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Abstract

etranycBHashéeudéAcari: Tetranychidae) is an i
nd now occurs in all/l continents except Ant a
ti mulated the need for under standing the pl s
nvironment al conditions. So far, l'ittl e 1 s ki
i storyT.trladdlemiitrhi s thesi s, I i nvestigated i
emperature, food deprivation, and.pdwdae&mor t
ighly flexible and adaptive to dynamic ther:H
evel opment but reduced adult body size and
ntrinsic ra)ytebuwttf Smhecrtecarsed (generation ti me
opul ation size (Dt). ®bBhewansethipghpeurl aati o2n0 ga nodwv

ower and higher templke.r altwarserss.t alghee rdneopteonl deernat n cw
he most vulnerable and adults the most toler
ours, 48AC for O 12 hours, or 51AC for three
r 57AC for O six hours, and heat tolerance o
|l F) had sex-specific and matiTng | sitdi@tthuex tseprece d
i fespan of females regardless of mating stat
n virgin males. I F reduced fecundity and egg

udy indicates that predator-iTnduUaod@unefsear
rom predators and injured prey shortened the
0% and reduced t heT.f elcuidectdmadt ¢y sby TBEKS&7 uies si
ntrinsic rmpmtandf nehcpeapasgal raonnd gerxawvetnhd erda ttel n(e
opul ation size (Dt). Findings from this stud
nvironment al stressodors |,odmpnaviiedihigs tkomroywlterdagie

nalysis and devel opment of pest management p
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Chapter 1 Introduction

1.1 Gener al introducti on
There are about 1,200 species emn. ah*9 8i,t emd nay
which are i mportant pests in agriculture and |
et. a2010; Al ston & Reading 2011). Sever al ma
synthetic pesticides, resultiaeg. aholpk)s.t FPwrt beax
the EuropPanongdiimetcéen) mi s r esi st aentt. al® 882 qc yamn
t wo-spottetletspamdechiho tier t ioc pe ceparadioBde ( .BKali &
1991) . Their devel opment of pesticide resista
accelerated by the nature of their short [|ife
(Hell e 1965;etVarkol®euwdemder opti mal condi ti or
increase rapidly and cause extensi vlee pulratnitc ades
attack on soybean plants can reduce the yield

New Zeal alnedt rhaansy plbelose et ( 2 Q&2 O n,T. o1 uZddednit enr
i's an invasive pest t hat has been recorded i
( Mi geetana2010; CABI/EPPO 2011). 't atettacakRO®1Bdr e
including economically i mportant crops such a
cucurbitaceous plants in warm regionsetanal gr e
2006; Fat hi pour & Maleknia 2016). T.orl wdagympl e,
cause a heavy 1l oss of chlorophyl|l a and b (7¢
water from plants, l eadi ngTt ol dhdaash hb e cKlamemad <
problem in India since early 1980i6s &1®i nhgho &t
pest in cettah9q@&Herron

Pest monitoring and forecasting are essent
(I1'PM) programs. To achieve successful pest fo
factors that affectep.ea2d00hdo)stanidntpeersatc tliiofnes h(iSsi
in response to environmental conditions (Nyl ir

traits are affected not only by genetic variat
& Fl att 2012) . So far, l'ittle is known about



hi story Jtr dudmgankeisng nit difficult to evaluate

a major pest in different region%. ol urdeesnpdo ntdisor

to environment al stress is important for deve
I n this chapter, I outline the relevance o

t hesi s. I then carry out I|iterature reviews o0

of spider mites and factors affecting their |

1.2 Relevance of research

The world has been facing climate <change, p a
Trenberth a2tQ0ax;009garSicehnei der 2001; Houghton 2
Cohemn. a2014), to which alll organi sms need to r
i's one of t he most I mportant factors affecti
survival, fecundity, body size, and |l ongevity
& Klok 2@®t3;a2Cildt aSchulte 2015) . I n spider mi
the same species, may respoatd. aBp01I@mp20O0abure
change also produces frequent eXxtred meaPWd®t he
Trenberth & Fasullo 2012; Sch2ar 2016), which
by putting them outside of tbel aPPOOBi oMfbegr e
under st andudegneisgppwonds to temperature may provi
potential expansion range and pest outbreaks

Many studies report that increasing temper.
herbivores and their host pl aets,alP065ul tSii mg e
Par mesan 20lt0O;a2Ddl2yci &t arvation may al so occu
transportation or when their host ©plant reach
have devel oped strategies to adapt to T.empor a
urtipaefer to move to uppermost part of the h
Gofeft. a2012) and i Atemumittedaete! vy heast éddcundity
span (LI & Zhang 20T9a)l.urdégsndends anhdi iggokdowtr r
knowl edge for evalwuation of its population dy



Predation risk almost always occurs in nat
their survival urlhag aemstdnbest plants with pr
active and aggregate more tightly in the pres
Zhang, vaneW @0il®gleaaikz s hdaiidsaper se farther and ¢
host plant after exposure Tt.o eavliganseid @wer EeEHgrsa
with predatet. akRes6).Di Aaskese responses may | e
reproductive outputs, shorter | ongevity, and
energy on | ocomotion, and all®9LP;t Hme kdn &f Sediam
The non-consumptive effects by predatoretcues |
al 2005) and significantly alter prey |ife hi
Taretl a020) . Therefore, knowl edglee odfuldeemp s not
understand their contributions to biological

devel opment of novel control met hods.

1.3 Aim and objectives

The present study ai med To lkugne orrees ploinfsee htios teont
conditions with four objectives:
1.To investigate growth, deveTll.oplmeadnetneir sdr ¥ f e
constant and fluctuating temperatures;
2. To examine the effect of heat sholc.k Iound esnuir \
3.To determine the effect of food stress on
off . |,u daennd
4. To i dentify the effect ofT.prleddagnion ri sk o

1.4 Literature review
1.4.1 TaXxenomynwyaeahus | udeni

Mites are the most diverse group within the ¢
habits including predator s, scavenger s, par as
of herbivorous mites have been deslcr ilbuedde nwo'r



identified by Prof. Zhi-Qiang Zhang, Uni ver si

position is as foll ows:
Cl ass: Arachni da
Subcl ass: Acari
Order : Prostigmat a
Family: Tetranychidae
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Genhwvusanychus
ISp @ eZnaiec sh:e r

Adul t f eTmallewsarea@afi mor phol ogi cheét rya msypcaicusas , t

e di.alcli ywn(aboairsicdhwvsal ). However, its males car
posterior angulation of the knob in aedea
2 GenerTelt rbainoylcohguys dfudeni
compl et eT.l ilf eidreayiculdee sofeggs, | ar vae, qgui e

escent protonymphs, deut onymphs, qgui escent

d by mated females are transparent whil e t

n closer to the hatching time, the part of

m the egg case. Larvae that newly hatch fr

ee pairs of |l egs (Kai mal & Ramani 2011b) ,
ore entering the first quiescence (Figure
rs of | egs and greenish spots on dorsol ater

n females and spindle in shape and pale ye

shape and reddish in colour (Figure 1. 1F; Kai
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Figurdilf.el cycl e alnd |ndfepnhieod doigsyh o(fl ef t ) and tr ¢
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D) active (left) and quilEs caecentti v(er i(glhetf)t Ymaa ned ¢
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1.4.3 Reproduction of spider mites

Spider mites are haplodiploid arthropods, whe
giving rise to sons and fertilised diploid eg
produce haploid sonset(.04l ¥e5) .1 9Mdt, e ddef enaal Feisl

species may produce males by avoiding some e

fertilised eggs are wusuall yetl.aa290elrl )t.han t he u
Adult females can mate several ti mes but n
paternity while the adult males can mate with

mal es to enhance their reproductivel.sdadsens

similar t or etthratspaefltumtsh:ermati ng occurs i mmedi at
the male wild!/ slip underneath the female fro
abdomen upward to attain coupling, and during
anterior pairs of |l egs for about one to three

& Shah 1989).

Mating modifies female resource allocati ol
shorter | ife span and concentrate their reproc
their reproductive investment in | onger peri ocf
( Macekke a2012) . Despite both mated and virgin
produce eggs of different size, . e., mal e eg
produced by matetd d2e0nmall)es SeMachkb& 0 ¥ 8 ) Zthiomud t h a
by virgin females are | arger, which develop t
daughters. Therefore, femal es may adjust thei
status.

1.4.4 Life history

The |ife history is characterized by many tra
rate, sexual maturity, and senescence (Roff 1
are affected by stressful environmental condit
from (Shefferson 2010) . The evolutionary res
selection is also directed and I imited by i1

6



(Braendlack 011) . Trade-offs can be described a
change in one trait causes a detri ment al chan
descri be absolute | imits upon trait expressio
2007, Brtaemdd®lld) .

Life history theory attempts to explain ho

shape organisms in their survival and reprodu
Fabian & EAlaomplRR&x2pattern of I ife history tra
environment is considered as a I|life history ¢

enor mous amount of wvariwdttiham iamdl ibfeda wheiesit asrpye c

Like other ectothermic organi sms, spider mit e
refl ect adaptations to environment al pressur e
affect the I|ife history traits of ectother ms.

1.4.4.1 Effect of temperature

Ectothermic organisms are significantly affec

body temperature fluctuates as the a@0XLR2)onmémn

often grow sl ower and mature with | arger booc
Angi leltetat?ad 0 4 ; Wal ters & Haests.adl 0123)0.6; FdPrl eismal
devel opment al ti me decr easled rwintglp biarms eeste.g adiort @ h
2010, 2015) . However, the temperature-body si
| ocal habitats. cor ax@mp) er ePegluenbat t he b
RostrozetEeBenwnlvaird@)m decreases by 9.72% in non-r
forests for each 1AC increase in maximum temp
changes with other environment al factor s, par

constant and fluctuating temperature regi mes
Ayres 1999; Ragland & eKi m@9@dtved@0DB; afdughko

examined separately.

Ectothermic organi sms may be vulnerable to
l i mited by ambient temperature. The predictec

ectothermic organisms towards their physiolog



and survievtala20Sl4hau For Ti.n sptaacriides,c &agto e3 4 AGy c hu
wi | | anMctGreeig®arl, e nadnrdo mu s Noecschiidtetn traeldiusce t heir f e
of natural increase, and |l ongevity (Stavrinid:¢

adverse temperature conditions to some extent

exposure to subl et hal temperature may cause p
tolerance (Angillettae&. AD@Ll6 ] elt ¢ a&e2tl0Di0aR 022®L ng
Zhaetg a2018). However, exposure to temperature

(K2éwera2020) .

1. 4. 4.2 Effect of f ood

Food depletion can induce behaviour al ehanges
al 2019) . FTo.r uiontsiteaanéceey, st ed pl ants gather at t
sil k-ball for aeri al di spersal, or they do an
resource (Junegt.2a®M5.;3)CI| o'thiechaevai | abil ity of fo
trade-offs between | ife history traits (Li & 2
organisms tend to switch their resource allo
mai ntenance (Shanl eyet& &2 0r2kOw o ovda |2z0e0r0 ;& R3cghaanu s b
urtjcamaeder ate | evel of intermittent fasting re

(Li & Zhang 2019a) .

Under | imited food resources, females of s
i nvest ment by reducing their egg size (Wal ze
of fspring initieal ats92¢e¢)raesduotespFiomng from | a
body size at hatching and higher survivorship
& Gross &99@19%F6rt MaZ@el) . Therefore, reduced
result in | ower offspring fitness (Warner & Lt
have transgenerational ef fetcta2 00ld )t haen dd edvi esl ecapst
( Dienth a2021) of their offspring.



1.4.4.3 Effect of predation ri sk

Like other animals, spider mites face predat.i
selective force shaping their behaviours and
1998). Fdr iewvahdgnlicegzawaheir dense webbing as
et. a2003a; Ot suki e&.YaRrOl 52W0r1l8dy, o eLee nfosst pl ant s
their precdcatoarl®9@PalZlhiamige,t. va@® 1 Wi e rkianmmdenmal e s

change their oviposition sitet.f abinl7)eafHosweVea
benefit of these antagonistic behaviours may

enhancing activities (Lima 1998; Hac k| & Sche
stress reduces time for feeding and tehtusalener
2003a; eBowlet 3,; Ot suki &t.YaiOol 52)0,1 4I; 0 wesrmofselcund
2010; dBtowd2elrl et. B2@$6) and shor tetr. d2d0nlgle v iStiyt v(:
et. a2015et.E4d2 0 lo6t)t.

Predation ri sk may al so have transgener a

Schausberger 2016). For example, when spider
predation ri sk, their young <cannot feed | mme
( Murets.ea2017) . Mat er nal experience of predat.i

period of the offspring (Freeti.na2d0MI6gdgg & hRc mewsa

consumptive effects on prey by predation thre:

(Preets.s@a2005; eBucaRdrna:mt . GeROrl 8) , |l eading to | es
(Bowltera2013). This information is important f
control effectiveness using predators and dev
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(Acari: Tetranychi dae)

Th

i's chapter Swad epmabliicshhead RAPpPd) edd9AZ2a9D3 00gF0

Abstract

Te
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ma
ge
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s u
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t h
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ge

(8

tranycHashbkbudesi a spider mite that has 1inva
ome an economically important pest around

C
story traits as a response to temperatures
n
n

agement . Her e | tested its response to te
erations. I found that there was no differ
ross temperatures in the first generation.

rvival rate was higher at 30UC in the seconi
sultant adults was consistent under all tes
e second generation which was | ower . Hi ghe
nerations but the devel opment at the | ower

ult body size in both generations generally
mal es being more |ikely than males to adjus
rst experienced. Temperature-dependent body
ults ITived |l onger. The ther mal threshol d wa
cond generation than in the first geh.eratio

deme highly flexible and adaptive to dynamic
rther more, i ncreasing temperahurbautelsehwatted e
neration time (T) and the time to doubl e t he

was higher at 20 and 25UC as compared to |
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2.1 I ntroduction

TetranycHashbkudesi an invasive mite pest origi
Asi a, Africa, America, a2 0d 0AuCABa Il &&IPP&DI2RIYI1d e o |
't attacks more then.22201p)lanncspedcings e Gaobmh
such as carrot s, beans, eggplants, pumpkins a
greenhouses of temperate¢e. at@aé; (EFaahgpi02& M
Because temperature is a key factor influencir
et. a2011let . GaZxolhhet. ZDW18) and determining their
( Baelte a2002t. RD¥02), gl obal warming may furthe
o flT. |l uGewdh a2015) and favor the spreea2dllodf) .ot h
Therefore, l nvestigation into the influence o

information for pest risk analysis and manage

Evidence shows that egg hatch rat e, i mma
|l ongevity, and | ife table parameters vary sub
strains of the same species in responeste atlo t €

1999; Da Sidtvaal2®O®@B2{.GRHGOLNO, & 0.1820 Wikt &R1adn;i

Bazgi.ra20e&52®&11i5; Liu & Zdétang2 02107%6 ;&20Bua gu Hasanv
et. a2019;etRia2t0ylad®di. Thi s may be attributed to
in differentetsd&lrd)esafdNgadaemtati on to temperat
(Goebobha2010) . However, most studies on the ef"
analyze their data from only one generation,
adaptations to variations of temperature over

in response to different temperatures for mor e

mites may adapt to dynamic thermal environment
crop damage in the worl d.
Temperature is also an important factor recg

& McMurtry 1987; Mar goét.ea2 &0 Irte@@Btdhl) €lt9.R&®ly RO
(2003) suggest that females have better capac
conditions i n some slpi drecrdManGirtedgiocsrp,e cdred , c asnusdq

sex ratio should be increasingly female-Dbiase

11



deteriorating habitats. Yet, it is Il argely un|l

Furthermor e, body size of adults developing f
substantially (Klok & Harrison 2013). For exa
i n warmer regions should be smaller than in ¢
Bi ebak a2013; et e2gduledn)o. However, it i's not cl ea
dependent body size is translated into fecund

I n the present study, | aimed.tobiudewvmespongae
to dynamic ther mal conditions in two successi
empirical findings outlined above, | postul at
and shortens adult | ongevity; (2) i mmature mo.|
at | ow and high temperatures; (3) adults that
fecund, and (4) mites can adapt to ther mal ch

carried out a series of experiments and compal

temperatures within and between generations.

2.2 Materials and met hods

2.2.1 Breeding colony and test temperatures

I established @a. blteddmnbi elod ooglalesctfeadradulot ¢
(Kunt h) (Mal pighi al es: Passifloraceace) i n Pal
colony on 20 pot tPehda skeiod nuesy( Voaebagnd epslsa nRRasb afc e ae ) |
temperature and 50~70% RH with a photoperiod
fortnightly with new ones by cutting | eaves o
top of new plants. | tested effects of four t.
RH and photoperiod conditions wusing four gr o\
Perry, |l owa, USA).

2.2.2 Effect of temperature on |ife history t
To determine whether survivial | unudewehodpegmento &
temperature treatments differently in differe

12



temperatures for two generations and recorded
ti me between oviposition and adult emergence,
first generation started from the eggs | aid

generation commenced from the eggs produced b

| performed 20 replicates per temperature |
I put 50 eggs on a bean |l eaf disc (3 cm I 3
temperature. | placed the leaf disc (3 cm I 3
a Petri dish (5.5 cm diameter I 1.0 cm height

di scs with fresh ones once every five days an
reached adult stage. | randomly selected two f
for body size measurement (area from top Vview
connected to the stereomicroscope and a compu
GS-ST-VvV1.7, Olympus, Germany) installed.

To determine fecundity and adult | ongevity,

and 20 newly emerged males from each of t he

individually paired them on a |l eaf disc (2 c¢cm
four hours after pairing, I individually tran
Petri di shes and replaced | eaf discs once eve
stay on the same | eaf discs for three days, a
new | eaf discs of the same size in Petri dishe
the number of eggs | aid by each female and m
reasons, I did not estimate the above paramet

I calcul ated the |etf.ea2t0a0b5l)e fpoarr aenaecthe rtse nf{pJeer
above data collected in the fimmsttagghtensi Dama
was calculated by sol VAARGZtsh=e 1, ivshaetrBee! @i ve qa
of f edailsest,he proportion xofafdnsaltense snwrnvbiewri nogf
produced perx fdmallesoatesdagenated ot her i fe ta
reproductd v=AZegatdckau(ghters/ femal e/ generation),
Z'% 4, %, days], and do¥thlii ndaysme F®t each trea

met hod (Caswel | 2001) was used to estimate th

13



2.2.3 Statistical anal ysis

I tested the distribution of data wusing a She
SAS 9.3 (SAS Institute 2011) to analyze al/l d e
| W)(-transformed number of eggs | aid and devel
thus analyzed using an mixed-factor analysis
Tukeyds Studentized range test for multiple ¢
sex ratio (proportion of females) of resul tan
di stributed even after transformation, and t|
ANOVA (GLM procedure). Data on adul't SuUr vi ve
(LI'FETEST procedure).

To determine the | oy taenndp edreagtrueree dtahyrse s(hDaD) d
and compl et e devel opment of i mmat ur ey =st ages
1/ devel opmental time) over temperatuy=zeast (T) u
bT, wheenlar e est i piannteesr odptt hand sl ope, ¢espect.i
a/b, and DDDAscbfrdi ngtt a(Campgbel t he osamd d2D dwerra

cal cul @9ed 0¥+ H's > a8BW, respectBveliys, tvhheerresi d
sum of g diutabree soanBoEt dhemesdra,ndar o edNnhrdhoer tooft asll onpuen

of sampl es.

2.3 Results

| show that proportions of eggs that hatched
resultant adults were | argely similar across
only difference occurred at 30UC in the secon
|l ower than at 25 andF 31 @JTP2 00 .tthk34)i r(sRi geme r2a.t
survival rate was significant IFy 1=gi2gPBedr) . tOH 215 ) a t
(Figure 2.18B), and the proportion of resul ti
treatments i nFrpagtBP§8AebaAOLDPNEF(gure 2. 1C).

14
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the same | etters are not significantly differ
box Ilines represent 75% and 25% of scores f
respectively; the 616 and line in a bow indic
ani 0 6 are the upper and | ower whiskers showi
the outliers of scores.
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FigurMean 2( N SE) devel dpmandafrommdgmé wdgddaeql
temperatures in the fTushud@odiusmnso nwd tde ntehrea tsi:
not signifikandl 5)d.i fFeree@aacli box plot, the u
75% and 25% of scores falling beyond the upper
in a box indicate the mean anid median score, r

whi skers showing scores outside the 50% middI

Tetranychsuisgnliddemintl y accelerated their d

temperature in both generations, with the secc
and 20UC than FEhersm§134PK H2,0004t iFonr69¢g6P3 . 52 d
< 0.0001 for egg-adul t) (Figure 2.2). Adul t
significantly with the increase of temperatur
| argest at 20UCFamd 30M<BI00, eG@0 htf & UiEe 3R 84, a
< 0.0001 for mal es) (Figure 2.3). Al t hough
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Tabl eRed.alt i onship betweeny daewd| opmepet at urat ¢ T
estimated mean (N SE) ol olWC)t eampde r dae qurr eee t char ye s(hl
and complete devel opment ofT.edgusdeaand from egg

St ¢ ERfuat Fan P To DD
15 generati on
Eg y= -0.2064+0. @2BR27T1, 26958 &0 1020.0516 60. 85N0. 3

Eg-adyft-0.0864+0. CEOBT1, 19159 DIMW20.0712147. 15K0. 93

2" generation
Eg y= -0.13150804088@41,2d0c 0 .100.0213 75.62N1. 9
Eg-ady¥t-0.074986078DGB&F:1 544 0.1010.0770156. 28N3. 49

I n the first generation, l' i feti me fecundi
significantly | ower tHhasm 4R340 .fC 0Ol )otwhear @ rfeec
similar (Figure 2.4). Adul t mal es had simil a
significantly decreased with tHBe= i5Rxr8Ba9d®d 0df) |
(Figure 2.5A). Adult females survived signifi

l ongevity was tThe 8SBor®e800h)Y @EBPiUSur(e 2.5B). /
i ncreasing temperature significanthuwt ediegvmitfeid
shortened the generation time (T) and the ti
popul ation oprwwshsrghefi(®antly higher at 20 a

hi gher temperatures.
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FigurSur2vibvalA) odndafeBal &t adiufl t sr €Tn.t

wi t h
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Tabl Mezan2 (N SE) | if€&. thatl edipfafreamentertsempger at u |

Temperature, (UC) r Ry T Dt

15 0.0219N0.0001 d 1.95N0.02 d 30. 3
20 0.0722N0.0001 c 6. 85N0. 09 a 26. 6
25 0.1009N0.0005 b 6. 55N0.10 b 18. 6
30 0.1281N0.0010 a 4. 00NO. 05 ¢ 10. 8
Fiar) 38934/, 17 1.35/) 3020375, 389 744

P < 0.0001 < 0.0001 < 0.0001
Means foll owed by different | ePt<er0s 0i5n .col umn

2.4 Discussion

| show that the egg hat cTh rlauae nixn 9t58e wWNé Wwodie a l
di fference between test temperatures from 151
finding agrees to that for the Japanese stra
generatieotn. 260l 2)h. However, the hatch rate wa
second generation than at 25U0UC and 30U0UC in t

exposure to 30UC for more than ®nel.gdamnmaattu roen
survival remained similar across test temper afl
the second generation (Figure 2.1B). This coul
rate at 30UC in the second generation.

Li ke other haplodiploid epea2@tG3atnMdliddlelng
Tamura & T.tol gxlests)a,l | y had a femal e-biased sex

(Figure 2.1C). Based on the data from one gen
is higher at 30UC than at | owerl ((Cerphezddt. 2y es |
and it is mord@.f emadadei®ld@Gedndn34UC as compa
bet ween 20UC ed n2010832)(kG .RaRy®YW 03) suggest that t|

e
biased sex ratio at extreme temperatures may |
because tetranychid females appear to have bet

harsh conditions. However, my findings show
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temperatures in both generations except for 3
| ower (Figure 2.1C). The higher i mmature sur vi
at 30UC in the second generation may be an
generatTi ohsdeni

Similar T.o lrdspamatpa ners etstal@ilb) ( @odobt her
(Margolies & Wrensch ®299@a20P%; 820 Vé&at.2a20021;8 )B a zl
found that the Newldeeblbopdedtsiagni bfcantly fa

temperature from 15 to 30UC in both generatior
temperature el evates metabolic rate and thus
Poteterad 009; Schulte 2015). However, compared
developed faster at 15UC and 20UC |(ddmmuadck] L2s t2
its devel opmental period based on its experier

environment over successive generAarbiloyndsr oinga | aills
l i mormGiacuman and McGregor (Aecaria20PDbyt osTe.ipirdpe)
| udemacel erates iIits development at | ower temper
after experiencing |l onger devel opment and del

| ower temperatures.

| demonBitrlasdemthalbody size in both generat

so-called temperature-size rule where body si
temperatur e, as reported in many ectother ms (
Harri son 20lt3;akPWeByenoHowever, the degrees an
response to temperature differed between sexe
degree of size variation was greater in femal
changes of both sexes were smaller in the secc
i mplications: (1) females are more | ikely thar
they first experience, and (2) both sexes can

previous generation.

I found that temperature-dependent Tf.emal e
l udeeprcause females that devel oped from 157 20

temperatures (Figure 2.3A) but femal es from

22



temperatures where there was no difference (F
Japanese strain where highest and | owest fecu
et. a2015) and for the Brazilian strain where
Silva 2002yt Remkeal2013pt.anl2Zb&) report the hi
25UC and 28UC, respectively. My results indic
associated with |l ongevity and such associatio
Il n the first generati on, | arger mal e body si
| ongevity at the same temperature range (Figur
2.3A) and longest longevity (Figureet2.a&dB)1l 3at -
Sugawara#®l1.7) and theTJapagdemelR®5ai, nl ohgevity
with the increase of temperature.

I n this study, t heo | awar dtelge reraal.d aty s rd e sthDo)
devel opment from eggs to adults (Table 2.1) f e
to 156 DD, respectiVelyanpepomnteced efn@nm att h @ihg € 151
2003; eGota@db10, 2O02®I1TIYI IKalhami -Jamour &t.Sd&li she
2013; eBayak017,; B & s aanvOaln9d) . The varying t her
devel opment between species or strains of the
the | ocal @elti nm®t0el 5) GotAdht hough the devel opmen
significantly positively waosr rleolwaetre da nidn dbeogtrhe eg

greater in the second generation than in the
thAt loaadenadapt to temperature changes by ad)]j
experience in the previous generation. mThe 1
increased and doubling time (Dt) decreased wi
(Table 2.2). These may be attributed to the
daughters produced during the femalesd early
dat a) . Because population size has a signific
T. | U Meeain awanah@a20), the population size chang
further facilitate its invasion success.

I n conclusion,T.| ilfaed emihg tgdrly tfrl eixtisbl ef and
t hermal environment over generations. Il show f
in both generations, but the development at t

23



he first generation. This suggests that t he
emperatures in the second generation to prom

onger development and del ayed reproduction i

ody size in both generations decreases with t
i kely than males to adjust body size in resj|
arger body size results in greater | ongevity
nd greater degree days (DD) in the sedond ge

udean adapt to temperature changes by adjust.i

n the previous generation.
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Chapter 3 Dynamics oTfetLriafney cHi usst ol ruyc

Zacher i n Response to Fluctuating

This chapter Swas epabbliicshad 2B AlLl)ed2R2F2iF @RFTJFY (

Abstract

Tetranyc hZiasc hleud eing an i mportant pest attacki
nderstanding i ts response to fluctuating te
nticipating its potential expansion and thre.

traits under four fluctuating temperature tre

that 100% of eggs hatched at 15~21 and 22-~280U
|l ongest devel opment al period was recorded at

successfully developed to adult stage was recc
was significantly higher at 29~35U0UC but its b
significantly | ower than other treatments. Ad

in both sexes.

3.1 I ntroducti on

etranycBhaseshéeudéeéAcari: Tetranychidae) is an i
in Europe, Asia, Africa,etAmdfr0ildg, CaArBd /AWPPtO &10s
n more than 300 plant species in 60 familie
c

onomically i mportant crops such as eggpl an

o o O

ucurbitaceous plantest.(&h0aln5g) .2 0I0nN2 ,t h2e0i0r3 ;s tQiodt yo
mperatures on sever &l (s2p0ild5e)r sniligtged msabgetch aets |,

—
@

better adapted to warmer clTmategetoiadv@e pmediac ima
pest of crops in the worl d. However, temperat
the daytime and | ower during the nightti me,

( Fi secthz&l1.1 ; Patkpihdns BoRdHM ; eGotad 0 1lelt, 2812 4 ;
Nachman & Goteth. 22001157,) .BaSyjou far, how fluctuatin

hi storyT.trlaudesoimknown. I n the present study,
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history traits in respoffse |l ttdefpirovti dat iimg otr ar

predicting its potential to invade and to bec

3.2 Material and met hods
3.2.1 Breeding colony

I mai ntained aTbreedeh® pgot toed Krifhdanseeyo | buesa nv up Ig
L) in the Massey University Entomology and |IP
at 25 N 1AC temperature and 50~70% RH with a

3.2.2 Effect of fluctuating temperature

| performed four fluctuating temperature trea
replicates per treatment in growth chambers (
The temperature setting protocol i's shown in

20 female and 4 male adults from the colony, i

pl aced upside down on a water saturated cottc

height), and all owed them to stay on the | eaf
di sc, removed the redundant eggs wusing a soft
eggs into a growth chamber at a test temperat
every five days. |l took each Petr.i di sh from
recorded egg hatch, I mmature stage mortality

(Leica Mz12, Germany) at 25AC. During the few

removed emerged adults and recorded devel opme

To determine the effect of treatments on a
and two males of the resultant adults per rep
(Ol ympus SC30, Japan) connected to the stereot
software (Cell SensE GS-ST-V1.7, Olympus, Japal
of treatments on reproductive outputs and adu
females and 20 newly emerged males (< 1 d o

individually paired them on a | eaf disc (2 ¢
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mai nt ai ned al | t hese adul t s under t he s ame t

transferred the male to a clean | eaf di sc of
| ongevity. |l all owed the female to | ay eggs f
her to a new | eaf di sc of the same size in an:i

and recorded fecundity and egg hatch rate of

fecundvity and egg hatch recording were perfor

4 5

4GM

3 5 -0—-36~42AC

3GM —=-29~35AC

ZS_M ;
-0—-22~28AC

2 01".‘H'..ﬂﬂr..*H"“H“‘HL“‘H'.

1 51 —0—15~21AC

10IIIIIIIIIIIIIIIIIIIIIIIII
0O 2 4 6 8 1012141618 202224

Ti me ( h)

Temper/K)ur e

Figurdl3.ulstration of the hourly temperature ¢

ROBDT

(Sckeobua2014): TemapbArat ure wher= 6) is bthe amp
10~14) is thect(i=Ema8.df6)t hes péedaek wi ditsh ©Dhetihiegldt
temperature. Ti me: 0~4 dark, 4~20 Ilight, and
3.2.3 Statistical anal ysis

Al l data were analysed using SAS 9.4 with a r

(UNI VARI ATE procedure) was used to test the di
rat e, and male and female adult body size wer
analysis of variance (ANOVA, GLM procedure) fc

on the number f tergagrmss fl arime dvetree d (i eve nor mal
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Dat a
di st
proc

usi n

3.3

My r
rang
€eggs
Mc Gr
not

t emp

I
eggs
75%
29~3
22~2
resu
dayt
attr

whi c

on egg hatch rate, and offspring sex r a
ri buted even after transformation, and th
edure) with a Tukey test for mul tiple cor
g a Wilcoxon test (LIFETEST procedure).

Results and di scussi on

esults show that no eggs hatched at the ¢t
e 1 5. | eaadi@adi tDi mielt a(rdllOyl, 5 )G orTeophd mtdi@tnhat t i c ae
do not hatch at t he edn(2t0a0n2t) t$ehnopmecrdahtau red

egor eggs fail to hatch atTe®raGpe.lvithse srea yf
be able to survive in regions with a peri
erature of ca. 400C can kill spider mite

show that al most 100% of eggs hatched at
hat cheR st 6BI<326UC0Q01) (Figure 3.2A). Am
devel oped to adults wunder 22~280UC compar
5UC, rFRsspec22P &33,.0001) (Figure 3.2B). T
8UC is the optimal ther mal Tc olnd dBeansicend foonr t:
| t s, I propose that this mite may not be
i me temperature O 35UC. The relatively 1lo
I buted to significRamuizsy28P&g®b 00O ¢ Fmgmut
h may pose hi ghetr. a2i0slk8 ;o fE sdbg aetrhg (&M uSri pghsyg a a
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temperature ranges (UC). For each <category, C
di ffer>xnd. Q5) .

Li ke many hapl ocwitp2dd&d0.3d; seMaakirsls (TRRomur a & |t
Zhou. a20L8)l geree@i al |l y had a femal e-biased sex
proportion of female offspring was significan
(F2, 5= 2R<70,0001) (Fiegu(rad0.B3)2D9ug®Reoyt that an
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bi ased sTe.x nrcadidinoieelltnr emel y hi gh temperatures cc
of spider mites to deteriorating habitats be

di sperse and survive under harsh conditions.

AduTl.t | uddeevneil oped from 29~35U¢ rwe B e=65s0i.g0n3i2f0i «
for maloe; 149<508,0001 for female) (Figure 3.2E
(Fo, 3= ™. 880.0014) (Figure 3.2F) than those fro
supports both theoretical and empirical findi:H
with increasing temperature (Atkinson 1994; W;
female body size and fecundity are positively
that adult | ongevity and tempeffat u2R.<w3r & 0i0dv
for nl@lesssPl2. 000025 for females) with femal es:
high templer a2B.<2®,. 0001 for 29~35UC) Thet 1nétl a
and 0.01 for 15~21 &nd ®.202)8 UCFi guwrsep eXx.td)v.el vy ;
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FigurSur3vid3val AofardrdemuadBlee daddi f§efent fluctuati
with the same | ettersPare.moebt) .significantly d

I n summad p@efnor ms the best at 22~28UC and t
surviving at 36-~42UC, suggesting that this miH

mite can reproduce well at 15~21UC but at thi
suffers 25% higher i mmature stage mortality t
di fficulty to establish in cool regions and e

become a major pest. TMy lwaewmwkssahbhl sshsuggehbhe

to warm climate after invasion and become an
with the South Island being cooler. As a resul
|l sland than in the South |Island. Further mor e,
climate and greenhouses with a daytime temper.
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t e th.

nycZashkeudeéesi a European spider mite spec
cul ture. I i nvestigated the effects of
edge for development of disinfestation p

nded to heat treatments of five air temg

e to 15 hours). | showed that no eggs ha
hours, or 51AC for three hours; no adul t
our s, and heat tolerance of other |I|ife s
ure time also reduced devel opment al succ
e able to eradicate the mites of all st a

reat ments at 51AC for three hours at a 1
|l aid by survived adults in the second.

re suitable for treating plant residues

i ners because it may have negative i mpact
exposure to 45AC substantially reduced t
S were treated, I suggest that heat trea

greatly reduce the quarantine risk of t

ntroducti on

treat ment has been widely used as a non:
(eegl1®d9QowNayld®OI3l; eXel®d8p;, eta@dbD1; Macal
k 2018) . I n invertebrates, particularly
ure duration varies. athoh§g,; speayetd.(Bler Ke
as wel |l as among | etea20@fps&Kiwngbbhl;spe
a2012t. @GAOoLdt. #B1IE8t. ¥H®19). Therefore, t
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of heat di sinfestation treatment should be det

et. al1997et.ladMi98 ; eFti.na@ebIOBgn Hara 2013) aaed | ife
al 1992 ;etHeal @2 et GaOh 2t. 20 18) . However, h ¢
benchmarks have not yet been established for
TetranycHashbkbudé¢dicar i : Tetranychidae) is a
has invaded many regions, including Africa, /
Zhoeut . a2021) , and become an i mportant pest of
Kai mal & Ramani 2011b) . However, some <countr

postharvesT. plr.odreonrit £ xfaawpT .e , | -WKdnefreias tkeadn & r ui t an

(MPI 2019). Several workers have tested the el
mi fTe urmKtoichaen postharvest product s, showing |
1992; Wada®?d93et.GadtOolh3 ) . However, thermotol era
f olr. l.udletnii s al so unknown how high temperatur

I n the present study, I i nvestigated how
expostUrel.udienexposed all |l i fe stages to five t
their mortality rates, and development al succ
| nformation presented here is essential for d
i mportant pest. I't may also provide knowl edge
relation to heat waves caused by climate chan

4. 2 Materials and met hods

4. 2.1 Experiment al mi te preparation

I colTl.ecltaedde Nt Ba $ siofml or @ Kmot h) sé§ Mmhpi ghi al es:

Pal merston North, New Zeal and, in 2017. A bre
and maintained on 2 0P hpaostetoel du kk(i¥danbegyh ebsesa nF apbl aacnet a
Ent omol ogy and I PM Laboratory of Massey Uni vel
with new ones every two weeks by cutting the

the top of new ones. The mite colony was main
1AC and 50~70% RH with a photoperiod of 16L: 8
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| randomly collected 20 adult females and f
them onto a bean leaf disc (3 cm I 3 ¢cm) posi
in a Petr.i dish (5.5 cm diameter I 1.0 cm hei
for 24 hours and then removed. The | arvae wer
i mmedi ately after the eggs |l aid by these adul
days to obtain | arvae, protonymphs, deutonympl
Il n total, I set up 800 such |l eaf di scs. To o
deutonymphs from the colony, placed them on a
virgin females to |l ay eggs for 24 hours. The
|l eaf disc and all owed to develop to adult mal
4. 2.2 Heat-dependent mortality rate in each |
To determine heat-dependent mortality rate of
protonymphs, deutonymphs, virgin adult mal es
and 57AC) for five heat durations (3, 6, 9, 1
(6 |ife stages I 5 temperatures I 5 durations
each replicate, 10 individuals were introduce
saturated cotton pad in a Petri dish (5.5 c¢cm
transferred into an incubator (Series Five, C
treat ment temperatur e. | mmedi ately after tre
transferred all/l | i fe stages except eggs onto
not hatch in 10 days and individuals of other

after treat ment were considered as dead.

4. 2.3 Effect of heat treatment on i mmature de
To determine the probability of I mmature mite
I randomly took wup to 20 individuals that sur
and reared them individually at 25UC on | eaf ¢
ones every 4 days and the total number of adu
However, if no juveniles survived in some tre
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4. 2.4 Effect of heat treatment on reproductio

To determine how heat treatment affected repr

t hat were heat-treated during the adult stage

each heat-treated i mmature stage in the above
|l eaf discs as above. The mortality of females
with new ones once every 4 days if they were
femal e was recorded. However, I f no i ndividua
their reproduction in those treatments.

4. 2.5 Statistical anal ysis

Al l data analyses were performed using SAS so
analyzed the mortality rate (%) of di fferent
(GLI MMI X procedur e) with temperature, exposur
factors and replicate as a random effect fol
function for the model. A Tukey-Kramer test w
rate between temperatures of a given duration
each | ife stage. The same method was wused to
bet ween | ife stages. The proportions of indivi
at di fferent temperatures for wvarious duratic
|l ogistic regression model ( GENMOD procedure) v
used to the model and the CONTRAST statement f
mi xed model (GLI MMI X procedure) with a Poi ssi¢
applied to determine the combined effect of t
foll owed by a Tukey-Kramer test for multiple
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4. 3 Results
4. 3.1 Heat-dependent mortality rate in each |

I n each | ife stage, temper at ur e Fianass edx. p2o6s~ulrde. 1c
P < 0.0001), with, hd g8hex6Ptednp.e@8MA L)y earf& bksonger
= 26.96P1<620..9040,01) causing significantly highe
duration no eggs hatched when temperature was
any treatment duration except about 10% of adtl
57AC for 3 hours (Table 4.1). Our results alsc
significantly more susceptible to heat treatm
0.9 for egg, 83.1 N 0.9 for larva, 75.9 N 1.1
for adult male and B22F B PO<BG,O004Aquli(iTafbd ma l4
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Tabl Me4anl (N SE) mortality ralt.ed utdiedneioft de &f me e nt

temperatures for wvarious durations

Life stage Dur ati on s Fe P
(hour s45 48 57 51

Adult femallle 53(f 14.0 (N2.7) D d 25. 08q9.N®.(6) D26 WD2.5
6 13.0 (! 14.0 (N3.1) D d 47.0 (6a.8) C c< AB.A. 5 1(
9 21.5 ( 23.5 (N4.0) C ¢ 54.5 {0N@a.4) B b< AD.a 1:
12 34.0 ( 61.5 (N6.3) B b 100 < A .a 1
15 47.0 (! 85.5 (N4.2) A b 100 < A0 .a 9
Fa, 76 42.08 136. 64 114.95 109.68
P < 0.0001 < 0.0001 < 0.0001 < 0.0001

Adult male5.% (I 29.5 (N3.7) D d 68.0 (06.0) C c<A (B6. 51 4
6 15.0 (I 36.5 (N4.9) C d 81.010K3.2) B <& ®Y0.D5
9 27.5 ( 37.5 (N3.2) Cc d 85.0 (6Q@.9) B c<A 0A.4. 51 4
12 44.5 (I 49.0 (Ne6.2) B b 100 AAa.a 11
15 54.5 (I 79.5 (N4.3) A b 100 <AAa.a 80
Fa, 76 52. 45 54.25 40.01 13.91 0
P < 0.0001 < 0.0001 < 0.0001 < 0.0001

Deuton¥ympho0.5 (N43.5 (N568K DN2.®) C B9.H9 (0 (5H43.<%H.B b
6 52.0 (N53.0 (N399)p CNRc3) C b10604.5 (N4<9.aB b4
9 54.0 (N67.0 (N3.3) B c 85.0 (N0 4) B b< M6a5 6
12 59.0 (N72.5 (N#81% ABR.7) B b1095.5 (N1<5.aA a5
15 68.5 (N76.5 (N#41p AN1.8) A b100 100< AO.a 4
Fa, 76 16.60 29. 66 53.40 72.59 0.
P < 0.0001 < 0.0001 < 0.0001 < 0.0001

Proton¥ympiB8. 0 ( 40.5 (N4.3) Db&5.484(0N30EYP. T) bD b<AA Oa 54
6 47.5 ( 60.5 (N3.9) C &2.06(HN318B.B)bC <AcO. 57
9 54.5 ( 62.0 (N4.2) cC d 78.0 (®B.8) BCcA @l. 056
12 61.5 ( 76.5 (N3.6) B &9.82(HN31MR.A)bB <A c. 38
15 81.5 (I 86.5 (N3.1) A b 100100 A <A & 0 0a? 6
Fa, 76 38.60 46.20 61.98 78.47 0
P < 0.0001 < 0.0001 < 0.0001 < 0.0001

Larva 1.5 (I 56.0 (N3.8) D b 58.0 (6@a.2) D b<A @®O. 064

37



6 62.5 ( 64.0 (N3.7) C ¢ 78.0 1MB.0) C bA 0B.3. 04 7
9 64.5 ( 71.0 (N2.7) B ¢ 89.5 (®@.6) B b<A 08.6. 54 9
12 76.5 (I 76.5 (N3.3) B b 95.0 (§a.4) A a0 .aD003BT7
15 75.5 (I 82.5 (N3.6) A b 98.5 (60.8) A aA ®9. 53§
Fa, 76 17.27 17.99 54.22 8.26 0
P < 0.0001 < 0.0001 < 0.0001 < 0.0001
Egg 332.0 (I 67.0 (N4.8) B b 100 <A (a. 12
6 60.0 ( 95.0 (N2.2) A b 100 <A Oa. 75
9 76.5 (I 98.0 (NO.9) A a 100 <A Oa 38
12 99.0 (| 100 A a 100 100 0A %a A Oa
15 100 A a 100 100 A a A al0®
Fa, 76 107.95 55.57 0 0 0
P < 0.0001 < 0.0001 1 1 1
Mortality rate with the same small l etters i n ra

are not signiPbi ©a®t6l)y di fferent (
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| udemmor. each | i fe stage, columns wi tPh>t Be OS5 ame
4. 3.2 Effect of heat

treat ment

on i
I show that

probability
P < 0.

mmat ure de
increasing treatment temperature
of i mmat ues= tBA<d/Ey, OI0OR-tf ®BE&E@HL h
000 I8, f=01r8 ®.a8r4a ;000 1

(Figure 4.1).

These fi
compl et e

f 0% =pP0gt dnymph deuton
ndi ngs

al so indicate th
devel opmetht 4F8ea$8,0004a) méRFi guf( e

4.1
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4. 3.3 Effect of heat treatment on reproductio

Femal es that resulted from eggs treated at > ¢
duration (Figure 4.2) did not | ay any eggs. TI
significantly fewer eggs with thei14, BrcaiBPAgd88, Of
< 0.0001 f ofie,Fro@t6l r&\8@p. h0;0 01 f Birs, 2dre UStRO.®3y2p GO O 1
for adult female) (Figure 4. 2CiE).

4. 4 Discussion

Here | reportdd {thedemespobemperafures ranged f
15 hours. I showed that higher temperature ani
stages, but younger | i fe stages were more sen:

tolerant and eggs most susceptible (Table 4.1

12 hours or 57AC for O six hours, while no egc
or O 51AC for any duration. | also demonstrat
reduced the probability of heat-treated juven
i mmatures were more |ikely to complete devel oj
devel oped from heat-treated eggs or | arvae | a
stages |l aid fewer eggs with increasing temper

He at treat ment has been used oett all@abed f
Denteneal997et.JelsBSUe t.Ja2c0o0bli; Hara 2013; Macane

mites (Waddell & eBti.rall9efs3 el CGoA MIhWaddel post har v
|l . Jl,udtehnee egg stage was the | east tolerant to
hours (Table 4.1). Because all |l ife stages ma

and overl appi ng egte nacr0a0t6i; e tRsi st @thédjigand some i n

|l ife stages other than eggs may survive this

three hours at a 10-day interval can fully di
treatment and those | aid by survived individu
eradicate the mites of all stages using one t
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However, the full disinfestation strategy |

treating plant residues on exported/imported

it may have negative impact on fresh posthary
45AC for a few hours substantially reduced th
stages were treated, I suggest that heat tr ea
still considerably reduce the @tuaa(a2n0tOi3n)e rreipsokr
wettable sul phur.camtkitlhle alilr stteargpes aafur e of
air temperature much | ower than 45AC for s h
di sinfedgtativ@deaf chemi cal |l i ke wettable sul phu
into possible combinations of chemical and he

information for exporters.

I n concl usi on, I demonstrate t hTat |huaddetimis h o
eggs being t he mo st vul nerabl e and adul ts t
devel opment al success and fecundity. We may
equi pment and containers using two treatments
treatment of 57AC for about six hours, and su
products with 45AC for a few hours. This stud:
hot air di sinfestation programs of this inva
reference for future evaluation of i1its invasi
change.
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Chapter 5 Resource Al Il ocati on St
Reproduction byTatmr amyalsuwvrl Reéshdn

|l ntermittent Fasting

This chapter Cwag eqnub fAmtotl pylyt ocat i on.

Abstract

Il ntermittent fasting (IF) is a type of dietar
which has been used as a strategy to i mprove
common during the process of Dbiological I nvas
ani mals adjust their resource allocations to

occur s. Het e anly cthhauasdH aplecndi pl oi d spider mite &
of horticultural c¢crops around the world, to i:1
| show that I F increased the | ongevity in fem
in resource storage, met abolic rate, and mat.

traded off fecundity and egg size but not the

t hdat | ufdeemdal es can adjust their | ife history
during invasion process. Eggs produced by fa
resul tant young had the same survival rate e
transgenerational mat er nal effects which prol
the |l onger i mmature devel opment al period can
compensating egg size |l oss for of fspring fit
resource allocations as responses to fasting,
invasions and for management of ani mal survi v.
5.1 I ntroduction

I ntermittent fasting is a type of di etary r e
(Cat teetr.sath0 18 ; Chambers 20109; Gunnars 2020) .
Azevetdoa2013) , i mprove cardiovascul ar health (
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abolism capacity (Barboza & Jordt. 2010R9),. a
a result, it should benefit eava®@@0B; hBrbanbhdh
a2z 015; Lee & Longo 2016). Dietary restricti
hod to regul ate aging and i ncreetasa? Ohledg | tLheye
ongo 26t.6a20Mafeq.la2®di@). However, its effect
sistent (Longo & Mattson 2014). For instan
nger age but noett.aal 9®I0der pagpd o(n@xo drhiec K e ma
e when practiced during the adult stage (LI
a predatory mite (Gotoh & Tsuchiya 2009).

The |l ongevity discrepancy in response to fe
es (LI & Zhang 2019a) and trade-offs among
rry 2002, Kirkwood 2005) in different taxa.
change their resource allocation strategi
ctions (Stearns 1992; eBam@0O07) . &HWawegelk i egp!

the effect of intermittent fasting focuses
9a) . Further mor e, most Iinvestigations wuse
ms , and miece a@RdRaAgawa i's thus i mportant

ani sms manage the trade-offs between reproc
tary restriction (Gladyshev 2016; Li & Zheé
ernative models for Il nvestigating such tr a
roduce where the former give birth to haplc
hapl oi d estana2 0(1dbe ILao hKiel i&a Ross 2015) .

TetranychiZsachedefiAcari: Tetranychi dae) S
ope but has now invaded alelt. @a@2®tliOn e rCtAB | ¢
1) . It infests more than 300 plant speci e

ortant crops such as bean, papayatl @b&8a,

ng 2003) . Previous studies suggest that 1t
roductive egtr &W0€2i,es202Z2houand good adaptat
ang 200k3; a®dtbcgheRi salbylad,i 2021) . Li ke many o
anga20l19etP@PadON | undaeyniencounter intermitten
escence of their host plants occurs or whe
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habitats. To date, little is known about how |

| udeaand whet her this species has devel oped st

periodical starvation.

I n the present study, I investi gnat ed Row |
f emalTe.s liundlenset wup a series of intermittent |
recorded their | ongevity, reproductive output
insights into how these mites adjust their res:s
fasting conditions. This work also generat es

popul ati on dynami cs under food stress envir

information for management of animal survi val
5.2 Material and met hods
5.2.1 Breeding colony and experimental mite p

A breeding.coluadeyni néared on about Phapeot ed |

vul gdri)s I n the Massey University Entomol ogy
Zeal and. I replaced 10 ol dest plants with new
plants to the new ones by cutting the | eaves
The mite colony was maintained, and experi men

70% RH with a photoperiod of 16L: 8D hours.

I randomly collected female deutonymphs fr
fresh bean | eaf squares (3 cm I 3 cm, 30 indiyv
saturated cotton pad in a Petr.i dish (5.5 c¢cm
to virgin adult females for experiment. To ob
coll ected 20 newly emerged virgin females pre
3 cm), and all owed them to | ay eggs for 24 ho

eggs | aid by wvirgin]| f2e0nia3lOe se gogns )t hteo Ideeavfe | sogpu at ro

the | eaf square.
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5.2.2 Effects of intermittent fasting on |ife

To determine the effect of 1interTmi tltuedhetntit aat e
virgin and mated females and virgin and mated
0, 24, and 48 hour s, resulting in 12 treat me
maxi mum duration of fasting up to 48 hours as

fasting that T.anurtei tbdwetr ad eauws ibyg extr eme neg:

2018) . Each treat ment had 25 replicates with
emergence | transferred a male and a female t
mal e (for virgin mites) onto a | eaf square (2
a Petri dish (5.5 ¢cm diameter I 1.0 cm height
feed for 24 h and then transferred them (mate:
square (0-h fasting treatment) or a green pl a
on a water-saturated cotton pad in a Petri di
and 48 h for treatments of 24-h and 48-h fas
intermittent fasting periods from emergence t
feeding Y 0-, 24- or 48-h fasting Y 24-h feed|
: 24- or 48-h fasting Y continuous feeding ut

protocoll.bémaeamei mmedi ately after emergence (
1979; Jose & Shah 1989), start | aying eggs on
lasts 7 to 12 days (Keati.m@2l01& )Ramani 2011b; Ro

I checked the mites daily and recorded the
emergence to its first egg being laid), ovipo
egg being |l aid by an adult female), daily fec
day) , l' i fetime fecundity (total number of egg
emergence to death). | randomly selected two ¢
size under a digital camera (Ol ympus SC30, J
computer wi t h adequate i maging software ( Ce
install ed, wi t hout removing these eggs from t
eggs | aid on each | eaf square/ plastic sheet t
a fresh | eaf square and allowed them to feed
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them to a new | eaf square once every five day
hatch rate, adult emergence rate, number of d

eggs to adults).

Treatment sequence

24-h feeding — 0-, 24-, or 48-h fasting — 24-h feeding — 0-, 24-, or 48-h fasting — 24-h feeding —0-, 24-, or 48-h f: — feeding until death

A male or a female adult was

individually transferred to a plastic
sheet for 24-h and 48-h fasting or to
a fresh leaf square for 0-h fasting.

The substrates (plastic sheet or leaf
square) were replaced every 24 hours
following the treatment sequence.

A male or a female adult was
individually transferred to a plastic
sheet for 24-h and 48-h fasting or to
a fresh leaf square for 0-h fasting.

After the third fasting, the mites were
placed individually on a leaf square
replaced every 24 hours until death.

IV

individually (virgin) individually (virgin)

o

T

d J ikl

uIpAd) Y-

q
i

individually (mated)

o

individually (mated)

A
o A
b 4 (o)

s 2K
Figurdaimgram of intermittent fasting seque
5.2.3 Statistical anal ysis
I anal ysed all data using SAS 9.4 with a reje:f

compared using a Wilcoxon test (LI FETEST pr
emergence rate of virgin femalesd offspring,
produced by mated femal es, arsine-square-root
of fspring and square-root transformed fecundi
thus analysed using an analysis of variance

Studenti zed range test for multiple compariso

egg si ze, and devel opment al period of of f spr
transformati on, and thus analysed using a no
Bonferroni test for multiple comparisons.
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5.3 Results

5.3.1 Effect of intermittent fasting on adul't

peri ods

I ntermittent fasting of 48 h signiflicafPtB9, pr
= 0.0123; #@Mated Pf. ®MHl 6026) (Figure 5.2A71B). F
i mpact on virgian ®PaT@, 4u8¢) vaFi gure 5.2C) but
h significantly reduced SHEViPv&80D0p0OOBEDI (Fit gui
Fasting significantly prEklamnge®. 4 @®. Q0a0Cl vfi @ro s
f emaHess ;4 P26,0. 0186 for mated females) (Figure
ovipositkon P06 o0d 402 f oF, smi 2925, Of. elmadlOe sf;or

females) (Figure 5.3B).
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|l etters are notPs3 ghiOS)c.antly different (

5.3.2 Effect of intermittent fasting on |ifet

Fasting had no significant | mpFagd 1oPO=ll,0f @ 6B Mg
but significantly r &dwe ddBP t&khagt. 000f0 1ma t(eFd gfuer nea |5
significantly decreased whehk, 6 »moBP7H,0ecthh@adRy w
mated femal es f aBt#d 6fP6F ,R40ahf) 48Fhgyre 5. 4B
daughters produced by mated females WwWass=not s
1. P25 0.1951) (Figure 5.4C).
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Figur eMem.nd (N SE) IA)f andmd@gigesiuwidi §yn(and mat e
number of Cdamprgdd ecesd (by mated femal d@s t.adeeaed
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5.3.3 Effect of intermittent fasting on offsp

Fasting during the adult stage of mothers did
71.56 N 6.45, 68.17 N 6.96 and 65. 9B, e &..3AGY% f
P = 0.8651); virgin females: 69.52 N 5.32, 66
fasting, MespelRtsi2wWel2y288) ] and adult emergence
20.96, 24.04 N 6.02 and 25.21 N &2.3F%1 €0, 0,

0.1597); virgin females: 51.20 N 7.06, 48.83 I
respect,isrellPy9@0. 4011)]. Compared to the contr
significantly |l onger devel opment &4, 1dsionRR29%,ft er
0.0064) while fasting had no effect ®&ngsdevelo
O.CP9;°0.9177) (Figure 5.5). Fasting significar

produeed by Mmatked8 PBEdthed3I1L) (Figure 5.5).

(]
o
©
Z 2 0- Oson@daughter
o~ a
EU) i ab a a a ab
Q_>‘15_?_ ] El _I_—E— —I—_I_ _I__I_
o ®
_ o 10
wv
> 5
[¢D)
a)
0
Oh| 2|4h 48|h dh 24 h 48 h
Virgin female Mgted f emal e

Figur eMesan5 (N SE) devel opment al ti me of offspr
di fferentT.dulr.adrRowin ss oin,m produced by virgin or
same |l etters are wo* G.i@n)fifcamtdayughtfdres emn od
with the same italic | ePter®k. ®BF)e. not signific
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5.4 Discussion

My results demonstrate that I nt &r mi vadeewmlit flaisft
increased female | ongevity by 157T39% regardl
studies have explored the possible mechani s m:
invertebrates. eftara(eXaOmmp | es,n dHRKODIglUr esuggest t hi

result from gene expression changes, downr egu
study on fruet @RO0OE88) Caditeatenthat I F in ear/|
i mprove gut health |l ater in |ife, and increas

during invasi en. prRrdddset P @xteda2im) dodaemireprodu
through mother-son mating witt hdobDu2tO ,i n2bOr2ele)d,i ntgh e

of female | ongevity in response to |IF may con
However, the effect of Il F on males was m:
l ongevity of mated males and had no i mpact or

could explain theTobé4$ efdemal ogatdree nmuclFilranger
& Ramani 2011b; Li & Zhang 2018) and shoul d
response to IF. Second, compared tea faedmddl;e sL,i
& Zhang 2018) with highetr. afelila3db)o,l irce srualtteisn g( Fii
expenditure and reduci ngett.heel 91904n) g e wiotny |bFe n eFfiin
costly to males in terms ofe¢j atadagti OhBEdM@MN \
Schatr.fa2013), resulting in earlier death i1 f ma
whet her the haplodiploid nature of the spider

i mpact on | ongevity.

| show that I F prolonged preovi po¢ sfideenmablne 9 e
(Figure 5.3A). Because diet during adulthood ¢
in many species (Adams$. 22008t DA REI® 2 000DasHahg

this process, |l eading to |l onger preovipositio
al so contribute to the increase of female | ong
regardless of mating status (Figure 5.3B), s u
their egg |l aying for the same time frame to
di fferent situations. Al 't hough I F reduced fec
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21)
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es trade off fecundity and egg si ze but

stricted in their early Tifleudéemia2to® 0I,a c |
, mai ntaining production of similar nu
onment may be an i mportant strategy for ¢

SS.

oking into the effect of mothersdo experi

did not alter egg hatch rate and i mmatur e s

duc

ems

—

ne
h

ecC

—

t e

t h
ot h

ed by I F in mothers does not Tr ed.wd®ehnie¢g g
to contradict previous findings in some
ss (Car | éte.r @l 919919;1 ;B rSatbeyw alrot9 4 ; Eobx 2aD294; R
& Meunier 2014, Warner & Lovern 2014).
ts on offspring devel opmental time, with

d mated mothers needing | onger T. meudenide

compensate egg size |l oss for offspring fit

e same adult size as those from | arge eg

er strategy this mite has developed to c

e warranted to confirm the transgenelr.ati ons:a

deni

I n conclusi on, | F i ncreases female but not
source storage, metabolic rate, and mating
f fecundity and egg size but not dlaudhltdernin
mal es can adjust their I|ife history strateg
ocess where food shortage i s common. Eggs pi
te and resulting young have the same surviyv
so has transgenerational maternal effects wl
at the |l onger i mmature devel opment al peri oc
mpensating egg size | oss for off splr.i ng dfeintin
upl ed with its adaptateb.na2®l5 dend atngmase rod:
aP0l15; etRi a0DY&di 2021) may have facilitated
ovides insight into adaptive resource all oc:
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evaluation of pest i nvasions and management

regul ati ons.
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Chapter 6 Predator-I nduced Fear s
|l nvasi ve SpedeanyMihus| npuldiecnaiti ons

Management

This chapter Pead Mammigtetnieahrt t pBuchileinccaet i on .

Abstract

The success of bi ol ogi cal control using predeé
direct predation. Yet, it is | argely unknown [
to biological contr ol effectiveness. Her e, I |
fitn
Phyt
consumptive contributiTonl aaetmher bf ol ogecaévebec

ss of Taer amy aheuns mieusdpeornis e t o cues from

o @

seiul asd pienfs.umegwd easwvii di ng knowl edge for e

spider mite control measures using predator c
injured prey shortened the | ongevity by 237125
the fecunditly. blyufdeemad3 e%.i These cues significa
i ncreyasaendrnet popubat iaonnd gerxawetnhd erdatte mMeR t o do
(B . Predator cues significantly delayed I|ifet
predator cues |l aid significantly smaller eqgayg:
sl owly but these eggs had significangrledati grh-er
induced fears signi fT.calngadegHdstwierrge dt it ate tfih d snee s

effects can contribute to the effectiveness of

critical i nformation for evalwuation of bi ol og
the way for identification of chemical odors |
new materials and methods for the control of
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6.1

Pr e
( Ab

|l ntroducti on

dator-prey interactions affect | i fe histor
rams 2®Q@0;a2Pbpé&0mar i Moore & Biewener 2015; Ot

demographic changes in these species (Delil

pre
Her
201
200
Buc
i n
fro
tig
201

Yan

( Fe
200
201
( Bu
t hr

and.

pr e
201
mi t
201
201

res

Spi
bei

dation threat through chemical cues (Grosi
mann & Thaler 2014pnl A2@b6cendaibb6éeatGgal i s
7; eGQalalelt8) and respond acetor al 3 be;t .(Aikd Wwevt
8; Lucetn- alilOclcéagttoGg101%8; Gancedo &tlaza@i%ke. 2
hana(r®l0.17) suggest that the threat cues aff
prey but have stronger impacts on behavior:
m the areas with predatoetca2686l13)Groagegft eda
htly in such areas (Dittmann & Schatusélerge
7), or shift their ovipositiedn a2i0tlé® ;f 00 mulk
o 2017).

Predation threat incurs trade-offs between
retara 0 1 O0Obe;t. la2®1g), altering their | ife his
0O; Persons 20028t. aA20kb®d;n WHDI0OZer L& mdehauvasiber ¢
3; Lucetn-ailOclcéeettol a2 d 20)) and reducing their |
cheathaa?017ptSh2020f. These non-consumptive
eat may be transgenereaeti abd@20( LPeKaRbdahgs 2
LA f ect more individuals (Preisser 2009) a
dation on prey poepu.l a2l dhetdZaddtittese l®PEle sd
4 ; Baitc. ha2maln7 ; Peets sadd0rl®dJon&or example, preda
esd0 feeundiddoy6(DLas& Zhang 2019b), shorten
9b) and prolongs their offspring devel opme
9b) . Furthermore, shift of oviposition fr«
ults in higher egg mortality due to wind a

Application of predatory mites for Dbiologi
der mite peskPhsytions etihue Alvsb rpeedr;sHemtlhhost ( Acar i
ng the most used predator Tetrrahegchkdathbhotl ic
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cari: Tetr angtchd2daded); (Ceh.age.b.n aHeixth;anMie@®4an ;
nat. aR019;etT.idROXQ)i. These reports mainly
ol ogical control based on Pt he erasiidat pl@psslha tpi

ze chdangealy taosfcaieni ng t hat the spider mite po

edati on. However, non-consumptive effects o
ntribute to pest biological control but have
a2021). Two recent reports shed some | ight
d a mammaeéet.(&¥2022a) oprosdator -prey systems, roe
at predator cues can significantly reduce p
ows that these cues can repel the pest. To
duced fears could enhance the effectiveness
vel pest control measures for this Importan
TetranychdisscHeardeind al so an i mportant i nvasi
rope and now occurs in alletctoalbdaégnt CABKEE]
11) . It attacks over 300 host s, i ncluding
gpl ant , hi bi scus, appl e, pumpkingtamatiomé@ny
ang 2003). Yet T.bi odsigng apr edaittaroy mift es i s
d knowledge about the effect of predator-in
udil.s londiemliogi cal contr ol so far mai nly fc
ose(Atasi : Phyt otesteia Oale6, (2021 7caleeOB2all)l.al Ho we
cudero & Ferragut (20@5) pendgemidomgis( 23002) as
tTh | addmh.i uyr tsiugage sti ng that t his Tpr d duadtenri y
fectively

I n the present study, IP . a ipneerainidnoii [Feijvaall wdbet nei
fected the I|ife historyl.trlafdesnbbhesgposédpman
ul t f dmalleusddeoft hese cues throughout their I
cundi ty, daughter producti on, and offspring
story traits and calculated | ife table para

n-consumptive effects by predation threat (
owl edge for evaluation of non-condsumptuidweeaic

d for development of novel spi.der mite cont
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6.2 Materials and met hods
6.2.1 Environment al conditions

Mi te colonies were maintained, and all exper.i

a photoperiod of 16L:8D hours.

6. Ze2ranychuosl bongeand experi ment al mites
Tetranychwer eudemired on approxi mat ehgsedl upsot
ul gdri)sin an environmental room of the Masse
in Pal merston North, New Zeal and. Every fortn
ones. | cut the | eaves of the old plants and g
to move to the | atter.

To obtain 1-day-old mated adul't femal es f
females from the colony and introduced them o
per |l eaf disc) placed on a water saturated cc
height) wuntil they developed to adult stage.
those females and 5 males randomly taken from
all owed them to stay together for 24 hours be"
6. Ph¥tosei ul ucsolpoenrysiamd iesxperi ment al mites
I obtained tRe ppedatoor Miimiftoeg ce Lt d, New Zeal

four potted kidney bealn. plluadmtndi hlee d \aibloy att ofr g st
ol dest plants with new ones every three days &
mite colony was maintained 1 n6Oa cmetite€li gfintawiedt h
with transparent mica plastid @.naA5 fmmeapeorvtenr

separate environment al room.
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6.2.4 Effect of predatory and i njTueterdarmcynlspec

l udeni

To assess how mat eprrneadl a t sotrrse sasn di nidnujcuerde db yconsp
historylr.tdaidtesneixposed 1-day-old mated adult f e

(1) bean |l eaf disc with trace of predators, (z
bean | eaf disc (control with neither predator
replicates. Predator trace consists of met abc
predators on the | eaf surface (Walzer & Schau:

randomly selected five adult female predators

l eaf disc (2 cm I 2 c¢cm) placed on a water sat
1.5 ¢cm height). Twenty-four hours | ater, I r
ensuring two predator eggs remained on the | e
than t wo, I transferred predator egg(s) onto
treatment (2), the injured conspeci fTicd ubheme
on a | eaf disc with an insect pin.

I n each replicate, | r el eds ed utaoe hti dea ymiod dll e
|l eaf di sc, bearing either predator cues, i nju
saturated cotton pad in a Petri di sh, and all
transferred the mite to a new |l eaf disc with
period (from the first to | ast eggs || aid), da
|l ifetime fecundity (total number of eggs prod
I randomly selected two eggs | aid by each fen
wher e t hey wer e l ai d using a di gital camer ¢

stereomicroscope and a computer with adequat
Ol ympus, Germany) i nst aTl.l elduaedadonhr elarye d naltlhee gg
di sc [predator eggs in treatment (1) were rem
and then transferred mites to a fresh and cl e
days until they developed to adults. I checke:

hat ched, number and sex of emerged adult s, an
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calcul ated the | iee. aA®m0 ®) pfacgra mea eh st r(eJaetrme rst

Statistical analysis bel ow).

6.2.5 Statistical anal ysis

Al'l data were analyzed usinlg S@&S09. 4Dwi ahoa a.
were compared wusing a Wi lcoxon t &)s-tt r(alnlsF EoTrEnse
oviposition period, fecundity and adult emerg
test, UNI VARI ATE procedure) and thus analyzed
a Tukey test for mul tiple compari sons. Howe
devel opmental period from egg to adulthood wer
a non-parametric ANOVA (GLM procedure) with a

I modi fied an exponenti al functional model

(@)

n the cumulative proportion of daughters pr.
umul ative proparltilBdp(@fged Awyhe cedsniss amhhe famdr

(@]

=

ate of cumul ath ovias Thenpadirfefde ben eve einn soci 0- en\
to Julious (2004) : if the 95% CLs overlap, th

I cal cul ated t he rimntdaulgshtce rrsa/tfee noafl ei/ndcarye)a sk
er eAARELEioNl, xivisetde femad espthetptopgetior
survivinxg derpdisget he number of daughtxerk @rrodu
calcul ated other l i fe table par ame &4 s, , I ncl
daughters/ femal e/ gener atZi‘gn;) %, ndeaayns ]g,e naenrda td oounb
[ Dt Z %t; %, days]. | used the bootseétr.ap2 ied)h owdi t(
50, 000 bootstrap samples to calculate the pse
paired-bootstrap test e(tEfa2 @1 5& TRebsdhi &8&acChi 129
comparisons bet ween any two cues (TTEST Pr oc
according to the 95% t-based confidence | imit

the mean difference between the two cue treat
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6.3 Resul ts
6.3.1 Effect of predation risks on adult surv

Femal es exposed to injured conspecific or pre:
(T&< 11P 860.0040) (Figure 6.1). Exposure to inj
shortened the Fowk pbdPH0t,000062)y1 OBIi gure 6. 2A) ar

i feti me Ff ec wBnkOi3t,y0.(0566) (Figure ©6.2B). Pr e
signi®dicantly sl ower Il ncrease of cumul ati ve
(Figure 6.3, Table 6.1).
a
©
a Lo : —— No cues
o | e == ———-Injured conspecific cu
= N
" 0.8 i Predat or cues
|
— I
]
- 0.6
>
- 0.4
>
n
0.
0. . |

0 5 10 15 20

Days after emergence

Fi gurSurév.ilv al prr. o H aubdeeméit g s oé xposed to differen

same | etters are rwPor B8i@b) ficantly different
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L 1 O
5_
OO
> cues Injured conspeC|fic cues
Fi gurhte abn Z(N SE) oV)pasdt iBoddl ufgednfia(l es expos
differ:ent cues. Columns with thR >sd@dmé@5l)etters
-
(@)
5
©
©
19 ——No cues ap- s a b

Cumul ati ve

1 2 3 4 5 6 7 8 9 10 11 12
Age (days)

Figur e€u6nuld ati ve proporti ®n lo&fdedmau gehst eerxsp opsreodd u

cue

S .

Lines with the same | etters are not sig
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Tabl #a6 ameters of cumul ative proportion of da

Cu a b R Fear) P
Estimab% CLSEsti mat e 95% CLs

N 0. 106 M68B6~00.1B35686 a 0. A.8®A5B.2880)0. 0001

I nj 0.2M462653~0. D83F7/5226~0. B8BB.. Y Gsx 0.0001

Prec 0.172031888~00.2834682 b 0.006DB3N..A4145%3 0. 0001

y =1 kxXp(age). Estimated values in columns f ol
di fferent (overkapPppdhpy. 95% CLs,

6.3.2 Effect of predation risks on offspring

Eggs | aid by mothers exposed to predator cues
mot hers. @3P38,0. 0350) (Figure 6.4A). After mot
the hatch rate of their eggs was BjijsgniR7Etc,ant |

0.0054) (Figure 6.4B). Furthermore, the devel
exposed to predator cues was si gl bsochaP3t8l,y | o
0.0051) (Figure 6.4C). However, treat ment ha

adul tFAose dO R1=4 ,0. 8666) .
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Figurkef feecdt of mot hersd exposure tA) ,dieggerheanttc
raBe, (and offspringC)ddvrell ap@ahntmmahs peiri lodt lfe s:
not signifikRantO0l.y05di.f ferent (

6. 3.3 Effect of predation risks on |ife table
As shown in Table 6.2, females exposed to inj.
l ower i ntrinsimc amd enetf poapuRdatasieodn rgerqouw trhe dr astie

l onger time to dobdl e Femal psphlaatisomgnsifzeatl
(T) after exposed to predator cues and signitf

conspecific cues (Table 6.2).
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Tabl Me@an2 (N SE) | i f®. t hbitlne nrpeasrpaormestee rtso odfi f f er €

Cu nf R T t D

Nocues (No) 0. 5002 N10.Q0604 .8.20N 0. 03 b

Injured (1 noj..00828 RN3p3poKz@obBB B 0.14 ¢ 8.42

Pred(Pred.) 0.08520NND60B&0ONLO. 14 a 8.16 I
95% CLs (No vs Inj.) 0.0144 ~ 0.0204 1.56 -
95% CLs (P 0.0128 ~ 0.0172 0.13 ~ 0.25 -0.1
95% CLs (I -0.0059 ~ 0.00112 0.19 ~ 0. 37 - 2.
Esti mated values in columns foll owed by diffe
parameter, 95% CLs > 0 or < 0 indicates a sig

6.4 Discussion

Il n the present study, I d e rPa n Pterramtidmiitimjat r ecdi essy
mi Te |shemiened the loahgeiveds ybywf25 and 23 %, r
6. 1) . These findings suggest that in addition
caused by both predator threat and injured pr
time and thus damage to crops. The earlier p
attributed to various factors, such aet.téhle en
2017) , decrease of foraging rate ortfaddlbnt a
Des Ret.has022) and increase of oxidative damac

predator cues may affect prey through physi ol
di vert i ts resource allocation to other phy:
survivorship (Hawlenat.&axlCkhimi.tz 2010; Sitvari

Cl i recth(y2l0.13) suggest that the presence of p
prey and compromise their reproductive fitnes:
out puts and popullatoemiegamwt b, inues from pred
shortened oviposition period by 357T40% (Figur

6 6



6.2B). As shown in Figure 6.3 andT.TalbusdeeoBre d, ¢
down | ifetime daughter production. Further mor e
(rm and net populR)aiti @amd geoxweémdedtti me DOpP doubl

(Table 6. 2). These results suggest that preda
growth by reducing their reproductive outputs
support notions that the non-consumptive i mpa:
(Preats.s&2r005). Similarly, in response to preda
2019b; Metg.had®@E9) and f eccundi2tOW7¢ GFalrowdaov 8 S
2013; Meghadasd; eMermROBaa si gniTf.i cuaenntidcya edveecrl a |
ot her prey species.

The present study partially supports previ
predation threat on prey are tetanaslgemer ateiso rRaol
et. a2022). Tl f adoeththie hatexposed to predator cue
(Figure 6.4A) and their offspring had signifi
compared to other treatments. Small er eggs ma

=

eproductive fitness (HonhDk 1993, Fox 1994) b
more body mass (Fox 1993; Fox & Dingle 1994).
predator cues had significantly higher hatch

treatment had no significant effect on offspr

T. l udeemi | es can somewhat compensate egg mas:
in predation threat. The present study did not
prey cues could influence their of fspring fi
predator-induced stress on offspring fitness

contribution to pest population suppression c
predat iTo.n ktahfreaad s e s osvhiipfots itthieoinr from | eaf surf
higher egg mortality due to wind and rain (OKk
mortality. fuuwadwheirchi nns worth testing in the fu

I suggest that the non-consumptive effects
bi ol ogi cal control using predators dndl|lalewnld
popul ati on sPupppreerssaifimielribdyhe r el ease of predat ¢
predators and killed prey should co-exist. H
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synergistic or additive Iimpacts on prey morta

were tested separately in the present study.
prey are thus warranted. Il n additi on, recent |
used for insect (Wen & Uenoablkd@2)) amastr ordaemd g ¢
studies have |l aid new foundations for future
for spider mite and other plant pests. For ex
rel eaBPedpéesrasnidmiilnijsur ed prey, identification of
tests of the effects of individual and combin
damage.

I n conTéusaoynpchemwmal esdemxposed toPcueser i mil |
and i hjurea@deae@i significantly higher mortality,
popul ation growt h. I n addition to predation,

have major contribution to the effectiveness

transgenerational i mpact of the predation thr
popul ation suppression could be |l ess signific
the predator and killed prey may have high po
met hods for the control of spider mite and ot
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Chapter 7 Gener al Di scussion and C

7.1 I ntroduction

Il n this thesi s, I have carried out a series o

invasive hoTti c,utiennrrads pooensste, t o temperatures,

and their implications in pest management . Kn
the mechanisms behind its invasion success a
management strategi es. I n this chapter, I S u
relevance to the invasT.onl uadnedicie €€ oanme nmah adg em
7.2 Responses to tThedarrmanly cchaursd il tuidoems i n

To generate <critical information for eval uat

devel opment of ther malT.dilauidlefnbatvet exmmmaasun &
fluctuating (Chapter 2) and constant temper a
temperatures (Chapter 4). Di fferent species o
ranges whether they betcah@1ia)ett @Q.H71)ucsd wadge N
spider mi tes are more adaptive to the fluct
demonstifTat ¢ utdeeraftor m better at 20~30UC regardl
eggs died at 51UC.

The | ower theymaorttheeshopmomed from eggs t ¢
12. 70C il m(deandl e 2. 1) , falling into the range
TetranyShusetwaal W03 pt Ga20hbhOet . UdZl (rihl; Kar ami - Ja
Shi shehboret.04201 Rji.ahTThe varying ther mal t hr e
popul ations or strains of the same species pr
(Goeodoha2015) . CompanmrangtpdaoseB.e swidthi cpsser M d e i
phase(l@Gaxsted h2aDIT5) ,mer gaainds ekkang Bivaba RReODIM1 ) t ur kest a
(Karami -Jamour &T .S he via®esleld ¢ IR0)1R2n yhSak wewar i n
al 2003; eGo2adb5) and eveln dtuidemntea h2adli.;)s, otfhe N
Zeal andTst ft ahdaesn orfel ati vely | ower 1 mmature suryv
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igure 3.2F) at |l ow and high temperatures. T

me difficulty to adapt to cool and hot clinm
uld cause serious damage on field crops 1in
ring summer in New Zeal and.

|l ncreasing temperature elevates the metabol
tegar2#®I109; Schulte 2015). It is thus not surp

~—+

creases as tenp.erlau(dgireg uirrecsr e2a s2e sdeitdnr an2E€hua
ecies (e.g., Mar goleitez®dIB5 Wwiadglt.h) 19AdGu!| Gob od

ticularly dependent on the temperature at

]

en the diet remains consistent, |l ower tempe
94; \Watl 2#210.6 ; Kl ok & Harrison 2013). This ph
owth rates and ther mal constraints enh alkl |l
04) . I n accorddancel ualcdnht $ hef t bebhy , sexes d
mperatures are significantly smaller (Figur
cundity are supposed to have a positive rel
ults developing from consistent 25 and 300U0C
igure 2.4) although the former | ive a short
15UC are significantly | arger (Figure 2. 3A
d 30UC but they lay significantly fewer egg
) females can adjust their reproductive str
productive rate in their Tshomumeyidei akl yhilgt

eir populations at moderate temperatures of

Extreme weat her events have been predicted
creasing anthropogenic climate changet (&Bla.tt
17). The ability of species to tolerate tem)
rvival and diet20dlld.yteAo aa2j0dSynday resul ts sh
th otherT. ilfjledtdrida gegy il t he most vulnerable
O 48AC for a short duration (Table 4.1). TI
cumented TPrwervtiiadiadd mc d &dMociGelkegoet2(0day;, eGotadh

15). Regardless its potential fecundity, t he

mper atures bring the survival of any i fe
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Addi tional | yet . Zai(m@2er9ma nanred . kg RI0da2maremp hasi ze
temperature events have stronger effects on
Therefore, TI.L dwglgegnshot hbhe able to build up tF
extreme temperature events above 48AC, which i
for a short period. These findings also have i
programmes for treating postharvest products ;
into the acclimati dn & okdye meax peanii mg tedHdm cttos sownb
over sever al generations may provide more inf

future extreme conditions.

7.3 Effects of food slTterteasasnyar ulsi fleudkeinst ory

Organisms often alter t heir l'ife history tr.
intraspecific variations (Stearns 2000; Shef f.
T. | uadkkjnusts its resource allocation under pe
evaluation of I'ts i1 nvasion success, I have ¢

intermittent fasting (IF) on both sexes of dif
| F extends the | ifespan of both mated and vir
as no effect on that of wvirgin males (Fi

X
h
trade off their fecundity and egg size but no
Y
s
e

However, of fspring from eggs of di fferent S
transgenerational mat er nal effects, which pro
suggest that the | onger i mmature devel opment a
adults and compensate egg size | oss for of f s
effect of | F on the. olf dadreen iiwrag rmerrt fear. mance i n

Food supply during adulthood is 1important
preoviposition period in many species (Danks

in both virgin and mated females with more e

preoviposition period in virgin females may a
Panolis Démamsmeand SciéfeammB8Epr iadd e abBhob astdaunvaa |
(Kehat & Gordon 1977). Thus, starvation toget
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the reproductive onset in virggli.n |[futtanse.si mpolnige

that under food stress virgin females tend to

the early adulthood. These resource allocatic
declines in the fecundity of mated females (F
mai ntain their fecundity (Figure 5. 4A). A si ¢
recorded in mMatedtlificanfal Zlsamgd 2019a). Normall vy,
i's corelated with investment eitnal@®@§er Raggnen
Mac&e. a2012; Koch & Meunier 2014). However, my
|l ay significantly fewer eggs in respond to |F
(Figure 5.4B). These results sTu.gglewdaeytiltatadend
bet ween reproduction and somatic survival to ¢
for size. The mechanisms behind these finding

As in many other ienvad20l6ecdPiamak f ) (udbegnn g

encounter intermittent food shortages during i
occurs or when it is carried by external force
results suggest t hat this species has develo
periodical starvation, such as delay in egg |
some insight into adaptive resource allocati or
useful knowl edge for management of ani mal sur

7.4 Effects of predatiohethaewthos I udenii

Predators have strong effects on prey popul at
of costly defensetvea2dtdbagt PeptissaEdrOfl)@insPsreerd at or y
cause stress and change the behaviour, mor pho
EkIl °©v 200e0t;. alleOnalset MalR®r 3 ; L uecto na BXO Ic6c)a.t oTo pr

knowl edge for eval uation of the non-colnsumpt.

| udeamd for future devel opment of novel spider
have conducted experiments on how predator-in
My resul ts indicate that predati on t hreat S

oviposition period (Figumg, 6n2A) popont&R)yphsehcagr
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and extends the time th) d(oTuabbl|e€. to6h. ed hpeoipeufloartei,o

predation threat may have si@gnifliucda@myi naln- aad

reproduction which wild/l contribute to the eff
include i1 dentification and tests of <chemical
materials and methods for the control of spid

However, the response of organisms to risk

may alter their perception about the retkalwhi
2011, L °ent@ Qatll@.dt Hac k| & Schaes$ RaOtlgpe r Cud Isdnta Wk evra

alz020). The ability to recognize predation ri
but evidence for |l earned threat sensitivity i
field do not allow discrimination between pre
(Wal zer & Schausberger 2011). I n addition, bo

be modified by materagll2ef Sectas maRocBe Tabor sk
reveal ed the non-consumptive &effect of T.predat
|l udé&mirt her studies are needed to investigate
predation threat To.n lpuadeednait hei expéfisencad.

Al t h@Gugh udemul ati on may be negatively affe

extend this species may also build an adapti v
of fspring survival. For exampl e, my findings
exposed to predator cues is significantly hig
may be due to the ability of embryos t@etperce
al 2008; Ferrari &t.Cd2iOvledr et Mel210020 )I tanadr taed j ust
rate I n response to the changing riskg.andd oj

2010; War kentien. 20015; HFgkepye & Yano 2019; N
Mezreai a2020; ekKasa2dg2llgu Furthermor e, predator

devel opmentTall qpféfesnpordi g (Fi gure 6.4C). | argue
period is an adaptive respond to compensate t
mot heexrpsosed to predator cues (Figure 6.7A). Fu
| udeaanid t heir offspring in respond to predati o
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7.5 Limitations of study

This research, however, has 3 oméuysendk nitn arhy | 9
were taken from the colony that had been rear

adapted to the | aboratory conditions during my
to some extent. Furthermore, T.1 lhudeenénwoir o nme
stressors at the physiological and mol ecul ar

and mol ecul ar mechani sms behind the effects o

mi tes.

7.6 Concl usi on

I n this study I have demonstrated that the en

(%)
—
—
(¢}
(7]

s, and plr.edladtmiayni acitskdas ositrong selectiywv
popul ation growt h, expansion potenti dAbmeyaind c
det ect the current and expected conditions o

strategies through differenti al resource all
environment al conditions vary depending on di
susceptibilities &Andl umeogmat icveer trae snp odnesgerse eo fo f €
demonstrated in this study may provide founda

management strategies for this pest.
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Tetranychus ludeni Zacher (Acari: Tetranychidae) is an invasive spider mite that currently occurs in
Europe, Asia, Africa, America, and Australasia (CABI 2011; Migeon & Dorkeld 2018). It feeds on
more than 300 plant species in 60 families and causes significant damage to a number of
economically important crops such as eggplant, pepper, tomato, bean, pumpkin and other
cucurbitaceous plants (Zhang 2002, 2003; Gotoh ef al. 2015). In their study on effects of constant
temperatures on several spider mite species, Gotoh ef al. (2015) suggest that 7. /udeni may be better
adapted to warmer climate and predict that it could replace T. urticae to become a major pest of crops
in the world. However, temperature in nature is fluctuating, typically higher during the daytime and
lower during the nighttime, which could have different effects on organisms (Fischer ef al. 2011;
Paaijmans ef al. 2013; Bowden ef al. 2014; Gotoh ef al. 2014; Zeh et al. 2014; Nachman & Gotoh
2015; Bayu ef al. 2017). So far, how fluctuating thermal conditions affect life history traits of T.
ludeni is unknown. In the present study, we investigated the plasticity of life history traits in response
to fluctuating temperatures in 7. /udeni to provide information for predicting its potential to invade
and to become a major pest in different regions or conditions.

We maintained a breeding colony of T. ludeni on 20 potted kidney bean plants (Phaseolus
vulgaris L.) in the Massey University Entomology and IPM Laboratory, Palmerston North, New
Zealand, at 25 = 1°C temperature and 50 ~ 70% RH with a photoperiod of 16L:8D hours. We
performed four fluctuating temperature treatments (15~21, 22~28, 29~35 and 36~42°C) with 20
replicates per treatment in growth chambers (I-36VL, Percival Scientific Inc., Perry, Jowa, USA).
The temperature setting protocol is shown in Figure 1. For each replicate, we randomly collected 20
female and 4 male adults from the colony, infroduced them onto a bean leaf disc (3 cm x 3 cm) placed
upside down on a water saturated cotton pad in a Petri dish (5.5 cm diameter x 1.0 cm height), and
allowed them to stay on the leaf disc for 24 hours at 25°C. We kept 50 eggs on the leaf disc, removed
the redundant eggs using a soft paintbrush, and then placed the Petri dish with 50 eggs into a growth
chamber at a test temperature. We replaced the leaf disc with a fresh one once every five days. We
took each Petri dish from the test temperature once a day for a few minutes and recorded egg hatch,
immature stage mortality and adult emergence under a stereomicroscope (Leica MZ12, Germany) at
25°C. During the few minute’s observation each day, we also sexed and removed emerged adults and
recorded development period (from egg to adulthood) of each sex.

To determine the effect of treatments on adult body size, we randomly selected two females and
two males of the resultant adults per replicate and measured their size under a digital camera
(Olympus SC30, Japan) connected to the stereomicroscope and a computer with adequate imaging
software (CellSens® GS-ST-V1.7, Olympus, Japan) installed. To obtain information on the effect of
treatments on reproductive outputs and adult longevity, we randomly selected 20 newly emerged
females and 20 newly emerged males (< 1 d old) from each of the above treatments and individually
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paired them on a leaf disc (2 cm x 2 cm) in a Petri dish as mentioned above. We maintained all these
adults under the same treatment conditions. Twenty-four hours later, we transferred the male to a
clean leaf disc of the same size in another Petri dish and recorded its longevity. We allowed the
female to lay eggs for 72 hours on the same leaf disc and then transferred her to a new leaf disc of
the same size in another Petri dish. We repeated this process until her death, and recorded fecundity
and egg hatch rate of all eggs laid by each female. Mite transfer, and fecundity and egg hatch
recording were performed at 25°C for a few minutes.

All data were analysed using SAS 9.4 with a rejection level set at a < 0.05. A Shapiro-Wilk test
(UNIVARIATE procedure) was used to test the distribution of data. Data on the immature survival
rate, and male and female adult body size were normally distributed and thus analysed using an
analysis of variance (ANOVA, GLM procedure) followed by Tukey’s Studentized range test. Data
on the number of eggs laid were In(x) transformed to achieve normal distribution before ANOVA.
Data on egg hatch rate, and offspring sex ratio and developmental period were not normally
distributed even after transformation, and thus analysed using a non-parametric ANOVA (GLM
procedure) with a Tukey test for multiple comparisons. Data on adult survival were compared using
a Wilcoxon test (LIFETEST procedure).

Our results show that no eggs hatched at the treatment of 36~42°C, indicating that this
temperature range is lethal to T. ludeni eggs. Similarly, Gotoh ef al. (2015) report that T. ludeni and
T. urticae eggs do not hatch at the constant temperature of 40°C, and Roy ef al. (2002) show that T.
mcdanieli McGregor eggs fail to hatch at > 36°C. These findings suggest that many Tefranychus
species may not be able to survive in regions with a period of late 30°C to early 40°C in a year, and
that air temperature of ca. 40°C can kill spider mite eggs for postharvest disinfestation.

We show that almost 100% of eggs hatched at 15~21 and 22~28°C while only about 70% of eggs
hatched at 29~35°C (F,5,= 69.32, P < 0.0001) (Figure 2A). Among hatched mites, about 75%
developed to adults under 22~28°C compared to about 60% and 10% at 15~21°C and 29~35°C,
respectively (F,s; = 224.32, P < 0.0001) (Figure 2B). These findings show that 22~28°C is the
optimal thermal condition for survival and development of 7. Judeni. Based on the results, we
propose that this mite may not be able to establish in regions or greenhouses with the daytime
temperature > 35°C. The relatively low survival of immature stages at 15~21°C may be attributed to
significantly longer development period (F, ,,,;=2328.85, P <0.0001) (Figure 2C), which may pose
higher risk of death (Murphy ef al. 2018; Esbjerg & Sigsgaard 2019).

Like many haplodiploid species (Roy ef al. 2003; Macke ef al. 2011: Tamura & Ito 2017; Zhou
et al. 2018), T. Iudeni generally had a female-biased sex ratio (Figure 2D). However, the proportion
of female offspring was significantly higher at 29~35°C than at 15~21 and 22~28°C (F,,,=22.70, P
< 0.0001) (Figure 2D). Roy ef al. (2003) suggest that an increasing female-biased sex ratio in T.
mcdanieli at extremely high temperatures could be an evolutionary response of spider mites to
deteriorating habitats because females have better capacities than males to disperse and survive
under harsh conditions.

Adult T. ludeni developed from 29~35°C were significantly smaller (F,,;= 3.6, P = 0.0320 for
male: F,,,.= 149.54, P < 0.0001 for female) (Figure 2E) and laid significantly fewer eggs (F, ;,=
7.88, P =0.0014) (Figure 2F) than those from 15~21 and 22~28°C. The present study supports both
theoretical and empirical findings in many organisms, i.e. adult body size decreases with increasing
temperature (Atkinson 1994; Walters & Hassall 2006; Klok & Harrison 2013) and female body size
and fecundity are positively correlated (Honeék 1993). Furthermore, we demonstrate that adult
longevity and temperature were inversely related in both sexes ( x% =21.53, P < 0.0001 for males;

x% = 12.00, P = 0.0025 for females) with females being more tolerant than males at high
temperatures ( xf =26.76, P < 0.0001 for 29~35°C) but not at lower temperatures (X§ =1.91 and
0.01 for 15~21 and 22~28°C, respectively; P > 0.05) (Figure 3).

2019 RISTYADI ET AL.: DYNAMICS OF LIFE HISTORY TRAITS IN TETRANYCHUS LUDENI 2273

97



40 -
O 35 J —0—36-42°C
2
£ 30 - —--29-35°C
<
g 25 1
g | —0—22~28°C
S 20

15 ~ —o—[5-21°C

10 rrrrrrrrrrirrrorrrr e rirrrr

0246 81012141618202224
Time (h)
FIGURE 1. Illustration of the hourly temperature change following a modified Gaussian function (Schou et al. 2014):

(nmg-b;Z
Temperature ., =a X e_[ 22 1 +d where a (= 6) 1s the amplitude, b (= 10 ~ 14) 1s the time of the peak, ¢ (=
3.16) 1s the width of the distribution, and d 1s the nighttime temperature. Time: 0 ~ 4 dark, 4 ~ 20 light, and 20 ~ 24 dark.

A 1007 & =% B 100 - .
b E
= 75 2 51 b =]
S 5 ==
2 50+ 75 50
EJB 25 - '_gv 25 9 C
0 L} L) —El O L] T l+l 1
C 25 - _3_ D 100 1 b b g
—_— =11] Bl -
g - 20 A & 75 4
[T (=%
eg 157 b €2 50 A
%V C o X
;)) i 5 - 2 25 A
o [5)
0 T T 1 u- 0 T T 1
E 12 - a " Efenllale F 25 -
male a a
& 9 4 20 A
it I
H2x 6 )
T - o (Vi B 0 10 -
<X 3 S
z. -3 b
0 : : 0 . —
15~21 22~28 29~35 15~21 22~28 29-~-35

FIGURE 2. Mean (£ SE) egg hatch rate (A), immature survival rate (B), developmental time (C), proportion
of female offspring (D), adult size (E), and number of eggs laid (F) at different temperature ranges (°C). For
each category, columns with the same letters are not significantly different (P > 0.05).

2274 SYSTEMATIC & APPLIED ACAROLOGY voL 24 9 8



In summary, T. ludeni performs the best at 22~28°C and the worst at 29~35°C with no eggs
surviving at 36~42°C, suggesting that this mite is less likely to invade hot to very hot regions. The
mite can reproduce well at 15~21°C but at this temperature range, it develops twice slower and
suffers 25% higher immature stage mortality than at 22~28°C, implying that this mite has some
difficulty to establish in cool regions and even if it survives in these regions, it is less likely to
become a major pest. Our results also suggest that 7. Judeni can establish in the regions with mild to
warm climate after invasion and become an important pest. New Zealand has a mild climate with the
South Island being cooler. As a result, the mite population size may be larger in the North Island than
in the South Island. Furthermore, it may not be able to survive in the regions with hot climate and
greenhouses with a daytime temperature over 30°C during the summer.
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Abstract

Tetranychus ludeni Zacher is a spider mite that has invaded all continents except Antarctica and become an
economically important pest around the world. Understanding the plasticity of its life history traits as a response
to temperatures provides critical information for its risk analysis and management. Here we tested its response
to temperatures ranging from 15 to 30°C over two generations. We found that there was no difference in the egg
hatch rate and immature survival rate across temperatures in the first generation. However. the egg hatch rate
was lower and immature survival rate was higher at 30°C in the second generation. The sex ratio (proportion of
females) of resultant adults was consistent under all test temperatures in both generations except for 30°C in the
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