z4 <JA] Ad el F2Jgt kS m
It} (Kang and Lee, 2018). W Aoll4+= 712 20°C ©]
A N7 7FS- A7 B 3mss ol AlZhE ARt B

bita pepo) A&

I

Table 4. Major studies on the effects of meteorological and climatic factors on melliferous plants and honey harvest

Factor Reported response

References

Temperature

Reduced nectar secretion under warming;
responses differ between early- and late-flowering species

Takkis et al.,2015,2018

Temperature and

Nectar secretion varies with temperature and

Jakobsen and Kristjansson, 1994

floret age days since flower opening

Drought Simultaneous Qeclme in floral abundance and diversity Phillips et al., 2018
at the community level

Precipitation Heavy rainfall +74%, reduced precipitation —34 to —37%, Frigero et al., 2025

extremes severe drought —95 to —98% (nectar energy supply)

Rainfall, temperature

and wind speed honey yield across years

Reduced foraging time and colony weight gain;
correspondence between optimal activity time and

Gary, 1967; Szabo, 1980;
Kang and Lee, 2018;
Kim et al., 2021b

Combined drought

and high temperature during flowering

Simultaneous impairment of colony development and
hive product yield under drought and elevated temperature

Flores et al., 2019

Phenological shift

Increased risk of secondary local extinction from
plant-pollinator mismatch, greater at higher latitudes

Peng et al., 2025
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2 &5 A7 (optimal activity time) A|ZE7F A|HE 11
O A3t 2| BHF A = A7HS 2018
W 4.6+1.747F, 20199 6.4+0.647F, 20201 3.9+1.04]
7to g M—Ego{ 4744 315 /\]7}01 7]-11— %\h:—] 20194
of ¥& Aitro] 7 WA TH(Kim er al., 2021b). T8
Y717F g2 713%l HEE S2vet Feoli= 7heb]
O] Zeu {8719 ZhEat 22wl e =do] 11 o)
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12.9% =22 F35H e (Kim et al., 2021b).
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Julien, 2016). 57HE 2] AP A7 f787] o)A 11 5i<]
A 11]11 E FRA0 R 5T 4 23S 9nlstH, ol=

S A, A AE eHE A bske
7]‘?} °J%£rﬂ B2 88E 7ol ot vt o]
S8 ot AA FE oM AFE A2 oy,
A QAT EA AT A dA 9 T e= o
TSl &F Atz sl A dAA
ol sfietell e ofstal WRolMe A5 YehtE =,
A ke d W5 BN A o1
.ol oI5 71N et o= A1
Oﬂ/ﬂ 7P A & Qe ol Higt AAP = AR,
FA19] ENSO “JE el A2 A& o= e n)=
0110“117114 715 EAE o] A TRE Fxd Wart

IN

—

d

O

= Z* FAA 54 71 Z}o]| OHDPOPE} = 53 2dslEte
9 A AT R FAVE A E BT S

A 52 2Hok= Aotk 11 342 =4 €% A=
ol A g1l viet Zo] Ad Hato] ofye} 712 M=
B8] e (Lee et al., 2022; Son et al., 2026), A 2 <
515t AL Zof| WsHs TralEt 74t sl YE s
Z}-9-5h= AHEA Aol Hr FokAof AL B
of 7]of| Ale|efo 17|9tat ¥ 3ke] B U A7t &
HElo] A=, ENSO 94T S4-8-=0] AEi7t diE
7o) Azl A AEStE R, T A|eH = A<l
;q. F AT QS EFH o0 2 _,_aqs]- Bx _lo] _9_:[1%1:]-

R,

Fl[‘
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S S = = 25
S3 28 1558 URaEE 94 ou Ao, 2z
OFFATUE (Robinia pseudoacacia) 78 2] HE-- Q1914 o
2ol 5101 At 1980 TH7HA] F 327 haol| oF7RAI L

F7F 2HEN o ke Fs) 1}0314 e, 241 70 5o
HIE WAL oF 29t 1 ha 208 Aol on, dE
A=) 70% o’del o143 1 o Felof] ofEskar 9l

THKim er al., 2022). 1 AY} 2 B 2 AT 129
kg0 & HIEW (59.7 kg), /IITH(57.1 kg), 2 (549ke) 5
o vl dA3] Yt (Kim er al., 2022).

rfo
3

P
2
=)
i
a1
o
g
3]
rlr
)
wdl
&
N
-{Olv
BN
)

\-ﬂ

>

(o]

fu

o)

oft

e

iv)

X

Jo

ot

2

)

=2

o)

1=

AU

sIse
=l L
B

N
Mol B L
e X lo fl £l R

g 10 24

B

=

>
ME}(Lenmr et al.,2008). ©] £ = 109
A 29 ol AA A H ) 4b
7} %—EO@‘#% Eikcs EEQH ks

2,

0%
e
OHI
Mo
N
fo
g o
ﬁ
_\,L
0%
N
N
lo "o
fu
L
ﬂ
215
o
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f
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Ao} AETA 0 7] ¥ AH =g TS
Ao A, o] A A7) %ol A LEEE 24
e 71FHst o) Aot £ 2 21 A% 279
et T FAOR o] WSt v, 4= A7}
A 2hote At 3o 2]dH v B Ylrt
(Zhu et al.,2024). ©] tiH]= o] o]FH 3te|E A dt.

2 AAe wEA Aotd 4= oot 3 JA] whE

2 MR Pt Atole] A4 B mEHct
Aoy DUSE FHOR T5E iUkl B e
2yt 2400 A7) b 48 fFolul, REe 4
o157t 2R o] gl uhe-e AAEIA) ok ST

=2 gl So] 4 ol F s SAlo] el Wt
THe Ae T, b the ke sfsl) o) chuts
ofe}. Fuell A 4 WS Aok Blof w2l o
ST 2 AARATE 5% 7ol 44] vo] ZfolE 1
olm, st A)7] 35U 62 ST BarElo] 9]

T} (Table 5). FHH78} offf7= oAU 7S} o] %
Sl7fRet B 7R3t o]l 6 X - F<oll Zhatsto]
A 717k st Hl 719E o e AR IS
THKim et al., 2022). /NS S AR A Fof] A EAtsl=
A % 71% 9ol tiet SA1A b o]

Table 5. Flowering period and potential honey yield per unit area of major melliferous tree species

Species Flowering period Honey yield (kg/ha) References
Black locust (Robinia pseudoacacia) May ca. 38 NIFoS, 2022
Japanese raisin tree (Hovenia dulcis) June ca. 301 NIFoS, 2022
Sweet viburnum (Viburnum odoratissimum var. awabuki) 8~17 June 125.4(67~247) Kim et al., 2022
Japanese privet (Ligustrum japonicum) 2~17 June 120.4 (103~146) Kim et al., 2022
Camellia (Camellia japonica) Winter to early spring 37.7 Kim et al., 2022
Flowering quince (Chaenomeles speciosa) Spring 31.1 Kim et al., 2022
Japanese apricot (Prunus mume) Early spring 22 Kim et al., 2022

NIFoS, National Institute of Forest Science. Values are potential honey yields per hectare and vary with meteorological conditions and tree growth status.
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@ Direct regulator
Sets temperature and moisture limits of
queen sperm viability, foraging flight and
brood rearing (threshold-type responses)

@ Interaction modulator
Temperature dependence of pesticide toxicity;
shifts in the thermal window for
establishment of invasive pests

® Background erosion

Lowers the threshold at which latent
infections and time-delayed synergisms

become

lethal

Fig. 1. Three roles of weather within the multiple-stressor system. The three roles act on the colony through different pathways and there-
fore require different management measures.

Table 6. Three roles of weather within the multiple-stressor system and their management implications

Role Mechanism Representative evidence Management measure
Sets the temperature and Safe range for queen sperm viability Hive insulation,
Direct moisture limits of queen sperm viability, ca. 15~38°C (McAfee et al., 2020); shading and ventilation,
regulator foraging flight and brood rearing, upper foraging limit 35~38°C water supply,
showing threshold-type responses. (Southwick and Moritz, 1987). apiary site selection
Aggravated insecticide toxicity at
.. .. non-optimal temperatures e
Interaction Alters pe§t101de toxicity .a nd . . (Alburaki et al., 2023); dependence of "Femperature stratified
the establishment potential of invasive pests . risk assessment,
modulator . . A. tumida pupal development on .
according to temperature conditions. . . early surveillance
soil temperature and moisture
(Neumann et al., 2016; Ellis et al., 2004).
Time-delayed synergism be}ween Colony density and
. Varroa and neonicotinoids in
Progressively lowers the threshold at . forage management,
Background . . . winter bees (Straub et al., 2019); R
. which latent infections and . . maintenance of
erosion reduced immune gene expression

time-delayed interactions become lethal.

during overwintering

nutritional and
immune status

(Steinmann et al., 2015).

?JE

gt AER|A AJAR0]A
Z1&e] Ml 7Hx] A&

Aol thF AEFA Q310] AFo ARGl HAY
2tth= -2 (vanEngelsdorp et al., 2009; Insolia et al., 2022;

Kang et al., 2024) FASHH, 71 53+ A[A] <tellA] 7]4Fo]
Fol= AS TASY oot k. 71de] A2 Al
7HA 2 %LE‘—HU% ZF AL BAH o g HE A= o
Sk 2, A5 2 AR A 5o A
ﬂ@-ﬁy%@ %% OIS AT B4, 45 ate 24
2424 5ok A9 ol 5 e 2B A Q10 A8 <
g HASIAIITE A vl 270 0 2 A Fto] A J
g2 A& o] gk 312 02 ASHAIZITh (Table 6,
Fig. 1).
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of el 2 9 Ak oE £

T A (McAfee et al., 2020), A& v]3§] A5}
St 25 (Southwick and Heldmaier, 1987; Southwick and
Moritz, 1987; Esch, 1988), B0} 2= Zdo] 442 4 Q1
= %] (Winston, 1987; Stabentheiner ez al., 2010; Yi and
Jung, 2010)7} ©]°f G (Table 1). o] S tishA
=94 el ot wE7F 7P avpHo|tt ME K
&, 20 A2 oA et B AR A, A5E A
F 7], e, =2 A S getehs Ao AP W]
AE] 5o] AARE 21 ARl High 2144 ¢-5 o] |
o Sl E A2 ALE ol 89t Al st gAE Al
A 718F D5 A 710l HEHAL Qe (Kim et al., 2021a;

Park et al.,2021).
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Y
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tl7] A71E EGellA HURE EF 2%
2 2|HjE =}, 2okl 53 AP EQF
3°0)°A /7] T2 oF 23YU0f ¢aE
8.5%°1 12 HFH (Neumann et al., 2016), E9F
& HH|7] Es 5= st 2dste] Hx
e EJolM= AT 98kl 2A A4St Ellis er al.,
2004). S-uetol A o] T HF 7Hs o Foloh =i
Ao A= A2 & (acclimation)©] e 51t HH|7]
o] A& AEES AEA o= A7, ol2et BHY

20 71981 Seuetel A o] YEat 7 S
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et al., 2019). 7SN = FFA QD F=7HA-8-H
(Tropilaelaps mercedesae)®] TA F<=0] 2d8te} T 4
5o 7HsA o] XA E o] 2O ™ (Jung ef al., 2000; Lee et
al., 2005; Jung, 2015), Lol 1 Y7t EH-SNE A
ettt = B % HAE T (Choi ef al., 2014; Oh et al.,
2024). ol 2= 29| HSP} s £ 4 AHAE
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% B 9F HAPE gasta & Aito] Freklnt
(Dynes et al., 2019). FF+= -3} 3ol wj7l vholajA7t
Bt 7] AutEl= 38 7 205 (Sammataro e al., 2000
Rosenkranz et al., 2010), 71 H]-&-2 B+ vj x| Q] WL o} 4
7Vl olal AAHct, S-evate] TheHA A
| B 55304 B oF 11,675 /km’E T2 =7hET
3.8~1308 =2 A2 BAEQ O (Jeong et al., 2016;
Sampat and Jung, 2016), 202214 7|5 26 8053.2] %557}
7} oF 2507 B2 ARSSET QITHMAFRA, 2022). ©]2]
g EE 22 BF 7]20] 2 7|AlollA AHE RS
5715 041*6% 243} FA4]9] Oé
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Pennacchio, 2018). A-gHol

o] Pl 4707 o] ol
ol dE7lol HFE 4 le= Hi 7:‘:‘5_E}(Gatschenbt;trger
et al., 2013; Steinmann et al., 2015). ©] EollA &F-Hto]
el gEAEe B Al MIA B 45RO 2
23 &= Q1 9™ (Harwood and Dolezal, 2020), &8-S0}t
Yoy sEolE ko] A7 A S AL AEA BE
o2 AZ 75 At gl AR ALH A
SHA ZH AT (Straub et al., 2019). Tal7F
A pZo| ol aE Heko] 2% AFaakao]A] B
Agsto] ALHolA FA Uehts olele pke 57
E"%—L— ] o M7} &4 2 o]ojz]= EAA AR ot o]
YE LY Y R 2% 87 Y

lT— A 2B 2F3o AAA Ha, E

}_.Q_ﬁ_

A Hluet 22|Li2t FSe| 35 F

et opRe 24| Hlime] wetolq PEsH B
5 shAjolct. 3, 7150] £41%, WA 4, A o)
%ﬁu Sslef S Ale] efd A 719

o o3 44

AA7NA] B Zo] RO S &4 ZARE 2009~
20218 S 217H JollAl 13,7047 9] ST B gt
1,744 3247 S-& L &2 Shleh. AA| d5 &H4ES
9.84% % H|W A @erout e Foo] FeEd &
TR 325 =& £A4-S HATH(Tang ef al., 2023). Z]
o] R Zpmoll A ERlH o] FF I Aol F B e B
5 ARt SEuEkel A waA R, F 5ol A=A
S/ ofzt ofe] 2719] AA| HARE oML thEE B
o =T}, ml=te] H T AT EAER A= oF 55.6%,
A FF oF 62% (AIA, 2025; Project Apis m., 2025)+= &
=9 4F &HEN T AAE HolH, fH& FHCE
2F COLOSS ZAIAE Zhof= 7t SAE9] |AprE 200
AR R, o]F 8 o 7, ol w0 A 5 T 8elo] &
A& f-25H 285h= A 02 YENS T (Gray ef al.,
2019,2023). o= A EO] =7} 7ol o] 7hHaRt A
oflel B 4, T AlAl, =AA AEH A A 7]
AA o] et-l-S ofnlstH, mhebA] -ejuete] EAHE
T A== S4 | o]of St (Table 7).

o Jor

A St apofl A F o

A9 % A% £E2 BolFe tEAQ A
Soll= 20221 69 FAEROIA As HE
,2023'd 9 1 E7F w0l W2l eH, 2026
Aghram) 20| Fr ko] EAR7}
I} (Australian Government, 2026). T}
Adf £ 5ol FE=olA Hx HUREH EAe &
7] 4ido] 28 5]7] ¢k o] Bit= AN S5 A &
oF A Afeho] ZheRt AZHA o] wi- AlRMA Y= B
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=
=
o

=,
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Table 7. Comparison of colony loss rates and survey scales among major countries

CounFry or Suryey Loss rate Loss definition Survey scale and source
region period
L Proportion of colonies lost 21 provinces,
China 2009~2021 &V?;;r;fl;rf iﬁ;;j;ra) during the overwintering period 1,744,324 colonies
’ ’ (beekeeper self-reported questionnaire) (Tang et al., 2023)
Apr 2024~ Annual ca. 55.6% Proportion of managed colonies lost National survey
USA Ap 2025 nationwide, over one year (April to April; (AIA, 2025;
P ca. 62% commercial beekeeper self-reported questionnaire) Project Apis m., 2025)
Proportion of colonies lost over winter, 36~37 countries
Europe and 2017/18, Large variation including dead colonies and colonies ?
: . COLOSS survey
others 2019/20 among countries with unsolvable queen problems
. . . (Gray et al., 2019, 2023)
(standardized questionnaire)
Overwintering success Proportion of colonies surviving winter Questionnaire survey
Korea 2011~2013 82.6% (75.1~91.5%) bgsed on un:stlonnalre responses (Jeong et al., 2016)
(inverse indicator of loss rate)
Winter Overwintering failure Proportion of colonies failing to overwinter 439 beckeeping
Korea 2022~2023 36% (Jeju 67.7%) based on questionnaire responses households
oleu ol 1% q P (Kang et al., 2024)
Overwintering success Proportion of surviving colonies from 40 apiaries in 8 regions
Nov 2024~ £ field inspection (overwintering success) P glons,

Korea 69.1%, colony strength
Feb 2025 reduction 41.3%

and degree of colony strength decline
between pre- and post-winter

10,805 colonies
(Son et al., 2026)

The definition and measurement basis of the loss rate used in each survey are given in the table. Because survey design and loss definitions differ among

countries and studies, direct comparison of the values requires caution.

of7} 1970 ] o] F A EHA A FaEH
S o] 2 o] (Roth et al., 2020) A A A FE-0]
aqlo] Ficte F-& 1&shd, ol $Eluet
Al

A et A EYR waEe e 3

&
M
sl
el ™ m-H
olo

7} -isfo] wet 45}

712 AR ] F7k0] £ B9 S RE, A
A9 5 9F 4T ool B theshe 27 AR

AA7} E2} ol70] ol® 2|2} Aol
3. 'welH| YAT SUH BMo| 7

A9} Hfol2] A AR FotAlof Q1= Thof| . T3
o] tk2r, o] Apoliz o] ARO| AF Hgo] RAAFL
Hol3= 7P ZhEet Aol Aol T |
22~ (CBPV)S] 28 Bt FHES F56%2 FA B
1= AEE ofFofl A= HAEE A &AUTHMorimoto
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EE9).0m, 1F=ol| A Hig 4E vfo]e| A} 414 Fo]
ol A= AL ZAME]A] Skt AbE FHo] 214 =] gl
th(Kwon et al., 2023). ©]°] 2020~20239 137871 2749]
370770 o Ba-E thAF o 2 oF A=t HYA RAAE
SAojgpdEEto] 2 A (BQCV) 7 7MY =2 Tor‘ﬁ B B
o] 20239 83.3%°l| °|21 AT} FHsHA AF =A &
215 ¥HA, 7 EA O] 21 2 (DWYV, 48.7%) 2} O]/\a}oﬂl
AJutH]Eto] 2 A (IAPV, 41 3%)= 10~1290] A B
T (Heo et al., 2025). o2t AE A A 2= 523 9
0)E ZH=tt. DWVeH IAPVE] ALE HFo] 7|2 §ls4
o] Aotz DE AEHASL AZ|HOR dA|otE g, A
) Bt 7 Ho] 2 A 3= wiZolth
3t BN FE-got o2 A7t S A
AZFsHA Z4A1Z2] AFEl (Choi et al., 2010)= B-Fof| o}
2 2|u A A7 Gepl-g HolErt, AuiA A, A
ks 131&, 7413 T/do] BE S BolHolung I &
o] AH =Yl 2k o] LA g =] ofof gt
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FE Al 7 FHebdE SAlol AL e, A H

OPRT} 1 o] Full Aol S44E AT A
L fe: ]

i
e F 852 5 AMSStEE 571 59 &
T FoMd2 F 55 5old M9 FHolH, 59 &
ZH &4 A= (Tang er al., 2023)2t =] AfHEH ] Y5
ol ufjuto]2 2 1) (Choi er al., 2010)7} 015 SIS
o}, B oFAIUERE S0 1914 o2 T 7]kl of
ol 23} FAo 7P FA A7 4 H2
A, 28 WA o] 325t haollA] ¢F 2
SF 722 W3t Yol (Kim er al., 2022) Al
| & fdo] 72 S 40 AR =
Felolth. A= AlA 3L 9] S BE=,
HF 11.675/km?]| ©]2+= U7} (Jeong er al., 2016;
Sampat and Jung, 2016; MAFRA, 2022) Bk - %5 7|2}
(Dynes et al., 2019)& Fal B 7F AW Aope-& 124
O & =itk Al HoMd2 Ao 2= f2uete] 1IR3t
Ago] ofyuh, T a5 AAH HolAe] ol S
AHE A o] F BF HE2 55 5ol ¥t

2}

- m[o
N

1

Dual-species burden Artificial monofloral base

A. mellifera + A. cerana black locust-centred woody forage

Convergence of
triple vulnerability

World's highest colony density

density-drift-disease transmission

Fig. 2. Convergence of the triple vulnerability of Korean apicul-
ture. Each vulnerability is not unique to Korea, but their conver-
gence within a single system is, which limits the direct application
of conclusions drawn from studies conducted abroad.

ol et Seluete] A EFpY e By B

At o2 thFofHof fttt(Fig. 2).

2 340 AL the U] 7P ackHch 3, F4)
o} 322 FHEolof Stk FUR B AL ] 7]
T oprpe] TGl vl
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g HoE A 9% 2= (Lee
et al.,2022; Son et al., 2026)= &4 7t FA EHo0=
gAE & gles BT ARHA SACI 24, A
&k 715 713R) 7 e 24 Bolnt. iy dAlE
o] "kgo] QA7 FES Ho| T (Table 1) gt A
2 S AAA R BagriRie Fh =27 A
o] ofvet HE7t U Aot
2021b; Frigero et al., 2025)2}, 2] A= AAgo] A2 o
= A= A a5 (Noor-ul-Ane and Jung, 2021)°]]
et AA, T 2EH 2 AA A 714L 21H
AR}, g2 282 ol ko] v ] Alolgk= Al
2 S o, 7t A2 AR e By oS 8
= W= sh= Y-S A 4
o dA, -2yt o] F

4 BAe a7 ofF B B, A914

744 (Kim er al.,

=)
B
L=
=z

A

Lo N
MNooox i I

ol

Rl !

ol

ol

n

4

~|

0

BN

)

2

g Tl
e i

o H r

ofrt =
BN
Y
9
>
rr
H
o
=2
>
g
iat)
rid
rp-
1)
1
o
10,
00
o
ol

ocl

o
I
R
fu
i)
oo
ok
4
%0
o)

ool
i
2o
-
1o,
o
2

o M
o
rr
i
jllel
_t._ll
my
i
ol
)
4
N
-{O]l

[N
4o

ol
>

RUR ]
ol
9,
)
=R
& o

o,
)

o,
oft
o
N
N
A
9
ok
rH & =
g o Mt
}“N ik lO N
RV =X J‘L”
Hi
ol
R

7

o)

0,
-
N
Fo
i H
i
Ko
i ()
ok
L 2 o
>~
OO
of 1
it
nE
i)
2
By
]

rr ) ';?"E, i
H
<

5}
)
N
M
fllo
>
L)
21'4
W, oX
o
S
P
2
o o
T
e o
i
oX
=
N
o3l

= -
T
lo
)

o
iy
S
2
o)
2ol
ol

AR w7} 7P b
3 A7ke AR o

= =2

Q=] AZ=3= ZAolth(Lee and Julien,

10 w

e

o
r

399



2016). YA, A=
24 7|2 W5o| Bt PFi} Algtof njA|E JFS oy
2] At Sl A HEsh=
olggt At HH W ¢

2 A A= o7t 71 e skt S-Euket FEell
0| X G Tt o] BHS oottt F4 e
2 o33 At 1) 71 %S 7] FADE o713 (B
FTA)2 FUL B Aol I Zgotn R st B
A x|ojof ot A& Bt 7]20] ofe} 7]22] QHA A o]
As Aea ATES 291 2024~20259 A= 4070 S
% 4% ATt ol& HASItt 2) AAYE £ 59, A
3 v9, 5 94, 3he 2], 1) ShiEe] 4 S
T YPAE9] ghgo] At FHIE HolB=, A
gito] oflel AAIRE 23tet s B4 Te= *P—
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= 78 (NIFoS, National Institute of Forest Science).
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