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Synopsis Urb anizat io n p ro m otes th e fo rmatio n o f h eat is lan ds. For ectoth ermic anim al s in cit ies, the urb an h eat is lan d effect 
can increase deve lopm en tal ra te and resu lt in sma l ler adu lt b o dy size (i .e ., the t em pera ture-size ru le). A sma l ler adu lt b o dy 
size could be co nsequential fo r invasive urban ectot her ms due to potent ia l effe cts of b o dy size on t her mal t olerance , disper sal 
dista nce, a nd f ecundi ty. Here, we explo re d the effe ct of urb anizat io n o n b o dy size in the sp ott ed lant ernfly ( Lyc orm a delic at- 
ula ), an invasi ve p lantho p per (Hemip tera: Fulgor idae) t h at i s rap idly sp r eading acr oss urba n a n d n on-urb an sett ings in the 
Unit ed Stat es. We then evaluat ed the consequences of spotted lanternfly b o dy size for heat t olerance , a trait with importance 
for ectot her m surviva l in urb an h eat is lan ds. Contrary to our expectation s, w e found t hat bot h male ( P = 0.011) and female 
( P < 0.001) spotted lanternflies were larger in more urb anize d areas and that females displayed a positive effect of b o dy size 
on resistance to hot tem pera tures ( P = 0.018). These results rej e ct plast icity in deve lopm en tal ra t e due t o th e urban h eat is lan d 
effect as a n expla nation f or spotted la nternfly b o dy size and instead len d n eces sary (but ins ufficient) s u ppo rt to an adaptive 
explanatio n stemming fro m advantages o f lar g er b o d y size in cities. This stud y demonstrates a positive effect of urbanization 
on spott ed lant ernfly b o dy size, with potent ia l implicat io ns fo r di spersal di sta nce, f ecundity, a nd t her mal tolerance in urban 
areas. 
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rb anizat ion is pr ogr essing at an unpre ce dente d rat e ,
ith glob a l urb an extent exp anding by > 9500 km 

2 per
e ar ( L i u et al. 2020 ). W hile ci ties h ave m any unique
 haract er istics t ha t differen tia te them from na tural ar-
 as, one t hat st ands out is th e presen ce of hum an-m ade
urfaces (e.g., buildings, roads, asphalt, an d oth er im-
ervious surfaces) that store h eat ( Ch en et al. 2023 ).
or t his re ason, t here is a high co rrelatio n between
h e prevalen ce of impervious surface and land sur-
ace tem pera ture ( Imhoff et al. 2010 ; Ezimand et al.
024 ). Co mb ined wi th co rrespo ndin g v eg etation loss
 nd a nt hropogenic he at p rod uctio n ( Mohaj erani et a l.
017 ), cities thus prom ote th e formation of “urban heat
s lan ds,” w ith d aytime tem pera tures tha t can be 8 ◦C
igher than surrounding rural areas ( Imhoff et al. 2010 ),
n d th ey contain h o tspo ts of extreme surface tempera-
ures ( Mentaschi et a l. 2022 ). Urb an h eat is lan ds su b-
 dvance A ccess publicatio n Ap ril 15, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
equently a ffect the ecology and evol u tio n o f species
nhab i ting t hese t her mal env ironments, w ith p art icu-
a r importa nce f or ectot her mic anim al s for which b o dy
em pera ture is closely t ie d to that of the environment
e.g., Ang i letta et a l. 2007 ; B ran s et al. 2017 ). 
We focus here on the effect of urban co ndi tio ns o n

ctot her m b o dy size, a trai t wi th significan t im plica-
io ns fo r eco logy, p hysio logy, an d fitn ess ( Ch own an d
aston 2010 ) as well as co mmuni ty and ecosystem dy-
a mics ( Lövei a n d Magura 2022 ). In ectoth erms, b o dy
ize is related to deve lopm en tal tem pera ture v i a the
em pera ture-size rule, which st ates t hat deve lopm en-
al rate is correl ated w ith tem pera ture and tha t accel-
rated deve lopm ent results in smaller ad ul t b o dy size
 Atkin son 1994 ; An g i letta and D un ham 2003 ). It fol-
ows that, in the absence of sele ct io n fo r lar g er b o dy size,
ctot her ms are expected to be smaller in ci ties d ue to
 he t her mal environment ( Merckx et a l. 2018 ). Sma l ler
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ectot her m b o dy size can then impact h eat toleran ce
(e.g., Baudier and O’ D onnell 2018 ) and rates of evapo-
ra tive wa t er loss (e .g., Kühsel et a l. 2016 ), two t rai ts wi th
co nsequences fo r surviva l in urb an h eat is lan ds. 

Th e re lations hip between th e th ermal environm ents
o f ci t ies and e ctot her m b o dy size may b e of p art icu lar
importa nce f or the s ucces s of invasive inse cts. Cit ies of-
ten play a key role in the int roduct ion of invasive species
( Borden and Flory 2021 ), with th e establis hm ent of in-
vasiv e in se cts faci litate d in lar g e p art by the preva lence
o f no n-nati ve p lant spe cies in urb a n a reas ( Bra nco et al.
2019 ). How ev er, if the urban heat island effect causes
sma l ler adu lt b o dy sizes in invasiv e in se cts, this cou ld
a ffe ct the abi lity of invasive insects to survive the hot-
t er environmental t emperatures of cities. Furt her more,
sma l ler adu lt b o dy size also has the potent ia l to re-
duce t he dispers a l cap acity, mate-findin g a b ili ties, and
fecundi ty o f invasiv e in sects ( K aji ta a nd Eva ns 2010 ;
Hemptinne et al . 2012 ), suc h that cities could act as
e colog ica l t raps for these spe cies ( Zuniga-Pa lacios et a l.
2021 ; Frank and Cowper 2022 ). 

Here, we studied the re lations hip betwe en urb aniza-
tion and b o dy size in the sp ott ed lant ernfly ( L. d eli cat-
ula ), a recen tly in troduced invasive insect in the United
St ates ( Bar r in g er et al. 2015 ) th at i s rap idly sp reading
across urba n a n d n o n-urban enviro nments t o t est two
hyp otheses: (1) Bo dy size h a s an inv erse relation ship to
percen t im pervious surface; and (2) Body size a ffects
h eat toleran ce. Contrary to our expe ctat ion s stemmin g
from the tem pera ture-size rule, we found that spotted
lanternflies in cities were lar g er t han t hose in less ur-
ba n a reas a nd that la r g er f emales a r e mor e r esistant to
hot tem pera tur es. These r esults len d n ecessary but in-
s ufficient s u ppo rt to an adapti ve exp la nation f or spotted
lanternfly b o dy size rather than one b ase d on the effect
of urban heat i sland s on pla sticity in deve lopm en tal ra t e .

Materials and methods 
Study organism 

The spott ed lant ernfly ( L. d eli catul a ) is a po l yp h agou s
plantho p per (Hemip tera: Fulgor idae) t h at i s n ative to
C hina ( C hu 1930 ). A n inva sive po p u lat io n o f spotted
lant ernfly was fir st det ect ed in the USA in Berks County,
Pennsylva nia, in 2014 ( Ba r r inger et al . 2015 ). S ince its
int roduct ion, the spe cies h a s rapid ly exp ande d its ran g e
( Coo k et al. 2021 ), estab lishing po p u lat ions in 17 US
s tates ( USDA AP HIS n.d. ). This s pecies t hr ives in a di-
verse array of hab i tats, wi th po p u lat io ns p resent in ur-
ba n a n d n on-urb an sett ings, possib l y d ue to i ts b road
diet and ontogenetic shifts in host pr efer ence ( Urban et
al . 2021 ). The spott ed lant ernfly r epr esents a major eco-
nomic t hre at in t he United St ates ( U rban 2019 ; U rban
and Le ach 2023 ), wit h p art icu lar co ncern fo r ag ricu l-
ture. 

Sample collection and body size 

measurements 

We col le cte d 2405 adu lt spotte d lanternflies (980 ma les;
1425 females) from 93 locations in New Jersey, USA, in
September and October of 2021 ( Fig. 1 ). Col le ct ion sites
r epr esented a variety of ha bitats, ran gin g from rural
to high ly urb anize d sett ings. At eac h sit e , we col le cte d
spott ed lant ernflies by hand and placed them in labeled
plast ic b ags with oth er in div idu als from the same sam-
ple site and col le ct ion dat e . We then st ore d the b ags in
a −20 ◦C fre e zer to eut hanize t he anim al s and preserve
their tis s ue f or a na lyses. We re corde d the date and ge-
ogra phic coordina tes (v i a Google Maps) of e ach s am-
plin g ev ent. 
The number of samp les co l le cte d per site ran g ed from

1 to 215 ( x = 25.86 ± 35.03), but there were ro bus t sam-
ple sizes across the urb anizat ion g radient. For example,
436 females were collected from the most urban areas
( ≥50% mean impervious surface), whereas 390 females
were col le cte d from th e m ost rural areas ( ≤15% m ean
impervious sur face). L ike wis e, 329 males were collected
from the most urban areas, and 117 males were col-
le cte d from the most rural areas. 
From Ja nua ry to April of 2024, we t hawed e ach s am-

ple fo r app roximately 20 min at room t emperature . We
deter mined t he sex of each indiv idu al by noting the
p resence o r absence o f re d va lvifers at the posterior end
o f the abdo men and inspe cte d the wings to ensure that
they were intact. We then used s tainles s s teel digital
c alipers (VWR 

® c at. 62379-531) t o measure t otal b o dy
lengt h, a metr ic of b o dy size, a s the di st ance from t he
ti p o f th e h ead to the ti p o f the folded wings ( Baker et al.
2019 ). We did not me asure t he weight of these individu-
als sin ce th ey had been frozen an d su bj e ct to desiccat ion
fo r app roximately 2 years. 

Quantifying urbanization and altitude 

We quant ifie d the deg re e of urb anizat io n o f e ach s am-
ple site by ca lcu lat ing th e m ean percent impervious sur-
face within a 5-km buffer a round each site ( Fig. 1 ). To
do s o, we us ed Ar cGIS Pr o v. 3.3 (Esri) to plot the co-
o rdinates o f e ach s ample si te o n t he impervious sur face
layer of the 2021 Nat iona l L and C over D at abase of t he
Unit ed Stat es ( Dewitz 2023 ). We then const ructe d 5-
km radius buffers around each site and used the Zonal
Stat ist ics Ge opro cessing To ol to ca lcu late the mean
percen t im perv ious surface w ithin each buffer. A 5-
km radius buffer was sele cte d be cause spotte d lantern-
flies can disperse 3–4 miles (i.e., 5–6.4 km) during
their lif espa n ( Corn e ll University n.d. ). Mean percent
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Fig. 1 We sampled 2405 adult spotted lanternflies ( L. delicatula ) from 93 locations in New Jersey, USA, in 2021. For each sample site, we 
calculated the mean percent impervious surface within a 5-km buffer. Circles show the buffer zone and impervious surface within it for 
each site, with little impervious surface r epr esented by black and the most impervious surface r epr esented by purple. 
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mpervious surface for the study site buffer zones
an g ed from 1.9% to 65.0%. G iv en elevation can also
 ffe ct environmenta l tem pera tures, wi th co rrespo nding
otent ia l to a ffe ct e ctot her m b o dy size (e .g., Brehm et al .
019 ), we used ArcGIS to quantify th e e levatio n o f each
ample sit e . 

tatistical analyses 

e co nd ucte d a l l stat ist ica l ana lyses in R v. 4.3.2 ( R
ore Team 2023 ). We fit linear mixed effects m ode ls
it h t he lmer f unctio n o f lme4 ( Bat es et al . 2015 ) t o
est for a re lations hip between mean percent imper-
ious surface and spotted lanternfly b o dy length. We
an m ode ls separate ly for males and females to account
or sex-specific differences in b o dy length ( Fig. 2 ) and
ifferent ia l effe cts of the mo del variables. Mo dels in-
luded mean percent impervious surface and latitude
s fixe d effe cts a nd sa mple site as a ra ndom effect to
ccount for the no n-independence o f samples col le cte d
rom t he s ame loca tion. La ti tude was incl uded as a co-
ariat e t o m ode l th e effects of this va ri able on env iron-
en tal tem pera ture and other l atitude-rel ated env iron-
 ental con ditions (e.g ., d ay lengt h) t hat could a ffect
 o dy lengt h. Bot h m ode l s al so in cluded th e quadratic
erms for percent impervious surface and latitude to
 ode l curvilin ear re lations hips between th ese variables
nd b o dy lengt h t ha t were a pparen t d uring p relimi-
ary d ata v isu a lizat ion and eva luat ion of reg ression di-
 gnos tics. We did not incl ude al ti tude in the models
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Fig. 2 Female spotted lanternflies ( L. delicatula ) had significantly larger mean body lengths (25.194 mm + 1.232 mm) than males (21.103 
mm + 1.034 mm; Welch two-sample t -test: t = 88.087; P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

because we found a significant and s ubs tant ia l nega-
t ive correlat ion betwe en a lt itude and percent impervi-
ous surface in both the male and female data sets (male
Pearso n’s co rrelatio n = −0.733; t = −33.65; P < 0.001;
f emale Pea rso n’s co rrelatio n = −0.688; t = −35.679;
P < 0.001). 

Prio r to fitting th e m ode ls, we per for me d sex-spe cific
scaling of mean percen t im pervious surface and lat-
itude . We t est e d for mu lt icol line ar ity of the fixed ef-
fects, in cluding th eir qu adratic terms, by c a lcu lat ing
va ria nce inflatio n facto rs (VIFs) using the car package
( Fox and Weisberg 2019 ). All VIFs for fixed effects in
th e m ode ls (in c luding quadratic t erms, whic h have in-
heren t m u lt icol line ar it y) were < 3, indic ating low and
acceptable mu lt icol line ar i ty amo ng t he var iables. We
al so a s ses se d mu lt icol line ar ity for m ode ls with out th e
quadratic terms for latitude and mean percent imper-
vious surface and confirmed that there was low mul-
t icol line ar it y bet ween l atitude an d m ean percent im-
pervious surface ( = ∼ 1). After running the glob a l
m ode ls, we per for m ed m ode l se le ct io n by co mparing
the AI C o f m ode ls of varying deg re es o f co mplexi ty
using the dredge function of MuMIN ( Barton 2024 ).
We per for m ed m ode l av eragin g of those top m ode ls
wi th �AI C < 2 and eva luate d the P -va l ues o f t he f u l l
m ode l-av erag ed coefficients for significance. We then
used Dh arm a ( Hart ig 2017 ) to eva luate th e m ode l resid-
ua ls. We a lso ca lcu late d th e m ean b o dy length of males
a nd f ema les col le cte d from th e m ost ( ≥50% m ean im-
pervious surface) and least ( ≤15% mean impervious
surface) urb anize d a reas a nd s tatis tically compared
them v i a Welch’s t wo-sample t -tests. 

Heat tolerance experiment 

From July 22 to July 31, 2024, we col le cte d 70 ad ul t fe-
male and 60 ad ul t male spott ed lant ernflies from the
base of the STEM building at Kean University (Union,
NJ). All ad ul ts were collected from the same urban-
ized area ( ∼61% mean impervious surface) to avoid
conf ounding effe cts of potent ia l loca l ada pta tio n and/o r
ph en ot ypic pl asticit y on t her mal respo nse. Ad ul ts had
e close d a pproxima te ly 1 wee k p rio r and were therefore
un li kely to have t ravele d far from their developmental
hab i tat (e.g., Keller et al. 2020 ). Females were not yet
g ravid g iven the t ime of ye ar t hat we s amp led. We co l-
le cte d adu lts by hand and placed them in an empty glass
aquarium in a lab within the STEM building, where they
acc limat ed t o room t em pera ture ( ∼20 ◦C) for a pproxi-
mately 30 min. 
We fil le d a water b ath (2-liter VWR 

® Genera l Pur-
p ose Water B ath; c at. 76308-830) w ith dist i l le d water
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Table 1. We fit sex-specific linear mixed models to test the effects of mean percent impervious surface and latitude on spotted lanternfly 
( L. delicatula ) body size. 

Males Females 

Fixed effect Estimate SE P Estimate SE P 

% Impervious surface 0 .125 0 .049 0 .011 0 .253 0 .054 < 0 .001 

% Impervious surface 2 − 0 .027 0 .052 0 .596 0 .053 0 .076 0 .482 

Latitude 0 .202 0 .073 0 .006 0 .065 0 .077 0 .4 

Latitude 2 0 .124 0 .038 0 .001 0 .138 0 .039 < 0 .001 

Linear models included quadratic terms for mean percent impervious surface and latitude to model non-linear relationships between these variables. 
Models also included site as a random effect. Prior to running the models, we scaled the predictor variables. Model-averaged coefficients for models 
with �AIC < 2 are presented. Bold text indicates significance ( p < 0.05). 
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n d h eat ed it t o 50 ◦C. The wat er t em pera ture was h e ld
onstan t a t 50 ◦C, wit h t he tem pera ture mo ni to red v i a an
TD prob e (VWR 

® Traceable Temp erature D at a Log-
er; cat. 76321–892) s us pen ded in th e center of the wa-
er bath. We placed indiv idu al l an ternflies in to room-
em pera ture plastic 50-ml conic al v i als w it h t he lids
 losed , suc h t hat t h e in div idu al was able to sta nd a nd
a l k around the conical vial and the v i al was water-
ight. We then imme diately use d test-tube t ongs t o sub-
er g e each v i al ho rizo nta l ly into the center of the water
at h. We st arted a timer at the moment t hat t he conical
 i al was su bm er g ed into the water bath and sto p ped the
im er at th e m om en t tha t th e in div idu al exhib i te d sig ns
f having reached its crit ica l t her m al m aximum (i .e .,
T max , indica ted by m u scle spa sms and loss o f coo rdi-
ated m ovem ents; Lutt er sc hmidt and Hut c hison 1997 ;
r st ed et al. 2022 ). At this point, we removed the indi-
 idu al from the v i a l, use d dig ita l ca liper s t o measure its
 o dy length as above, an d weigh ed it using a microb a l-
nce (Mettler Toledo New Classic MS; cat. MS303S).
e th en imm ediate ly preserved th e majo ri ty o f indi-

 idu als in 100% etha nol f o r fu ture analys es. Howe ver,
e temporarily placed s e veral random indiv idu als in
mpt y pl astic p i pette ti p boxes to a l low them to re-
ain coordina ted m usc le function t o confir m t hat t hese
hysic al sy mptoms indic ated th e m om ent at which
 he CT max , rat her t han t he let hal t her m al limit, wa s
eac hed . 
We removed four data po ints fo r females an d on e data
o int fo r males fro m analyses d ue to data col le ct ion is-
ues dur ing t h ese five h eat toleran ce t ria ls, resu lt ing in
6 and 59 heat tolerance t ria l resu lts retaine d f or f emales
nd ma les, respe ct i vel y. We used linear r egr essions to
 ode l th e re lations hip between spott ed lant ernfly bod y

ength an d tim e t o reac h CT max . We fit r egr ession mod-
l s u sing the lm function in the packag e lmte st (Zeileis
n d Hoth orn 2002 ). We fit lin ear m ode ls separate ly for
ales and females to account for sex-specific size differ-
n ces as we l l as potent ia l sex-spe cific responses to envi-
onmen tal tem pera ture. We al so u se d sex-spe cific lin-
ar r egr essions t o t est fo r a relatio nshi p between spotted
an ternfly weigh t an d tim e t o reac h CT max . We c hec ked
h e m ode l as s umptions v i a residu al di a gnos tics plots
nd a Shapiro-Wi l k test for normality. 

esults 
ffects of urbanization on spotted lanternfly 
ody length 

ema le spotte d lanternflies were sig nificantly lon g er
h an m ales (fem ales = 25.194 mm ± 1.232 mm;
ales = 21.103 mm ± 1.034 mm; Welch two-sample

 -test: t = 88.087; P < 0.001; Fig. 2 ). A stat ist ica l ly sig-
ifica nt effect of mea n percen t im pervious surface on
 o dy length was present for both females and males
 Table 1 ). Th e m ean b o dy len gth s f or f emales a nd males
n are as wit h t h e m ost urb anizat ion ( ≥50% mean im-
ervious surface) were 25.504 mm ( ±1.103 mm) and
1.148 mm ( ±1.069 mm), respe ct i vel y, where as t he
ean b o dy len gth s f or f emales a nd males in a re as wit h

 he le ast urb anizat ion ( ≤15% me an impervious sur face)
ere 24.868 mm ( ±1.233 mm) and 20.673 mm ( ±1.043
m), respe ct i vel y. Mean bod y len gth s differe d sig nif-

ca ntly a m ong th e m ost an d least urb anize d environ-
ents (female t -test: t = 7.776; P < 0.001; male t -test:

 = 4.207; P < 0.001). Both males and females also dis-
layed a n on-lin ea r effe ct of lat i tude o n b o dy size, with a
ig nificant posit ive linear effe ct of latitude on b o dy size
 resent fo r m ales a s w ell ( Ta ble 1 ). 
W hile most resid u al di a gnos tic tes ts were not signif-

cant, Dh arm a did identify five s tatis tical ou tliers fo r
ales and three for females. We re-ran the linear mixed
 ode ls with out th ese outlier s t o as ses s their effects, a nd
e found no chan g es to th e significan ce of the fixed ef-
ects in either model. 

ffects of spotted lanternfly body size on heat 
olerance 

emales in the trials were significantly lon g er (fe-
ales = 25.8 mm ± 1.2 mm; males = 21.2 mm ± 1.1
m; Welch’s two-sample t -test: t = 22.8, P < 0.001)
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Fig. 3 We fit sex-specific r egr ession models to test for an effect of body length on time to reach critical thermal maximum (CT max ) in 
spotted lanternflies ( L. delicatula ). We found a significant effect of body length on time to reach CT max for females ( P = 0.018) but not 
males ( P = 0.126). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

an d h eavier (females = 0.2 g ± 0.05 g; males = 0.12
g ± 0.03 g; Welch’s two-sample t -test: t = 9.9, P < 0.001)
th an m ales, consi stent with our observations from our
urb anizat ion study. We found a significant effect of
b o dy length on time t o reac h CT max for females (esti-
mate = 8.394; SE = 3.462; P = 0.018) b ut no t males
(estimate = 5.843; SE = 3.759; P = 0.126; Fig. 3 ). Im-
port ant ly, we did n ot fin d a significant effect of weight
on time to reach CT max for females (estimate = 137.89,
SE = 77.75, P = 0.081) or ma les (est imate = 169.97,
SE = 142.93, P = 0.239). Of not e , we not ice d a move-
ment in spotted lanter nflies t h at wa s in dicative of in di-
v idu al s h aving re ached t heir CT max ; just before t he loss
o f coo rdinated m ovem ent, spott ed lant ernflies consis-
tent ly spre ad t heir wings. 

Discussion 

Is larger body size in more urbanized areas the 

result of plasticity in developmental rate? 

The tem pera ture-size rule sta tes tha t deve lopm ental
rate i s pla stic an d re lat ed t o environmental t empera-
ture in ectot her ms, such t hat war mer tem pera tur es ar e
expe cte d to resu lt in faster deve lopm ent an d sma l ler
ad ul t b o dy size ( Atkinson 1994 ; Ang i letta and D un ham
2003 ). Inde e d, developmenta l rate in spotted lantern-
flies co rrelates posi ti vel y w ith env ironmen tal tem pera-
tures up to 30 ◦C ( Kreitman et al. 2021 ), and egg m a sses
col le cte d fr om envir onments wit h war m er m ean tem-
pera tures ha t c h earlier ( Keena et al. 2023 ). Th e re la-
tio nshi p between deve lopm en tal tem pera ture and b o dy
size in spotted lanternflies is s ome wha t more ten uous.
Spott ed lant ernfly nymp hs raised under temperature
regimes that included p erio ds of exposure to hot tem-
peratures (i .e ., 35 ◦C–40 ◦C) were found to have lower
n ewly m olted weights t han t hos e rais ed under constant
lower tem pera tures ( Ke ena et a l. 2023 ), demonst rat-
in g a negativ e co rrelatio n bet ween hotter env ironmen-
tal tem pera tures an d a m et ric of spotte d lanternfly b o dy
size, wher eas r earing tem pera tures of 20 ◦C, 25 ◦C, and
30 ◦C were found to have no effect on adult wing length
( Kreitman et al . 2021 ; i .e ., a metric similar to the b o dy
lengt h metr ic used h erein). On e would thus predict
tha t urban environmen ts would p ro mot e fast er devel-
opm ent an d correspon ding sma l ler adu lt b o dy size or
have no effect on b o dy size (e.g., Kreitman et al. 2021 ).
How ev er, w e found that both ad ul t males and females
were significantly lar g er in more urb anize d areas. We
ther efor e find it un li kel y that p l asticit y in deve lopm en-
tal rate in response to the urban heat island effect is re-
spo nsible fo r the lar g er b o dy size observed in spotted
lanternflies in this study. 
A n altern ati ve exp la nation f or our observations is

that urban heat is lan ds exten d th e tim e ava ilable f or de-
ve lopm ent in North ern lat itudes, which wou ld other-
wise be t runcate d by the colder climate. How ev er, our
res ults s ugges t th at thi s i s un li ke ly. We in clude d lat itude
as a covariate in our s tatis tical m ode ls, an d we foun d a
posit ive effe ct of lat i tude o n b o dy size f or males a n d n o
effect f or f emales ( Table 1 ). If t his alter native hypot he-
sis were su ppo rt ed , we wou ld expe ct to se e a negat ive
effect of latitude on b o dy size. As this species pr imar ily
inhab i ts mo re No rt her n latitudes in t he United St ates,
testing of this hypothesis is not cur rent l y possib le, bu t i t
s h ou ld be explore d if the ran g e of this spe cies exp ands
to cities in the Sout her n United States. 
We considered the possib ili t y that l ar g er spotted

lanternfly b o dy size in cities is due to differences in diet
in urban area s, a s nu tri tio n can affe ct inse ct g rowth and
deve lopm en tal ra te ( Ch own an d Ga ston 2010 ; Koyam a
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nd Mirth 2018 ). The t re e-of-heaven (i .e ., the pr eferr ed
 ost of th e spott ed lant ernfly) is m ore abun dant in cities
 Cook et al. 2021 ), and nymphs raised with access to
 re e-of-heav en dev elop more quickly ( Uyi et al. 2020 ,
021 ). Yet, recent work h a s s h own that species of host
lant, including t re e-of-heaven, h a s no effect on adult
orewin g len gth ( Kreitman et al. 2021 ), a metric simi-
ar to the metric of b o dy length used herein. G iv en this
 ack of rel ation ship, w e also find it un li kely that diet dif-
er ences r elat ed t o urba nization a r e r esponsi ble for th e
ar g er b o dy sizes observe d in more urb anize d areas. 
Lastly, w e con sidered wh eth er e levat ion cou ld be re-

po nsible fo r the lar g er b o dy sizes observe d in urb an-
zed are as. E levation could not be included in our lin-
ar mixed m ode ls d ue to high mul ticolline ar it y w ith
ean percen t im pervio us surface, b u t o ne would ex-
ect tha t eleva tio n would co rrelate posi ti vel y with spot-
 ed lant ernfly b o dy size sin ce high er e levation s hav e
ower environmen tal tem pera tures (e.g., Brehm et al.
019 ). How ev er, males s h owed n o corre l ation bet ween
 levation an d b o dy lengt h (Pe arso n’s co rrelatio n coef-
cient = 0.012; t = 0.362; P = 0.713), whereas fe-
 ales di spl ayed a signific an t nega tive correla tion (Pear-
o n’s co rrelatio n coefficient = −0.132; t = −5.016;
 < 0.001), a pattern in contrast to that expe cte d b ase d
n the tem pera ture-size rule an d which is m ost like ly a
esul t o f the high co rrelatio n betwe en urb anizat ion and
levation. 

ould larger body size be advantageous for 
rban spotted lanternflies? 

n this study, we did not test wh eth er lar g er b o dy size
s adaptive for spotted lanternflies in ci ties. No n eth e-
ess, w e con sider here s e v eral advantag es of lar g er b o dy
ize in cities that ma y ha ve the potent ia l to p ro mote
daptiv e ev ol u tio n in spotted lant ernflies. Fir st, there
ay be t her mal advant ag es to lar g er b o dy sizes for ur-
 an spotte d la nternflies. La r g er ectot her m s hav e sma l ler
ur face-are a-to-volume rat ios, resu lt ing in greater ther-
a l inert ia ( Barth olom ew an d Heinric h 1978 ), whic h
ay protect a gains t s h ort-term exposure to tempera-

ur e extr em es ( Sh eph erd et al. 2008 ). In deed , spott ed
a nternflies in urba n a rea s m ay h ave frequent s h ort-
 erm encount er s with high t em pera tures wh en lan ding
n a sph alt or the sides of metal buildings (e.g., Frank
 nd Cowper 2022 ). Surface-a rea-to-volume ratio may
lso a ffect the rate of evaporative water loss, with lar g er
ctot her ms better prote cte d a gains t water los s when ex-
osed to high tem pera tures in urban areas ( Kühsel et al.
016 ). Severa l spe cies of inse cts have s h ow n l ar g er in-
iv idu als to have higher t her mal tolerance (e.g., army
n ts, Ba udier and O’ D onnel l 2018 ; re d importe d fire
 nt, Wendt a nd Verble-Pea rson 2016 ; f r uit flies, Leiva
t al. 2024 ; ts ets e flies, Weaving et al. 2023 ) and sma l ler
ndiv idu al s to h ave grea ter ra tes of eva pora tive wa ter
oss (e .g., Dipt era, Hym en o p tera, Coleo p tera, and Lep-
do p tera sp p.; Kühsel et a l. 2016 ). 
In this s ens e, the lar g er b o dy sizes observe d in urb an

pott ed lant ernflies in o ur study co u ld be advantage ous
or living in cit ies. O ur h eat toleran ce t ria ls yielde d some
u ppo rt fo r t his hypot h esis. We foun d t hat t h e tim e re-
uir ed to r e ach CT max was significant ly relat ed t o female
 o dy lengt h, wit h a similar (th ough n on-significant)
rend evident for males. The lack of a significant effect
f b o dy length on t ime to CT max in ma les may stem
rom the difference in b o dy len gth amon g males and fe-
ales and i ts co rrespo nding effect on sur face-are a-to-
olume ratio. Surface area and volume scale allomet-
ica l ly, such that the sma l ler size of males may corre-
pond to a dramat ica l ly higher sur face-are a-to-volume
atio for males than females, which reduces t her mal in-
rtia and its buffering effect a gains t hot tem pera tures.
m portan tly, th e differen ce in significan ce betwe en ma le
 nd f emale responses t o t em pera ture is not due to sex-
 ase d differences in weig ht. Althoug h f emales a re often
e avier t h an m a les ( Wolfin et a l. 2019 ), we foun d n o ef-
ec t of weig ht on time to CT max for either sex. In other
ords, b o dy length, but not weig ht, predic ts resistance
o hot tem pera tures in spotted lanternflies. 
Lar g er b o dy size in ci ties may co nfer oth er ben efits as
el l. Cit ies have highly fragmented hab i tats co mp are d
o non-urba n a re as, such t hat indiv idu al s m ay h ave to
rave l am ong di stant h ab i ta t pa t c hes. Thus, larger b o dy
ize may increase t he dispers a l cap aci ty o f individ uals
n cities ( Merckx et al. 2018 ). To the best of our knowl-
dge, th e re lations hip between body length as measured
 erein an d di spersal di stance h a s not yet be en studie d
n spotted lanternflies (but see Wolfin et al. 2019 for a
tudy of other morp ho log ica l t raits that affect flight ca-
acity). How ev er, in sects for which there is a relation-
hip between size and dispersal distance are lar g er in
ities ( Merckx et al. 2018 ), and lar g er b o dy size in some
rb an inse cts h a s be en att ribute d to hab i ta t fragmen ta-
 ion (e.g., bumblebe es; The odorou et a l. 2021 ). Impor-
 ant ly, sele ct io n fo r lar g er b o dy size fo r reaso ns other
 han t her mal t olerance (e .g., for disper sa l cap acit y) c an
ave the secondary benefit o f buffering spotted lantern-
ies a gains t s h ort-t erm t em pera tur e extr emes ( B ran s et
l . 2017 ), pot entially incre asing t he strengt h of direc-
 iona l sele ct ion on b o dy size in urban po p ulations. 

onclusion 

e found that invasive spotted lanternflies from more
rba n a rea s h ad significantly lon g er b o dy len gth s and
hat b o dy length was p ositi vel y correl ated w ith resis-
ance to hot tem pera tures f or f ema les. Whi le we cannot
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co ncl usi vel y exclude p l asticit y in deve lopm en tal ra te as
a n expla nation f or thes e obs ervations, t he tot ality of our
res ults s ugges ts advanta ges of larger spotted lanternfly
b o dy size in cities, which may be supportive of an adap-
ti ve exp lanatio n. The resul ts o f our s tudy thus s ugges t
that urban areas may play an im portan t role in the ecol-
ogy and, potent ia l l y, evo l u tio n o f thi s inva sive species. 
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