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Abstract

Trap-nesting bees and wasps are characterized by using pre-existing caves as nesting site.
Rhynchium brunneum (Fabricius, 1793) is the most common trap-nesting wasp species in Taiwan’s
plain region. It hunts various agriculture pests as larva’s provision and can be attracted by setting
bamboo canes, therefore, this species has the potential of biological control value. Yet, during trap-
nesting bee survey, tunnels used by R. brunneum are lesser than half of the total tunnel number; some
tunnels only contain single brood cell; some tunnels even been sealed without anything inside. Studies
focus on the use of space in trap-nesting eumenid wasp are very rare, and usually use wasps from
genus Euodynerus, which female body size is relatively stable, as research object. But R. brunneum
has been observed body size difference in both sex, which shows that different eumenid wasps genus
might have different reaction than past studies. This study uses bamboo cane with tunnel length 150-
430 mm, diameter 4-22 mm to attract R. brunneum in artificial breeding, analyzing the influence of
tunnel length and diameter on brood cell number, length, offspring’s gender, and body size. From
September, 2017 to September, 2020, 92 bamboo canes had been collected, 259 brood cells in total
with 190 successful eclosion, including 128 males and 62 females. Results show that brood cell
number of R. brunneum increases when tunnel length increases, and the largest number is 8. On the
other hand, brood cell length doesn’t change with tunnel length. When tunnel diameter increases,
brood cell length decreases and cell volume increases. In offspring performance, male ratio decreases
as tunnel diameter increases. Results of morphometric character measurement show R. brunneum can
be divided into large-head type and small-head type base on head width and mesoscutum length in
both sexes, and only the body size of small-head type female correlate with tunnel length while others
have no correlation. During artificial breeding, if brood cell provision has acquired increasing or

decreasing, individual size will be different from others in the same nest.

Key words: nesting behavior, trap-nesting, Rhynchium brunneum, brood cell
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PR AFRENAF AN a3 g A ki B R RliT A VR
ZEt ;3D B R A RO Tl QAL 5 B
=~ B T T RN
AR RL G EBAE 7L e 5 £ 4 (Megachillidae) ~ 42 3
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2007; Buschini et al., 2010; Coville and Coville, 1980; Krombein, 1967; Seidelmann, 1999; Wang et
al, 2018) > HH & e F A L T ELHEIPBRALFIOF T AL R L
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(2) st 32

A F N R R TP 2 Body ot st i R (https:/lwww.r-project.orgl) i * g F] S &
5 247 (Two-wayANOVA) » 1§ E 8§ /% 55 97 03 ld LA 2 FREFAH
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BEiHhAEFL (FL=- B) RAatpARHARRBL AT a7 5n 2Ly alv s 5o

g PR A KRR T A AT R F o A BN A I RE T RE S Af 0 FRL LT
Fa 4T e b W jeBe f B b2 g FALEF AT o p 2017 £ 9 0 1 2020 £ 8 1 7 K B 92
15 E o § F RERR S kI G T R B HE 7240 WP 250 BT 0F o L5

190 & FAEH 321 0 ¢ § 128 2% 62 Geph -

(=) FERAHTRELEE
g § & (Shapiro-Wilk test: p=1.848e-05) - +5 ¢ ¢ i< (Shapiro-Wilk test: p=0.01409) ~
=% & B (Shapiro-Wilk test: p=0.003627) ~ ¥ 2 % #ic¥ (Shapiro-Wilk test: p=0.004234) ~
s2% & B (Shapiro-Wilk test: p=1.492e-10) ~ 2 5 ¥2% % # (Shapiro-Wilk test: p=1.538e-11)
PEENEAT D B [ H SR F AT 0 Bl A AL S AR B TR L e e
AR L
SERBET o FEE R (N=72) &% =% & & £ 49 M ¢ (Kendall rank correlation test:
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1=0.1016, p=0.2156) (B- =) g & A& 7 22z #iE (Kendall rank correlation test: =0.2677,
p=0.002179) % ¥ 2% % f (N=258) (Kendall rank correlation test: t=0.1917, p=7.337e-06) £ 7
R B2y 27 £ B (N=258) (Kendall rank correlation test: t=-0.0639, p=0.142) p| =& p B -

Lo R R AR TOFHRER AR (BLe A TREEAAET AT RS

gt (R+e B) ¥ 2 FHANE R AAEF (-2 C)

B2 (N=72) plery 2z 8 249k (Kendall rank correlation test: t=0.1307, p=0.1566)

+
R

25 2% & B (N=258) (Kendall rank correlation test: t=-0.0952, p=0.03836) * ¥ 22 % %

N

(N=258) (Kendall rank correlation test: t=0.6725,p < 2.2e-16) & F 4Bt o @ § & S8 4 pF > ¥
RREEFEE LT ARTRT (BT A)TRIERTRMALAAM (BL1 B) 723
FRALE AR (BT C)e

peek s Tiag e gE A i B ELEFF 220 Py &4k (Kendall rank correlation
test: t=-0.1935, p=0.04286) - & & + # pFF 2 F E T rEARE (B~ A)s e F A FEw e b

# &2 v Pl 4p B (Kendall rank correlation test: t=-0.0506, p=0.5919) (Bl = B) -

I NFRARBER

(=) TR &Rl

B AT e )T oo b N ik G sz B (N=108) 22 epf (N=56) 2 B R
(Shapiro-Wilk test: ps < 2.2e-16, p=3.041le-11) ~ =+ 8¢ & (Shapiro-Wilk test: ps=3.16e-16,
Po=4.922e-11) % * # &% i~ F > @5 ¢ 39F 4 & (Shapiro-Wilk test: pz=0.8928, p3=0.4224)
FEFLAT » FIRHRUFAE T il hBEF A4 o

VEABER B AL RY RiT = > 4p (Kendall rank correlation test: t12=0.8678 , ps

<2.26-16,19=0.8890, po < 2.2¢-16) (B~ = A, B) » 7 2 Hhid b b€ % > 2 e d g4
#= £ By & andp B2 (Kendall rank correlation test: 19=0.5536 , ps < 2.2e-16, 19=0.4327,
Po=7.789-07) (Bl = C, D) 5 *t 2} KA “T a2 4cH B¢ 7 2 » T B HRF Y A 40
Bl& 3 R AT F ik FHAET A 50 B3 & 3R~ 47 (cluster analysis) % %
(B ~) 7 o 2 FHACR RN Ac: P PR 2 b > e B R T A 5 A fLs &

12

doi:10.6342/NTU202100501



A E L EAL A RPN RS LA AR R P TR L BB E VAT (%

() FECAHF RARLPLP

F R E el B E Ao R ATor (R 2 ) dRAT PN R~ AR ]—ﬂﬁ.t 261!53%%‘ NE N A

W

FOW 25 20F 31 B > ¥j 287AF 2L Burses R Qg a2tz

oM ERMpAT @ NIRRT 2F 2R it b (NS72) £ 5 An

W

2 (Kendall rank correlation test: 7=-0.3572, p=0.0001736) > # # i= t = p¥ > 22 Bt 5] & & "5 4%
 (Bl+41)-

mE AT s S REE R MY > p S < s Alaef (N=10) (Kendall rank correlation test:
=0, p=1) (Bl= + A) ~ -] gg 3|z & (N=99) (Kendall rank correlation test: t=0.1333, p=0.07184)
(= -+ B)~ ~ g Alepd (N=8) (Kendall rank correlation test: ©=-0.1132, p=0.7041) (Bl= -+ C)

# AP > W Alee g (N=47) £ 5 40 B 42 (Kendall rank correlation test: 1= 0.3168, p=
0.003795) (M= -~ D): m g /mer+ P ¥ £+ > Bl HE L gi2d (Kendall rank
correlation test: t=0.0197, p=0.9361) (Bl= + E) ~ -] #gg 4]z & (Kendall rank correlation test:
1=0.0810, p=0.2741) (Bl = + F) ~ + 2 4]¢¢ &4 (Kendall rank correlation test: 1=0, p=1) (Bl= + G)
wEARHK > @2 A A G B2 (Kendall rank correlation test: 1=0.2686, p=0.01441) (&] =
L H)e v 2% 3R 2~ galzes (Kendall rank correlation test: ==0.2, p=0.4208) (B = -+ -
A) ~ -] 23] 22 8 (Kendall rank correlation test: t=0.0457, p=0.5076) (B]= - - B) ~ = g 73]
(Kendall rank correlation test: t=-0.2546, p=0.3828) (Bl= - - C)~ -] g Al¢p A 28 % (Kendall rank
correlation test: t=0.1853, p=0.07177) (Bl= - - D)~ < gg 4|z & (Kendall rank correlation test:
1=0.2, p=0.4208) (Bl= - - E) ~ /|- gg 3]z 4 (Kendall rank correlation test: 1=0.0465, p=0.4998)
(Bl= +- F)~ =g 3¢pd (Kendall rank correlation test: t=-0.1429, p=0.6207) (Bl= + - G) ~
mz o ggAlee & (Kendall rank correlation test: t=0.1782, p=0.0844) (Bl= + - H) # ¥ &
vAEAPE -

Jrh s B K AR F RTINS T 2 G BT U (B - A) 5
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N

)
9-:\}

A8 (Bl +=2BC)e ¥ F5%? ¥ FRREBFFP RF;- 252 ATAET 2ERN
2 fIE TR Y o R ENEE T - BB EN RO SRR NE L A Ak
BT E2Z BR (Bl = AB)e

() Rk 2 T &

TR RN EFET IR BT Rz o 2B S LB 4 2t
PR d 2 TREP G AR AT THBEREY T 2R EZ Y S0 o AN F
T I IRE AT F ARG AR 2 (overwinter generation) o & T F T A S AR
(non-overwinter generation) > ¥ - A X Z B 1 E P B F 7 F P 32bAx 2 (N2 1 SAx st v
~ (Bl Ltw)o

Bt GREFER G R o S P el R T AR BT L 1
1% A REL BT P G A iRy 23 TS 2EAR S RN v (S raE 2 W R 1T AR
AR R PR A EMEERIT L AR L A BT AMNPEIR BT FHLE
B aaxx £ g 72 (Mann-Whitney test, U=184, p=0.33054) % {+ %] (Mann-Whitney test, U=176,
p=010438) + v & A R # AP E AR pARF R BT E 3 £ & (Mann-Whitney test,
U=185.5, p=0.001233) » {+ %] + & £ £ (Mann-Whitney test, U=806.5, p=0.86719) ; .7 i 4y

=R “T:‘tﬁ% + £ £ ¢k (Mann-Whitney test, U=0, p=1.0373e-18) » 4% * &' i ¢ 5 £ R )
Mu £ B (Mann-Whitney test, U=334, p=0.00437) » 4% % & & ¢ plg 4w £ 2 (Mann-Whitney
test, U=154.5,p=0.8914) ;s Hp m 4% * ' * 2 F £ B (Mann-Whitney test, U=2187.5, p=0.63473) »
w23 u LR (Mann-Whitney test, U=1247.5, p=2.6289e-06) - F]p* > & vfik fiu 2 2 H & FF £
LR 4Pl e 7 e 1.5340.08 p (N=11) ; #b4% % % B #) 5.66+£0.16 p (N=80) ~ 4% * % 2
# 6.8240.23 p (N=11) ; 4% % & S22 & 587 8 6.2720.24 p (N=49) ~ 4% % o S pp @ 5 4j

# 7224025 p (N=23) ~ 4% % & (9 478 145.33+2.80 p (N=40) ; s 2441 # 12.47+0.25 p
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(N=94) ~ g2 43 #p 14.00£059 p (N=50) (% =) -

(z) 2£P 4

p 2017 # 9 7 3 2020 # 8 7 B AT Bcn 2437 g ¢ o R p BELPE T DR P TR T
2GR KR AR ET > KA PR i Ak I fL (N=86) ~ wmEid 4L (N=2) ~ 2 7 F it
(N=4) = 5 Bl L orib2 #g @ o Jeip QRS G Rk f 857 1440 § 7 #1523
2= A @RS EE 1L (Re) o

RS T 2E Y N A B R Shed T (BT ) BRI A
F 2 s fL (Tachinidae) & 3R=t#ick 7 (N=28) > ik ¥ 2% 28 10.81 % > Rm #rig & cfa5v =
# (N=16) -H N33R F 2 57.14% ; % wsf+ (Phoridae) 3=t #icg > (N=23) > - FH 5 2%

BEH888%  F ¢ FHRISE G IV S P % o JPE NP B TR T Y

ah
fek

14 8 s B > Ra g P 03 40 G 3w g B e ~= 136
e WGk (B2 L 37) RAa e framaniws dadmgd o By iragm g = &
PABA T L RAMI S ¥V LR E ARSI C REII NI AW TG R s
A g 4 (Blz+=)> Hepdsor X pimeit » H (s 302 B3 ISR 2 A 1 AKX PEERFH 8 TR
T BTG ERWIIRE S BB R T X ESF T AP M i (Braconidae) (N=12)
PliE4.63% 75 6B 7 2P ks - (HENRAFEHR e 7+ =3 4 (Ripiphoridae)

(N=6)~ 7 #£4* (Chrysididae) (N=1)~#£ & #* (Stylopidae) (N=4)~ % & =}#2 1 (Bethylidae) (N=1)-
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(-) ERPRAELBFHRL R

F2OFERE o A FEP BRI RETFRY NEFT DFE o

ek BB BB IR P G S R 1R E AR 0 b R F 2 gHE Y
¢ 7 ¥Rz (Evans and West-Eberhard, 1970; Evans and Yoshimoto, 1962) - n*&#t §* (Leclercq,
1959; Lin, 1978) ~ & #& 44 ™ ik §u &7 £ (Malyshev, 1968; Rau, 1945) ~ #%=5#% # (Finlayson,
1950) ~ 2 # s % 4 42 # (Burdick and Wasbauer., 1959) p % 3 k& &g f B 3 i 4 ol 0 T
5 4EP 82 3¢ (Askew, 1971; Finlayson, 1950) » #hm B~ & {7 5 e05 & 0 2 3 4 PRI R RE
4.7 (Evans, 1966) - 1345 Chilcutt and Cowan ** 1992 & #7 4%+ Euodynerus ik it 3 %
IR RS W AR AT ] P AR S SRSk AR T L LR
LPE Y P TAER o B0 BT S 2 e ) R AR B FRAEZ 25 B
DGR BT 2 F AR RENE T RS AT LY RS
FTLERT]F o RAFEHRTHREZ AR RIED FER S RO L 20 0 Flet g

AR EPhid A ER A PTL A& F]F e

ERmBAOER  SEALFIAA A IAXAIRRAEZ LR AL BHRE 2T
Co B2 XBRGEEK PRAFPORHARNIMELFE T PRI RS SR
23 B d AU R T S LR SRR ER RN R o Tog
Bt BB EFERTL e pr 2 e (Cowan, 1979) 0 i & ARk LR e
RO RAPE DR EIRR LR GRS § b SRR AR R
FREARE FHAFF M o F o AR A I HF LR > FRRRBHERET E

EAVEERTE S IENE TN ) T FERUIE N E -2 O
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Nguyen (2019) *TEL%ZI| % vfik s CZH,E PV 11 B > @ AP L *TcB2 g P 7 23
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Mg R BEL FFOM GHmY > &% 1967 £ > Krombein (1967) i & &) o je-3 o
AR ICTARTNESRPZER D F P Rz B AP A it L

ARy

FTPEELFE RS Jﬁmﬁsb CBRRBF T RET > FAFARGE T UER
FeR M~ BT 2% i 4 A R H A3 p I 5 345 Seidelmann (1999) ¥ Osmia 7 £ ¥4 e
AERBRLEE BRI EET 23X FL 2T E2PM 5 @ Asisetal. (2007) ¥ Trypoxylon
BAr B RBELRBET  BAET K HRMA S # AR T ER A= 5 K

FRPDFINERER S - AFTREFRETF LT RFEEE L R B X

Bl > @ 3@ & Krombein (1967) #74& &1 e it 2 g B o

I NFREARER
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e e s A fe b oo B 2 IR WG o R G iep s AR o F Ry
AR R AT AiE e #r (Triversand Willard, 1973) » 4p B c9f7 3 LR R4 & 0N F 4
PR AL H g SR > F A2 PR A e A WAPF 0 R E L AT
Fimz YRR R ATAA » her 2 ful b (Charnov and Bull, 1977) 5 &3 R £ - 4 3%

VARl H B A ko ARe x Al aRand e AT aEE LR (Assem,

Ewm

1971; Southwood, 1966) » F]pt ik tE e 3§ FRE Eif & [ A B 7 A
B o @ 1345 Longair >+ 1981 & 74+ 2 #2127 E B AT A b L] FE A S 2 F R nlt
BLRE R s BB A AR s R RIEEE S MR DB LR LRGN
Fl FH AL TR Ft o JE g s ARt > 3 A R A rE R B
NERR PpA e AR ) FFAT IR R ahn] o AARBKESY 2B b
REEIT A A T B EEART Y Y s A S 2 s el o

TRk B AR P SNV RIS XTI EA SR LB LR BT

F Rkl £ 5 M P o A @ 22 Polidori et al. (2011) #7 s LR AR o F ek du S F0% 22

=

PESLCH 0 RBAI W G <L ERAlZ A S PRt RS R 0 S ik e S A A adp M AR
ZREAlA G orA R Al A FANEAGERZ P WFFEF AL E IS g g A )
FFAMERSE R A Y R L FNEE £ 2 @ 4 > &7 Polidorietal. (2011) *+ Euodynerus

B PR Y R B G R T 5 AT BB IR R R AT f S A R g Rk

Ris o A3Fv JRd o omie r ¥ 232 RS2 DA e Rt 0 iR+ ®

() T2 2 R 58
PR AR Rk Gt B R B4t o Lietalyt 1973 £ 5 1974 & B p FN B TR (70

BEREERT > Frfdkdh- FEF AR N0 3 A RPN 4 ) TR ET A0
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Table. 1. Results of the normality of head width and mesoscutum length of Rhynchium brunneum in

two sexes and two types tested by using Shapiro-Wilk test

Sex Type measurement N* p-Statistics Normal distribution
Male Large-head Head width 11 0.8477 Yes
Male Large-head Mesoscutum length 11 0.4175 Yes
Male Small-head Head width 116 0.6072 Yes
Male Small-head Mesoscutum length 116 0.8833 Yes
Female Large-head Head width 9 0.379 Yes
Female Large-head Mesoscutum length 9 0.1188 Yes
Female Small-head Head width 53 0.8258 Yes
Female Small-head Mesoscutum length 53 0.0556 Yes

*N=sample size.
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Table. 2. Sex arrangement in brood cell of Rhynchium brunneum

Arrangement type Number
IFOM 26
IFOM with an exception * 2
AF 9
AM 35

Note: IFOM: females in inner cells and male in outer cells; AF: all females; AM: all males.

* Basically, the overall arrangement match IFOM, but with a single female brood cell in outer side of

male cell.
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Table. 3. Developmental time of immature stages of Rhynchium brunneum

Mean =+ SEM
Stage N* Range (day)
(day)

Egg 11 0-3 1.53+0.08

Non-overwinter larva 80 1-9 5.66+0.16

Overwinter larva 11 6-8 6.82+0.23

Non-overwinter male prepupa 49 2-10 6.27+£0.24

Non-overwinter female prepupa 23 4-9 7.22+0.25
Overwinter prepupa 40 110-202 145.33+2.80
Male pupa 9 8-20 12.47+0.25

Female pupa 50 7-38 14.00+0.59

*N = sample size.
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Table. 4. Non-target trap-nesting wasp species from bamboo canes and their occurrences

Family Occurrences (times)
Non-target Vespidae 3
Unidentifiable Vespidae 11
Sphecidae 2
Megachilidae 4
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Table. 5. Association organism from bamboo canes, the numbers, occurrence, and the larval deaths

and larval mortality of Rhynchium brunneum caused by those organisms

Occurrence Occurrence R. brunneum R. brunneum
Family

in brood cell rate* larval death mortality**
Bethylidae 1 0.004 0 0.00
Braconidae 12 0.046 6*** 0.50
Chrysididae 1 0.004 1 1.00
Phoridae 23 0.089 14%*** 0.61
Ripiphoridae 6 0.023 6 1.00
Stylopidae 4 0.015 0 0.00
Tachinidae 28 0.108 16 0.57

* Occurrence rate = Occurrence/total brood cell number in this research (N=259)
** mortality = R. brunneum larval death/occurrence

*** 4 case of larval death happened before brood cell opening, and then braconid wasps emerged

from remain provision.

**** 4 case of larva death happened before brood cell opening, other 10 death happened in artificial

breeding process.
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Fig.1. Dorsal view of Rhynchium brunneum. Scale bar = 10 mm. A: male; B: female.
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Fig. 2. Structure of the nest of trap-nesting bees/ wasps. ES: empty space; MP: mud partition; BC:

provisioned brood cell; IC: intercalary cell; VC: vestibular cell; CP: closing plug. Modified from

Krombein (1967).
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Fig. 3. Body size comparison of two sexes in R. brunneum. Scale bar = 10 mm. A: small female; B:

large female; C: small male; D: large male.
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Fig. 4. Bamboo cane nest trap preparation process. A: the source of bamboo cane, most sticks have
become dry and yellowish due to sun exposure; B: bamboo cane was sawed in one side to create
single opening; C: bamboo cane was cleaved by hand axe, debris inside the cane has been brushed

out; D: bamboo cane was tightened by iron wire after recombining.
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Fig. 5. Rearing protocol after brood cell was constructed. A: untied and opened bamboo cane,
containing 8 brood cells; B: moving wasp larva and nest provision into glass tube with paper towel
inside, sealing with cotton ball, and marking brood cell serial number on tube; C: R. brunneum adult
rearing device, a petri dish with sugar and water in a plastic tube sealed by cotton ball were provided

for wasp to ingest and intake water.
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Fig. 6. Rearing devices for Spodoptera litura. A: 250 ml plastic cup for larva rearing, lid had been
drilled and sealed by 500 mesh/In nylon gauze. Moth egg clusters were placed inside, and providing
artificial diet after hatching; B: same container as used in adult wasp rearing, with paper towels around
inner wall and bottom. Moth pupa will be placed inside, waiting for eclosion, mating, and laying eggs.

After laying eggs, take out paper towel to collect egg clusters.

38

doi:10.6342/NTU202100501



B~ - ¢ COMEBACKtoME™ M fj#r#l 1% fplddsbpirid * 2 A3 & 2 BlP 234§ &
100 mm ~ & /& 15 mm 2 & 5 o
Fig. 7. Artificial nest plate for solitary bee hotel, made by COME BACK to ME™ team. Plate was

equipped with tunnels of 100 mm in length and 15 mm in diameter.
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Fig. 8. Nesting experiment device: A: 30x30x30 cm?® net cage; B: remove entrance net bag and paste
a transparent plastic plate on inner side of the entrance to make an observation window; C: internal
configuration of net cage, clockwise from top left: artificial nest plate, honey water and sugar, larva
of S. litura, mud and water source as nesting material; D: three nest plates stack upside down; E: mud
from non-agricultural region of National Taiwan University Experimental Farm, horticulture plot; F:
water source for adult to drink and making mud ball, folded paper towel was placed inside cup to

prevent wasp from falling and getting drown.
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Fig. 9. Length of nest cell measured by the black line (a).

42

doi:10.6342/NTU202100501



Bl i i TR TERZ IR PRI ER Y O MR LR R A BEINE
BPAF RS Rl < FEHL (Ql); < B E RB- S B A S M A E I AT S 2 RIS (a2) B
P A F R T kag2 ¢ L e (D) o

Fig. 10. Selected morphometric characters of R. brunneum, as shown by white lines in figures. A:
head width (al) was determined by the widest distance between each compound eye margin, mandible
length (a2) was determined by the distance between apical mandible tooth and mandible joint beside
compound eye; B: mesoscutum length (b) was determined by the distance between anterior and

posterior margin.
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Fig. 11. The 63x63x63 cm® net cage for testify if crowded space will affect wasp mating behavior.
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Fig. 12. Behavioral observation during adult wasp pair rearing stage. A: male climbed on female’s

back and tried to mate; B: female filled the small gapes inside nest plate with mud.
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Fig. 13. Scatter plot of tunnel length and vestibular cell length (N=72), correlation was compared by

using Kendall tau rank correlation coefficient. Result shows no correlation (Kendall rank correlation
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Fig. 14. Scatter plot of tunnel length and brood cell data, correlation was compared by using Kendall
tau rank correlation coefficient. A: tunnel length (N=72) and brood cell number have positive
correlation (Kendall rank correlation test: t=0.2677, p=0.002179); B: tunnel length and brood cell
length (N=258) have no correlation (Kendall rank correlation test: t=-0.0639, p=0.142); C: tunnel
length and brood cell volume (N=258) have lower positive correlation (Kendall rank correlation test:

1=0.1917, p=7.337e-06).
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Fig. 15. Scatter plot of tunnel diameter and brood cell data, correlation was compared by using
Kendall tau rank correlation coefficient. A: tunnel diameter (N=72) and brood cell number have no
correlation (Kendall rank correlation test: t=0.1307, p=0.1566); B: tunnel diameter and brood cell
length (N=258) have lower negative correlation (Kendall rank correlation test: t=-0.0952, p=0.03836);
C: tunnel diameter and brood cell volume (N=258) have positive correlation (Kendall rank correlation

test: 1=0.6725, p < 2.2e-16).
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Fig. 16. Scatter plot of brood cell parasitic rate and tunnel length data, correlation was compared by

(to be continued)
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(continued)

using Kendall tau rank correlation coefficient. A, tunnel length and brood cell parasitic rate have
negative correlation (Kendall rank correlation test: t=-0.1935, p=0.04286); B: vestibular cell
proportion and brood cell parasitic rate have no correlation (Kendall rank correlation test: t=-

0.0506, p=0.5919).
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p<22e16); D:rpfigp i ? ¥ L (N=62) & & 4ph# (Kendall rank correlation test: t=
0.4327, p=7.789-07) -

Fig. 17. Scatter plot of R. brunneum morphometric character data, correlation was (to be continued)
(continued) compared by using Kendall tau rank correlation coefficient. A: head width (N=127) and
mandible length of male have highly positive correlation (Kendall rank correlation test: t=0.8678 ,
p< 2.2e-16); B: head width (N=62) and mandible length of female have highly positive correlation
(Kendall rank correlation test: t=0.8890, p < 2.2e-16); C: head width and mesoscutum length (N=127)
of male have positive correlation (Kendall rank correlation test: t=0.5536, p < 2.2e-16); D: head width
and mesoscutum length (N=62) of female have positive correlation (Kendall rank correlation test: ==

0.4327, p=7.789¢-07).
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Fig. 18. Cluster analysis of head width and mesoscutum length. A: cluster analysis of male characters;

B: cluster analysis of female characters. Result shows both sexes can be divided into two types, large-

head type in purple square frame and small-head type in orange square frame.
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Fig. 19. Scatter plot of tunnel diameter and male ratio (N=72), correlation was compared by using
Kendall tau rank correlation coefficient. Result shows negative correlation (Kendall rank correlation

test: ==-0.3572, p=0.0001736).
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D:gicg [ galvgs+ megg % (N=47) & & 4p B (Kendall rank correlation test: 1= 0.3168,
p=0.003795) ; E: ¢ =& <~ gg 322+ g & (N=10) #& 4p B (Kendall rank correlation test:
=0.0197,p=0.9361); F: ¢ /=& -] s 4|26+ 39 & (N=99) s 4nht (Kendall rank correlation test:
©=0.0810,p=0.2741); G: ¢ i & ~ gg A|¥p+ £33 & (N=8) & 4n Bt (Kendall rank correlation test:
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1=0.2686, p=0.01441) -
Fig. 20. Scatter plot of tunnel diameter and R. brunneum morphometric character data, correlation
was compared by using Kendall tau rank correlation coefficient. A: tunnel diameter and head width
of large-head type male (N=10) have no correlation (Kendall rank correlation test: =0, p=1); B:
tunnel diameter and head width of small-head type male (N=99) have no correlation (Kendall rank
correlation test: ==0.1333, p=0.07184); C: tunnel diameter and head width of large-head type female
(N=8) have no correlation (Kendall rank correlation test: t=-0.1132, p= 0.7041); D: tunnel diameter
and head width of small-head type female (N=47) have positive correlation (Kendall rank correlation
test: 7= 0.3168, p= 0.003795); E: tunnel diameter and mesoscutum length of large-head type male
(N=10) have no correlation (Kendall rank correlation test: t=0.0197, p=0.9361); F: tunnel diameter
and mesoscutum length of small-head type male (N=99) have no correlation (Kendall rank correlation
test: ==0.0810, p=0.2741); G: tunnel diameter and mesoscutum length of large-head type female (N=8)
have no correlation (Kendall rank correlation test: t=0, p=1); H: tunnel diameter and mesoscutum
length of small-head type female (N=47) have positive correlation (Kendall rank correlation test:

1=0.2686, p=0.01441).
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correlation test: 1=-0.2546, p=0.3828) ; D : ¥ 52 % % # & -] s Al¢ep+ L5 7 (N=46) & 4p B

(Kendall rank correlation test: t=0.1853, p=0.07177) s E: ¥ 2% % f & ~ g 4lz2+ 39 & (N=10)

B AIFESF 39 & (N=46) & 4p k¢ (Kendall rank correlation test: ©=0.1782, p=0.0844) -

Fig. 21. Scatter plot of brood cell volume and R. brunneum morphometric character data, correlation
was compared by using Kendall tau rank correlation coefficient. A: brood cell volume and head width
of large-head type male (N=10) have no correlation (Kendall rank correlation test: ==0.2, p=0.4208);
B: brood cell volume and head width of small-head type male (N=99) have no correlation (Kendall
rank correlation test: t=0.0457, p=0.5076); C: brood cell volume and head width of large-head type
female (N=8) have no correlation (Kendall rank correlation test: t=-0.2546, p=0.3828); D: brood cell
volume and head width of small-head type female (N=46) have no correlation (Kendall rank
correlation test: 1=0.1853, p=0.07177); E, brood cell volume and mesoscutum length of large-head
type male (N=10) have no correlation (Kendall rank correlation test: 7=0.2, p=0.4208); F: brood cell
volume and mesoscutum length of small-head type male (N=99) have no correlation (Kendall rank
correlation test: ©=0.0465, p=0.4998); G: brood cell volume and mesoscutum length of large-head
type female (N=8) have no correlation (Kendall rank correlation test: t=-0.1429, p=0.6207); H: brood
cell volume and mesoscutum length of small-head type female (N=46) have no correlation (Kendall

rank correlation test: ©=0.1782, p=0.0844).
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Fig. 22. Body size differences caused by acquired provision loss. Scale bar=2 mm. A: braconid wasp
larva cocooned after being moved into glass tube, causing nest provision amount decrease; B:
individuals from bamboo cane with braconid wasp, 2" individual was influenced by braconid wasp
in brood cell and causing head width smaller than 1% and 3™ individuals; C: mesoscutum length of

2" individual is smaller than 1%t and 3™ individuals.
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Fig. 23. Body size differences caused by acquired provision gain. Scale bar=2 mm. A: wasp larva
accepting extra provision from other brood cell will cause individual head width larger than
individuals from same diameter brood cell: a: larva stage with extra provision; b, c, d, e: larva stage
without extra provision; B: accepting extra provision cause individual mesoscutum length larger than
individuals from same diameter brood cell: a: larva stage with extra provision; b, c, d, e: larva stage

without extra provision.
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Fig. 24. Timeline of R. brunneum immature stage and monthly average temperature from September,
2017 to September, 2020. A: overwinter generation of 2017 and all generation of 2018; B: all
generation of 2019 and non-overwinter generation of 2020. The average temperature of April in 2020

is 21°C, lower than previous years. Brood cells of non-overwinter generation of 2020 were delayed

to about middle July.
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Fig. 25. Dead eggs in some brood cells with phorid fly, which are sunken and shriveled.
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Fig. 26. Phorid fly larvae that breed on decaying provision.
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