DOI:10.6661/TESFE.2014007 aEE s Formosan Entomol. 34: 59-71 (2014) 9L ERE Research report

JFormosan Entomologist

Journal Homepage: entsocjournal.yabee.com.tw

The Effect of Accumulated Temperature on the Development of Gall-forming Adelgids on Taiwan
Spruce [Research report]

SRHSEEY FEEIRVEE2HE [RHRS]
Chia-Yu Chen, Ming-Chih Chiu, Wen-Bin Yeh, and Mei-Hwa Kuo*
BREEAD « FLARES - ZESO - Sh=zEr
*BHEEE-mail :E mhkuo@dragon.nchu.edu.tw
Received: 2014/05/10  Accepted: 3014/05/30  Available online: 2014/08/01
Abstract
The Metabolic Theory of Ecology states that temperature and body size are the basic determinants of an organism’ s
metabolic rate. The effect of these determinants on individual development and fecundity, population growth, species diversity,
and even on the ecosystem are important. In this study, we periodically collected pineapple galls on Taiwan spruce, Picea
morrisonicola, during 2007 to 2009. In order to elucidate the effect of temperature on the development of adelgid in pineapple
gall, we estimated the accumulated temperature of the gallicola developmental period using three years of meteorological data for
Wauling. The accumulated temperature and the particular year are the two variables that taken into consideration in multiple
regression analysis to determine their effect on the development of gallicola. The best model revealed that the year variable had no
effect, and that body length was positively correlated with the accumulated temperature (y = -0.25368 + 0.00078x, p = 0.002, R2 =
0.8774). Nevertheless, the accumulated temperature + particular year model was also significant (p = 0.0083, R2 = 0.8874), and the
gallicola size was larger in 2009, due to a higher accumulated degree-day. We predict that a moderately rising temperature will be
advantageous to the gallicola of Adelges sp. in both development and fecundity. Therefore, forest and natural resource managers
should be aware that endemic Taiwan spruce will potentially face a growing threat by the adelgid.
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Fig. 1. Two gall-forming adelgids on Taiwan spruce. The upper is Adelges sp., forming a pineapple gall, and the lower

is Adelges tsugae, forming a round gall.
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Table 1. The gall size (mean + SEM) and number of gallicola inside pineapple galls on Taiwan spruce

Collection date oD Gall size Gallicola no. / gall
height (mm) diameter (mm) volume (mm?®) (mean + SEM)
Jun. 1, 2007 15 28.53 + 2.61 a” 8.75+0.51a 1319.6 +227.2 a 106.3+244a
Aug. 2, 2007 34 29.03 +1.65 a 8.92+0.46 a 1454.8 + 267.7 a 158.7+13.8a
Sep. 30, 2007 7 25.71+4.40 a 8.10 = 0.56 a 1009.9 + 293.3 a 171.0+ 464 a
Jun. 7, 2008 140 28.25+0.73b 8.74+0.14b 12742+ 71.0 b 230.8 +14.7a
Aug. 5, 2008 15 44.66 +3.04 a 11.43 +0.62 a 3445.1 £ 598.6 a 286.2 +32.2 a
Oct. 5, 2008 26 45.06 +2.30 a 11.06 +0.39 a 3184.1 £ 366.6 a _—
May 29, 2009 14 32.64+1.79a 6.85+0.30 b 856.0 £ 105.5 b 180.9 +20.8 a
Aug. 6, 2009 16 29.31+2.39a 7.38 £ 0.25 ab 899.6 £ 111.4 Db 126.3 +£23.3a
Oct. 5, 2009 5 34.60 = 3.28 a 9.10+1.61a 1739.6 + 627.4 a —

U, number of galls.

9 The mean + SEM in the same column each year followed by a different letter differs at p < 0.05 (Tukey’s HSD

test).
¥ _ the adelgids had emerged from their galls.

£Z EEEVLRAVAREAERMEGER (mean + SEM)

Table 2. Body length (mean + SEM) of various stadia of gallicola in pineapple gall on Taiwan spruce

Gallicola: body length (mm)

Collection date n?  1%instar n  2%instar n  3%instar n  4Minstar Adult
Jun. 1, 2007 60 0.31+0.01

Aug. 2, 2007 360 0.58+0.01 316 0.82+0.01 30 1.28=0.02

Sep. 30, 2007 60 1.23+0.02 117 1.38=+0.03

Jun. 7, 2008 170
Aug. 5, 2008 30
Oct. 5, 2008+

0.33 +0.01

May 29, 2009 420
Aug. 6, 2009 179
Oct. 5, 2009*

0.41+0.01

0.43+0.01 210 0.82x0.01 60

0.53+0.01 231 0.65=0.01

1.10 £ 0.02
25 191x0.05 25 1.66=0.06

4 131+0.06 130 1.90x0.02 1 1.82

U, the sample size of each stadium of gallicola calculated.

9 * the sample size and body length of gallicola was measured from gall outside in this collection date.
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Fig. 2. Accumulated degree-days of adelgids in the Wuling region of Taiwan. The amounts were calculated using the
single triangle method with a horizontal cut-off at the upper threshold of 26.7°C (Roltsch ef al., 1999), with a

base temperature of 3.9°C (Salom et al., 2002).
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Fig. 3. Effect of the accumulated temperature (calculated from early April) and the particular years (2007, 2008 and
2009) on the body length of Adelges sp. gallicola on Taiwan spruce in a multiple regression analysis. The
bold black line indicates the best model, while the other one indicates the second best model (the dark grey
line shows the regression equations for 2007, the light grey dotted line the regression equations for 2008, and

the black dotted line the regression equations for 2009).
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Table 3. Multiple regression analysis of the effects of the accumulated temperature and the particular year on gall

volume and body length of the gallicola

DF

2 1
model, error, total P R AIC

Gall volume (mm?®)

DegreeDay 1,7,8 124 0.3017 0.1508 125.1834

Year2008 + Year2009 2,6,8 357 0.0953 05432  121.6041

DegreeDay + Year2008 + Year2009? 3,5,8 352 01048 0.6784  120.4447
Body length (mm)

DegreeDay?? 1,7,8 50.10 0.0002 0.8774  -25.0630

Year2008 + Year2009 2,6,8 0.07 09319 0.0232  -4.3842

DegreeDay + Year2008 + Year2009° 3,5,8 13.13  0.0083 0.8874  -21.8250

U AIC, Akaike’s information criterion.

Y The italic model with minimum AIC value is the best.

¥ The bold model is significant (p < 0.05) in multiple regression analysis.

TEVITEME REE - BB a0 0 THREE Y
T E 2 WhES A B RRAEREE 7 SR B E Y
%1% (Roltsch et al., 1999; Havill et al.,
2006; Havill et al., 2007; Foottit et al.,
2009; Zurovecova et al., 2010; Sano et al.,
2011) -

EE—F EELBEY) LT R EREE
RAVERIY - HE8E584: (cecidogenesis) &<
SR e R 08 R AE 6 Y g B 4H SRR
R HEBERRIE THYINIR B
I > HAFYI4EEE (initial gall) #%F (flush)
RAVBT RS E R & - (R ERAS - Has
BERGTEAE 6 H i Z i K (Rohfritsch
and Anthony, 1992; Ozaki, 1993) » # AR5
FrEREER BRI &N (5 ~ B RS
ERFMAEAGNE(EAR F—) ZEE
12 b RELIE B A Y SR B & AR & A R [E)
RN e E =% (k—) » Ozaki (1993)
feEAEIF 2 HE IR R AR 2 22 HEY
LR A TE Ry IEAHRR - BIE—BrsAE Ass
HEIT B % - BEANSE TRt -

e —HYlie b mT S BRI 4 R AR

66 HEEMSS=TIEE

ETHI R E & - THE—E T &
RE _Z2=MA /K EIEFH
(aestivosisten) » [K L L& T I 3 &5 AV
] o BLARBRIF[E]JE 2 Fyor AR JE IR =SS
ERlF (Sano et al., 2008) » JRAJ{FEE—2ZF T4l
Picea jezoensis {1 56 A EIRAJES » Fif
HpH iR eI E R S e E RS
HARY S BF A - M OREE TAYUNERKERIRAL
% » R REETHE DME S —a T HVEEEE EHUE
(Tabuchi et al., 2009) - #2225 H w0
TR BRI R Ry B 2 (BB B
MRS (McKinnon et al., 1999; Sopow and
Quiring, 2001) o AT HEIR ERHA /N
SEHH 2 B RARRAME(R - Ozaki (1993) 7JRiE
a2 X/ NVA TR » B 8 a4 R
PRANAF -

BREFHVEE 3 FAEVIEAZIE SO EER
J&1H S R AT B R RE R JE M Ry i o3 A > 3R
SOTBUEER ~ oo~ E=REE > A= L EDE
{LHEYITLE R E—HYE KR > 4578 St i
& Z BRI AR - RS ERMARRE S
% (Havill and Foottit, 2007) - $#AZERIF1E



1950s HEHAHH A AR EER R F (Havill et
al., 2006) > [REEFEA S AR > BRI E
HERE 18 I - B EGE RSB

HIERBIAR (Havill et al., 2011) - Paradis et al.

(2008) fHEEE T A5 B IRAZBRITHY S
PESRHEIE AL A F 2 o8 SR LA E
i AEFERE - Abse R RS 2009 FHYH
AR () - BEEHRS R 2007 5
K (E=) » 54 McKinnon et al. (1999) f5
AR T SEAZ PR ER I A IO = B B PR T
JIRs IEAHRE » TR EFHAF] Adelges sp.
PR T8 N —ARERRE

B L AR T M 1 B R = R RS
ARDEARTE - AN - ARSI 1074 ~ 1730
&l ~ IR - T BN [ER g i
FERRAERSR ~ 4K (shoot) FJE ~ SEZFHFR]
PHEEA LB E BB AR (Ozaki,
1998; McKinnon et al.,, 1999; Ozaki,
2000) » AWFFEERHERE E Y RERBEERHE
H Adelges sp.Z e o AR FARHEHIEIE
Yk e s EmERNRSGEHaEH L
(Pruess, 1983; Garcia-Mozoa et al., 2000;
Herms, 2007; Tu et al., 2014) RAEEFIMIF
JUHERER ] data logger JHIE (i fiz 5 Ry R
- AMBEEE HAZEE— HiRFE RS
HYSEAZ YIS - H BRI AT sl TRz s o —
HEFTEEEEL EAGEE  EETESE
Bl RRMEE G ERIF TSR EE - MR
BREUTA -

5| FASZ Rk

Akaike H. 1974. A new look at the statistical
model identification. IEEE Trans
Automat Contr 19: 215-222.

Anonymous. 2011. SAS/STAT® 9.3 User’s

Guide. Cary, NC: SAS Institute Inc.

Blackman RL, Eastop VF. 1994. Aphids on
the world's trees: an identification and
information guide. Wallingford, Oxon,
UK: CAB International. 1004 pp.

Bodare S, Stocks M, Yang J-C, Lascoux
M. 2013. Origin and demographic
history of the endemic Taiwan spruce
(Picea morrisonicola). Ecol Evol 3:
3320-3333.

Damos P, Savopoulou-Soultani M. 2012.
Temperature-driven models for insect
development and vital thermal
requirements. Psyche (Stuttg) [Internet].
2012 2012: 1-13. Available from: doi:
10.1155/2012/123405

Dixon AFG. 2005. Insect herbivore-host
dynamics: tree-dwelling aphids. New
York: Cambridge University Press.
194 pp.

Foottit RG, Maw EL, Havill NP, Ahern RG,
Montgomery ME. 2009. DNA barcodes
to identify species and explore
diversity in the Adelgidae (Insecta:
Hemiptera: Aphidoidea). Mol Ecol
Resour 9: 188-195.

Garcia-Mozoa H, Galana C, Gomez-
Caseroa MT, Domingueza E. 2000. A

different

temperature accumulation methods

comparative  study of
for predicting the start of the Quercus
pollen season in Cordoba (South West
Spain). Grana 39: 194-199.

Havill N, Montgomery M, Keena M. 2011.
Hemlock woolly adelgid and its

hemlock hosts: a global perspective.

23
D

SRR 67

i3
E

i



pp 3-14. In: Onken B, Reardon R (eds).
Implementation and  Status of
Biological Control of the Hemlock
Woolly Adelgid. U.S. Forest Service,
Morgantown, West Virginia.

Havill NP, Foottit RG. 2007. Biology and
evolution of Adelgidae. Annu Rev
Entomol 52: 325-349.

Havill NP, Foottit RG, von Dohlen CD.
2007. Evolution of host specialization
in the Adelgidae (Insecta: Hemiptera)
inferred from molecular phylogenetics.
Mol Phylogenet Evol 44: 357-370.

Havill NP, Montgomery ME, Yu G, Shiyake
S, Caccone A. 2006. Mitochondrial
DNA from hemlock woolly adelgid
(Hemiptera: Adelgidae) suggests cryptic
speciation and pinpoints the source of
the introduction to eastern North
America. Ann Entomol Soc Am 99:
195-203.

Heie OE. 1987. Palaeontology and phylogeny.
pp 123-129. In: Ninks AK, Harrewijn
P (eds). Aphids: Their Biology, Natural
Enemies and Control. Volume A.
Elsevier, Amsterdam.

Herms DA. 2007. Using degree-days and
plant phenology to predict pest activity.
pp 49-59. In: Krischik V, Davidson J
(eds). IPM (Integrated Pest Management)
of Midwest Landscapes. Department
of Entomology, University of Minnesota,
St. Paul, Minnesota.

Hsu CK, Lu KC, Ou CH. 2000. Studies on
the vegetation along the trail to the
peak of Mt. Hsuen in Wuling region. J

68 HiEEMSS=TIEE ]

Natl Park 10: 66-72. (in Chinese)

McClure MS. 2001. Biological control of
hemlock woolly adelgid in the eastern
United States. Morgantown, West
Virginia: USDA Forest Service, Forest
Health Technology Enterprise Team.
1-10 pp.

McKinnon ML, Quiring DT, Bauce E. 1999.
Influence of tree growth rate, shoot
size and foliar chemistry on the
abundance and performance of a
galling adelgid. Funct Ecol 13: 859-
867.

Ou CH, Lu KC, Lin HC. 2003. Study on the
vegetation ecology of the Mt. Ta-Shei
region. J Natl Park 13: 33-61. (in
Chinese)

Ozaki K. 1993. Effects of gall volume on
survival and fecundity of gall-making
aphids Adelges japonicus (Homoptera:
Adelgidae). Res Popul Ecol 35: 273-
284.

Ozaki K. 1998. Inter-specific difference in
budburst time and its consequences
on egg hatch time and survival of the
gall-making adelgid Adelges japonicus
(Monzen) (Hom., Adelgidae). J Appl
Entomol 122: 483-486.

Ozaki K. 2000. Insect-plant interactions
among gall size determinants of
adelgids. Ecol Entomol 25: 452-459.

Paradis A, Elkinton J,
Buonaccorsi J. 2008. Role of winter

Hayhoe K,

temperature and climate change on
the survival and future range expansion
of the hemlock woolly adelgid (Adelges



tsugae) in eastern North America.
Mitig Adapt Strat Glob Change 13:
541-554.

Pruess KP. 1983. Day-degree methods for
pest management. Environ Entomol
12: 613-619.

Rohfritsch O, Anthony M. 1992. Strategies
in gall induction by two groups of
Homopterans. pp 102-117. In:
Shorthouse JD, Rohfritsch O (eds).
Biology of Insect-Induced Galls. Oxford
University Press, New York.

Roltsch WJ, Zalom FG, Strawn AJ, Strand
JF, Pitcairn MJ. 1999. Evaluation
of several degree-day estimation
methods in California climates. Int J
Biometeorol 42: 169-176.

Salom SM, Sharov AA, Mays WT, Gray DR.

2002. Influence of temperature on
development of hemlock woolly adelgid
(Homoptera: Adelgidae) progrediens. J
Enomol Sci 37: 166-1176.

Sano M, Tabuchi K, Ozaki K. 2008. A
holocyclic life cycle in a gall-forming
adelgid, Adelges japonicus (Homoptera:
Adelgidae). J Appl Entomol 132: 557-
565.

Sano M, Havill NP, Ozaki K. 2011.
Taxonomic identity of a galling
adelgid (Hemiptera: Adelgidae) from
three spruce species in Central Japan.
Entomol Sci 14: 94-99.

Seaver D, Strand J, Strawn AJ. 1990.
Degree-day utility user’s guide. 2nd
ed. Davis, California: University of

California Statewide Integrated Pest

Management Program. 61 pp.

Sopow SL, Quiring DT. 2001. Is gall size a
good indicator of adelgid fitness?
Entomol Exp Appl 99: 267-271.

Tabuchi K, Sano M, Ozaki K. 2009.
Delayed larval development without
summer diapause in a galling adelgid
(Hemiptera: Adelgidae). Ann Entomol
Soc Am 102: 456-461.

Tao CC. 1999. List of Aphidoidea (Homoptera)
of China. Taichung, Taiwan: Taiwan
Agricultural Research Institute. 144
pp.

Tu X, Li Z, Wang J, Huang X, Yang J, Fan
C, Wu H, Wang Q, Zhang Z. 2014.
Improving the degree-day model for

Locusta migratoria

(Meyen)  (Orthoptera:
Acridoidea). PLOS One [Internet].
2014 9 (3): 1-12. Available from: doi:
10.1371/journal.pone.0089523

Wallace MS. 2005. A historical review of

adelgid nomenclature. In: Onken B,

forecasting

manilensis

Reardon R (eds). Proceedings of the
3rd symposium on hemlock woolly
adelgid in the eastern United States.
Morgantown, West Virginia: USDA
Health
Technology Enterprise Team. pp 6-14.
Zalom FG, Goodell PB, Wilson LT, Bamett
WW, Bentley WJ. 1983. Degree-days:

the calculation and use of heat units

Forest  Service, Forest

in pest management. Berkeley,
California: University of California
Division of Agriculture and Natural

Resources DANR Leaflet 21373. 10



pp. WHEA : 2014 £ 5 A 10 H
Zurovcova M, Havelka J, Stary P, ESHE 2014 E 58308

Véchtova P, Chundelova D, JaroSova

A, Kucerova L. 2010. “DNA barcoding”

is of limited value for identifying

adelgids (Hemiptera: Adelgidae) but

supports traditional morphological

taxonomy. Eur J Entomol 107: 147-

156.

70 BEESS=TEE W



The Effect of Accumulated Temperature on the Development
of Gall-forming Adelgids on Taiwan Spruce

Chia-Yu Chen, Ming-Chih Chiu, Wen-Bin Yeh, and Mei-Hwa Kuo*

Department of Entomology, National Chung Hsing University, 250 Kuokuang Road, Taichung City 40227, Taiwan

ABSTRACT

The Metabolic Theory of Ecology states that temperature and body size are
the basic determinants of an organism’s metabolic rate. The effect of these
determinants on individual development and fecundity, population growth,
species diversity, and even on the ecosystem are important. In this study, we
periodically collected pineapple galls on Taiwan spruce, Picea morrisonicola,
during 2007 to 2009. In order to elucidate the effect of temperature on the
development of adelgid in pineapple gall, we estimated the accumulated
temperature of the gallicola developmental period using three years of
meteorological data for Wuling. The accumulated temperature and the
particular year are the two variables that taken into consideration in multiple
regression analysis to determine their effect on the development of gallicola.
The best model revealed that the year variable had no effect, and that body
length was positively correlated with the accumulated temperature (y =
-0.25368 + 0.00078x, p = 0.002, R? = 0.8774). Nevertheless, the accumulated
temperature + particular year model was also significant (p = 0.0083, R* =
0.8874), and the gallicola size was larger in 2009, due to a higher accumulated
degree-day. We predict that a moderately rising temperature will be
advantageous to the gallicola of Adelges sp. in both development and fecundity.
Therefore, forest and natural resource managers should be aware that endemic
Taiwan spruce will potentially face a growing threat by the adelgid.
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