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Remo e ManMmg of fo-gMscondi ion i™sy pically bafd on b-gadbandy ege a ion indice™s
oﬁ_q[ an ify coaffs ca ego-ie Mof can(')py condi ion. Mo-g de ailed and acd ge aMBMs
men Mha e been démon™sged Mmg na-weband Rnts-Fial ho gh g It mo-g limi ed
imhge @ ailabiliy. While diffé*qnce™in nM-rapabili ic™-g oy jo ‘™I hypo hefs ed

ha m 1iMec 3l imagew may be able o de ec mo-g Mb le canopyn", FseMSdsmp om Mif
a[né‘@[ calib-g ion app-gach ga sconMle'qd. Thi Pslafv o} e™s h-ge' majo-ychange™s o

-adi ional décline aMaMmen M5(1) calib'g ion i h mo-g de ‘ailed field meaMs-gmeh 3
(2)r conMgle-g ion of na’xmﬂband dey ed indice™ada ed' fo ~yb-9adband %alc la 'rion,
and (3) a m l#a+ae calib-gion model. Te F‘ingL hiFapp-gach on Landm,&-S[(TM)

image v in" he Ca [FlailltsN?, USA, a fy e- ¢'m linea-y¢g ¢Mon model (r12 = 0.621,

RMSE 0.403) ba®d ona niq e combina ion ofy ege a ion indice™an M4 ¢ 0 canopy
chlo-gphy1l, ca-g enoidi‘s g%en leaf a‘ga, and 'ea%“rchn en waf‘sablre orq anify a
b-gad -gnge of fo ‘gMscondi ion ac-9M¥Pecie msWhen .;QJ nded 0 a claMeba’ed rfysf‘sem

foxcompa'ifan o mo-g ‘adi ional me hod™s hi™eq aion p’c[vdic ed decline ac-o™%%2
mg ed-MpecieMplo Myd h 65% acc oy (10-cla™&™; and 100% acc oy (5-claMBMs
ThiFspp-gach 'Jaf‘sa Tgnifican fﬁp ¢ emen @ e commonly ¢ ege a ion indice™s

Jxch aRNDVI (” = 0.351, RMSE = 0.500, 10-claMsage %oy = 60%. and 5-claMs
acc -aey = 74%). TheMs -¢Msl FsfsggeMs ha -glying fBlely on a Mmgle common

. ! . I kool [ s . ol

v egeaion indg o aMBMsfo g™y condi ion may ajficially limi  he acc -aoy and
de ail poMible ihm 1 iMpec él imagé w1 ’qcomr[nend ha f ' é effo “?‘so moni 0°7
fo -gMsdecline con ﬁd%-%hi f‘sfh -ge-p-gnged app-gach o aecfliﬁlé&p -adic ion Min odévo
mg imj ¢ he info 'mar ion 'and acc g0y ob ainable[ﬁd h b-gadband 'man 2t wi(iely
¥ ailable’a  hirsimé. * f '

1. Introduction

1}{[ lif'pe[c -3l "9mo e-Fanfng fEnf‘(s‘ﬁsJ‘sch aMlandM ha e beer}‘ rad fovdecaderso
aP&m_‘;'f‘si e ofy ege a ion biophy Meal pa-gme e'#‘.s"fhe s ™5 die™of en employ y ege a-
: ion indice MVI P)sbszéd on he niq e 'qﬂerc ance cha’a{c e%; iC P@fy[' ege a ion ac'g P{k‘she
¢ ifible and nea-vinf-a'9d ¢q eleng hFsThe mo™scommon ingl de he "gioy ege aion
inde (RVI) (Pea-$on and Mille'71972) and NDVI (Ro My al. 1974). No ing he
Fan sy iv of common indice™ o change™sin backg ¢ nd p-gpe-defsano he'ﬁcla f
indice ’stah‘de Mgned o acco 'n fo 3Msil and a mo PI;he ic backig 9 ndy‘[a'iﬂ ion™ye.g.
Mail adj Fedy ege a'ion in(f'g [(SAVI) - (Keéne, Mo gan, and l\a/'[enakif‘slf994) nts
fome;‘i SAVI (TSAVI) (Azvyani and King 1997)). In fo ’?Psheal h applica ion’%s hefs
indice™ag ypically "&d o idenify¢ b-gad ca ego-eMof fo- ™5 condi ion (p “tma iy
cha‘a[c ejv'%d ahde%ol%a ion cla *&V‘} fova H{slgle Mecie™sof i[n e‘?V‘Ls Fo-yg ample,
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Lambe 7[e al. (1995) rad Landf'a, 1mage17 o Mpa K e h-ge ca ego eMof damage in
No wav FE Jce Qu h 75% acc acv Royle and LIa h qp (2002) p qdlc ed t*;? xlaMaMof
hemlock defolla ion g h 82%A) age "acy; Wang,& and Hai hcoa (2007) 4 an ified fy e
ca ego-ieMof oak decline in quonf'e, 0 he dﬁ? grh of f999 1h 76% a(}lc "goy ; and
A- ﬂna 1 e al. (2006) M¥pa K ed af'pen 1n o hg[h mode e, and My e'¢ damage ml h
70% a%c aov

Whﬂe hi™app -gach may bg:l Rt 1 fovaMaMing Q -gme changeMin Mecific fo qf‘s
canopie f‘shml ing decline p qdlc 10n&f‘so a Mmall n mbe-of coa-fs claMa™ack F‘she de ail
necef‘mﬂv{ odeec ea Iy, mo 9, F‘sb le decline Nsmp om™o-ymoni o-Jong- e m qndf“n ey
ime. Add qfﬁmg hi Pshm1 a 10n 0 ca ego -feal aMB3Mmen Mof fIO qf‘scondl 10n Togn M3nd

[ © al. (2012Q Rl Land ™ omap con in o Feanopy de%oha ion, q an ified aMa change in

I

commonv ege a ion indice F‘sbe Qweén gvpNs mo h defoha ion and non- defoha ion yea“¥3
Thei-yfinal model Qvaf‘sable ‘o ef‘smae defoha ion, Qﬂh RMSE = 14.9% and c'o™s
¢ alida ion r* = 0.805. Whlle hlf‘sqp q@ Man i 1mp "y emen g € -7¥ pical b-gad ca ego “eal
amf'@mn Mof forgMscondi i ion, i Mll tLoc R on ac e, P@ e q[ e en ~in qla yely
homogene}:g F‘sdecjlld 0 V‘sj‘andf‘s

In con qf‘s om JT 1fpec gl effo "¥naeeband hy pe ﬁpec 3l TnfsFhy e beel.'?L mad

0,9 an 1fv a ange of fo qf‘sblophv Meal, f‘svc al, and p -gceMbarad (e. gp ?{i c¥ iy)
cha ac e ﬂc MThe age arcv of hePs effo ﬂan be a Al? ed o bo h he na-on F’pec 7l
hgnal of key blophv Meal abﬁa “ance fea qf‘s ha can be de éc ed ¢ih na Whand
Fan M Fsind he analv ical calc la 10nf‘spo;'@b i'h many COIll "o Mband™sThe dg el-
opmen of na Wband mdlcef‘hﬂ‘u pically bafad on labo a owh?amplef‘whe ¢ §Q -
leng h™sof knogn fmlhsy iy o he a‘ge biophy feal pa ame e*7(Msch aFschlo-gphy 1l
con en chlo-gphy 11 &fjl o qf'(yence o yleaf ma e ycon en) a q lin ed[ 0 a pa an}e ey
mV?mhsy e’ con -9l band. Thlf‘shaf‘sif‘sl ed 1n he d@ elopmen of 1ndlcef‘so g an ify
chlo qphv 11 concen alon (Gl elfn and’ Meﬂlv ak 1996), pho oh'sn he ic ac y 1v (Ca ‘p v
1998; Ca¢ 7C1b la and Mllle 71996), and mic %h 1;en coh en (Adamf‘@ al 200
name a fem Hv pe ﬁsec ‘gl Mo Fha e alfs been Pesd o an 1ﬁ fo qf‘sdechne Pon1 Ps
Halle , and Ma ~n (2005a Pasd NASA’ f‘sAVJ"RIS @1&%70 p qdlc hemlock moollv
adefg1d (Adelges tsugae)-ind ced decline in eaf‘e n hemlock (Tsuga Canadensis) and

Fad SpecTIR’FVNIR m;& J0 loca e 1n01p1en eme-ald a™s bo-g-y(Agrilus planipennis)

&mfef‘alonf‘snya}{) ~Fraxinus Fpp (Pon1 f‘@ al. 2008).

In an @ emp 0 me-ge he info ma ion and de ail g ailable f-gm hype-fpec -3l image v

ih he wldefp qad ¥ alla[blh y of ;ln | 1Fpec gl i 1mage w, a fo qf‘sdechne amf'h’nen me hod
w‘sp ‘gpofad ha hmgef‘son h ‘e ng el componen PsFi ﬂlf‘she chaacepa ion of fo qf‘s
condl ion fo'7 "yimage calib [a10n fng a de alled con in 0 isf‘smmaw decline alng ha
caFE efmg adlen ofy ege a 10h f‘sqf'fs's’tsrnrp omf‘fPonT Mand Hal%e fo hcomlng) Thlf‘sf‘s
a depa v g f- qm he b-gad cla Mol canopy cond1 1on v plcallv Ped 0 amf‘@fo qf‘sdechne

Second 1f‘she conMgle K ion of a&f‘y e Ofy ege 'a ion 1nd1cef‘smgl ding na Wband-
de-¥ ed indice f‘sv plcallgEL 1]; ed only ni h hy pe ﬁ[sefc 3l Fanf- fsBeca Py heMs na—oa-
band indice g g bafad on he aHSSm 10n ha biophy Meal cha ac e ﬂcf‘s}'tsm Oma ic of
¢ ege aion MygMxa-g cha ac eged in na W abMy-ance fegl' qf‘s1 1{5 nhkelv ha a
b Qadband Fan o 1hable 0 J an 1fv hefs Mecific pa gme e 1h 'he Mime p qm Mon a™s
na-eband Fenfa: fSHow € 1hpo Mible ha calc la ingab qadband eq ¥ alen of
na-geband-de§ ed indice V‘s(lee Sec ion QZ co 1d ca}z S, nlq e cha%c e ﬂcf‘sof
vegea ion f‘sqf'Bsha may be @f 1'in decline a#&”ﬁnen

The final componen of e p ‘gpoad app-gach iy OL ef‘she de elopmen of a m li-
va m ep qdlc ¥e model ha comblnef‘gi F‘51 e of indice F‘sQu h ca Ef 1 conhsle a ion of



p-onged app-9ach can p g ide a mo-g de ailed and age ye af‘mrﬁ’mn of fo qf‘scondl ion
[ han model™barad on qd1 ional indice™s

2. Methods
2.1. Field methods

Thi®s™s dy b ildMson p-io-vhype fpec -3l effo fs(Ponl f‘sHalle , and Ma ~in 2005a,
ZOOSE) 1n fie Ca Mill Mo n amf‘sqglon of NY (F}gg IS 1). The' Ca V‘lﬂllf‘we g f'eslec ed
bafad on "he con e-gence & of many fo- f‘s"sq"&'sagen Fs-ange of Fpeme F‘s:ompo Msion, and
elg a jonal g adlen F‘sI ialfs a kev P(s qe of ga e fo-vhe Neg« Yo'k C1 ¥ me qpoll an
a- qa{ makin he ' nc ion and cond1 on 0f1 ~fo qf‘ed #ac Hyed Mof p ‘time [m e q
2007, fo y- h-ge fo qf‘smom o'ing plo P{F;g § 1) e Qv 1hsed ac the qglon Fpan-
ning a ange of fo qf‘s condi ion, Fp,emef‘sand Mse cha e e ﬂcf‘sThlf‘smcl ded plo ™
domma ed by maple (Acer) bi- -gh (Betula), pine (Plnus) hemlock (Tsuga), oak ( !
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aken in he field, pe-gen age ﬁne #ig dieback, and pe 'qen age ly e cogn and c-ggn
y 1%0 ~cla Msfollogeing Fo- qf‘s Heal h Moni o°mg ideline M(USDA 1997). Add1 ional
meaf‘s gMof pe "gen age nem g om h ace incl ded fo-shemlock, ahile pe ‘gen age defolia-

: ion ”vaf‘s"sbjec ¥ elv aMaMad in o 10% 1nc"émen Mo -+ha-dgood s

Ino de 70&F‘smma Fe mfo ‘ma ion f-om ea{ch of he™ me%'f‘s qmen ™in 0 one con-
m 9 F‘sf‘smmaw decline amg, eachy a‘table maf‘s"’smda ‘¢ ed oa0- 10 H(s;ale ba™d on
f’peme V‘stlﬁsemﬁc po la ion dﬂ‘sﬁr{b ionMf-gm @ ¢ 710 vea ﬂof field Pampling ac QHS'she
no ~,hea[1k: 1 USA (& ailable - om he&a ho- .7 pon gq ef‘s) Uhing pe qe[n ileFbafad on a
m1n1m m of 100 indy }n.d alFan f’panmng a f 11 -ange 'of po P@ble -ge condi ion"3f-gm
op 1ma1 heal h o dead, each decliney a-mble Q«a Mo malj ed and Manda & ed by Meciel™s
Pe ‘gen ile aHygnmen Mo vall meafs-gd decline Msmp omFyye q hen § ¢ aged fo-yeach
e op (z‘d cea con in in o0 Msmmay decline K. ing fo-each qe Plo -lg el condi ion foy
1mage calib alon maf‘salc laed af‘she & e-gge of all qe"x‘welgh ed by f’pemehpe “gen-
age bafal a sa. ThiFplo ’T@ elwelgh ed § e-age pe -gen ile "o ¢F‘waf‘m 1 iplied by 10 0
fo-ge a 0-10 decline ksale. To @ empllfv hi™p-gce Pksﬁeld me%'f‘s qmen Psf‘anda d;; ed
pe qen ileFsand final decline K ing calc la ion™wg p qf'ém ed in Table 1.
Ml ing plo -lg el décline f‘smmav,v g ing -gnged f-om 2 0 5.97, ¢ h a mean
of 4. 02 anc{ Manda' ¢ de i ia ion of,‘O 68. Comhmmg m 1 1p1e f‘sefmcha ac e uf‘sc f‘sn o
one F‘smmav decline a 1ng po ideMa comp ehenP& e con in ino f‘sme%f‘s 22 'fo 7mo g
de alled image calib a 10n f-om ealy zfi ¢ ionMin pho oﬂ'sn he ic f nc ion (chlo-gphy 11
o qf'(sence) 0 1ndlca o¥xof i 1mm1nen dea


http://glovis.usgs.gov/

0086°0ct'L¥8°L00086°0S€0 ev'o abeJane saloads

Y0 €e0 Se0 850 820 abelane sal]

LT0 09°C 01°0 43! cro LT'C 61°0 ¥8°C S0°0 66'1  1d
€L°0 19°0 80 L9°0 S€0 70 080 090 18°0 19°0 ub.0 o A 93k usb.od
£€6°0 980 61°0 6L°0 69°0 80 9L°0 80 900 6L°0 W A
620 S 620 S 9¢'0 S §S0 01 8T0 S JorqaIp oFe usb.od
€0 I €0 I Y20 I 09°0 C 120 I L mm_ Audb. o
ddsS AINA dds AINA dds ANA dds ANA d4ds ANA c_uEPE.moE PIod

Z-eljoypuelh T-elj0)ipueih T-wnJieyaoes Z-wnignu T-wnignu
snfe snbe 190y 190y 192y

. | . o[y UIOP 010 os_r_o.ﬁ 01 _,E pardi ﬁ_& 5&& 1d.0 91 uob.od o5t.0 &

po sm_@t [BULRYIY, "80.© [yeq o3e udb.odo10ag Aq pa ySro# 0q ueo o3e.0 & [0 #l- o[d e eyl QEYOIORY 4q uoy pue ob. [owaL. 0f padk.o & PEoE..ﬂk b:mwA oJ
SJ9[1 U0R. 9 SYBALE OU DUIY .08 Wb, §3d. ooomro_ A Joggeqe ep & U0 pRyeq (d4§) 4.0 It uop. om Emoﬂ@o%ﬁ 8O P2 wmﬁ.ro&ﬁha bk (AN TE Apb.syrow
-PIoL] Syo10aty ub.opIp 9b.y wE wyb.dbsyob. ueurwop Adoued o 4] Uy @f o[d et.oy uor e[ o[ed Jur k. ourpop Aewwsy opd oy Jo oidwe ¥ uy [ 9[qelL



v ege a 1011 MsgMcha ac e ﬂc f‘sEq + alenceMge g fad foany indg ehe q he na o~
band - q 1qd fo 7calc la ion anhcon ained 1h1n he Land™ f’pec gl ange and all
v a‘table™seq i-ed fo 1ndg calc la ion fell mln di F‘snc band MsA Man ¢ ample gvhe-g a
Landf'as &d ¢ alen co 1d be calc la ed, confie: 7[he chlo-gphy 11,- F'enhsy e indg p-9-
pof'ed bv Da (199~8) Thi f‘sna Wband indg iMscalc la ed af‘s(R672 nm/Rssy nm).
ConMMsle 'in ha Landf'a -5 (TM) band 2 -ange™-9m 526 0 600 nm and band 3 meaf‘s s
be acen 630 and 690 nm, 1 calc la ed a b-gadband ¢d y alen 0 Da ’
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bafsd on a "gio be geen no-mal; ed qﬂec ance a 450 nm gpheg bo h ca (7 enoid Mand
chlo-gphy 11H‘sdemonf‘sae Fseng abMs bance and qﬂec ance a 680 nm ahe g only
chlo-gphy l1MabM b. SIPI ‘cha-gc ey ef‘she p-apo ~jon of oal' pho of’%n he ic p1gmen ™
o chlo-gphy 1l pigmen f‘s(Pg1 elaf‘sBa 9, and Filella 169%) Begla f‘e,y ege a10n f‘quSB
: y pically manlfef‘sl‘afx‘sid c ionMin pho of'tsn he ic plgmen Fschange F‘sn he a io be Aeen
plgme[n[ vpef‘sna e been f‘sccef'@fs llvJEL f'ed ‘o cha ac ege ealy decline h‘smrp om™in
¥ €ge a ion (Pc;‘1 elaf‘se al. 1994)
"The f‘sqnge b qadband de+q y edindg co-glae ml h he Msmmay decline me ‘it ga™
: he mm{‘s q F‘quS'sndQ (MSI, p=0.332) (Roci< e al 198%) A Mmple 310 o%bandf‘§
and 4 hi Psndg makef‘s ™y of gp-gMd qﬂec ance&d e o wa ebMy bance in band 5, in
combma ion g¢i h he Qha e =,’1nf'mhsv e NIR 'band. MSI ha™been Mgnifican ly co-ygla ed
Qﬂ h mei Y qygva e -pon en inm'l iple Mecie™Cho and Skidmo g 2006; J%I n and Rock
1989; Ha ﬁ‘sB wan and Balé 2006). In 2007 he'g ¢¢¢ no d(}lc men ed petodMof
abno-mally dw cond1 ion™ac qHS'she Msdy a‘ga (ﬁ e g ogving afan Qeeek ™in abno mal
F‘a ™ Hogq ¢ 7ma % a11ab111v &?sa common F‘sqf'fs'sagen 1n he Ca Hslllf‘sd e o
% enRp e a-gatof F‘Eep egin and ‘gcky, Mallog ik
Ano heyb- qac{band inde Hsgnlﬁcan ly aM¥cia ed 1h he Fsmmay decline -z ing
wal f‘she no-maly ed diffe-gnce inf-g-¢d 1ndg (NDfIS, P=- 0. 321 Ha i, Klema'Lsand
Sma 71983). Al bafad on he pac fanhsy e band 5, NDII5 inc qafe,f‘ﬂu h inc-gafing
canopv Qwa erycon en and haMbeen af‘mma ed g1 hy ege aion ma e 7c0n en (Ha i M,
Klemaf‘sand Sma 7 1983) and ga e- YPSQP%KIG ec ion in ag &1. ayl cop f‘s(jackf‘(sn e al
2004). In con af‘s H n and Iiock (1989) concl ded ha 1nd1cef‘sde ¥ ed fqm nea‘y
inf-g-¢d and "mid- 1nfa od qﬂec ance g+ '§ no mlhsv ¢ eno gh 0 "gmo ely Y'Snf'e,ma ey
f‘quS's Beca 5y &q + alen ma ey hickne i Myco” wla edJEL ih leaf a 9a 1ndg wa e
f'esnhsy e 1ndlcef‘_§-f‘sch amNDIIS a ‘g al® apay 'fo "yleaf a‘ga and canopy denhsv
amﬁgmen V‘S(H n and Rock 1989). In hi™yyay NDIIS haMalfs been fad fo 7f0 F‘s
canopy monl 0 ‘ing, incl ding imbe- -ac ion 1n enm (So 7 4, Robe J;"sand Coch-gne
2005) and po f‘sh ~cane fo qf‘sdamage ( ang ¢ al 2010)
M ch of' Ca < wok ha™foc Rad on 1den ifving key na-ygband indice o 7bo h
¢ e e a ion Mse e ec ion and ef‘sma ion ofy a* f‘plgmen concen a ion™§Ca¢ 71994
Ca 13 7C}P la, and Mille 71996 Ca -vand Knapp 2001; ‘Ca - xand Mille-+1 d94 Caevy
and Spie‘mg 2002). Al ho gh de hgned Mng na-yeeband field and labo aoy Pesnhs A
one of he 1nd1cef‘sha he d¢ eloped JTO “yealy f‘sq"@'sde ec ion maf‘salf'cs a hgnlﬁcan
co 1qla ewih he F‘smmaw decliney al e (p = b3237) (Ca +71994) in i b qadband
fo-m. ' Refe wd oj‘he g aMCa ¢3S q#@salo e (CS. )i hﬂ‘sm;nple g 10 1Fsbahsd on he
qla ¥ ely F‘sqr[lgy ege aion lf‘quWS‘s qf'ponf's, a Rgoy, in conj nc ion q&l h he =gla y ely
5‘&1% e Rypo. CS, haf“been Pesd o Pscce#&% lly diffe qn 1a'e F“sq"@d fqm non-FquH@d
v e%e 2 ion ac oM a }P ™ e ca ion &Ppeme F‘sand f‘sq"@agen V‘{Ca +-71993, 19§4) ThiMs
conffs!‘en qﬂec ance "¢pon , haMbeen a i ed 0 f‘sqfifsand ced 1nh1b1 ion of chlo-
ophy 1l p (?u.d ¢ fon (Ca * 71993) I haralks been iden ified af‘sa po en ial’ ll’ldQ fowealy
F‘sq’@'&ie ec 10n ihealy and conhs!‘stn inde qffsonhs o 1141{1 ced f‘sqf'B'sm P bean ™
't om day mo of ‘gamen  n il canople FLs:ollapf'csd a day PQ, en (Ca x ﬁnd Mille 71994)

[

3.2. Decline predictive model
ConMNgle ’ing na_ he ﬁeld-mealPS'qd&F‘smmay decline ;a ing incopo K ef“sglrl iple[f‘sqm
1 I | )
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Table 3. The final m 14 ata e decline ¢q a ion incl ded fy ce ‘mMxealib K ed Mmg Landf’ds 5
(TM) imagew @ € 7he Ca Fl%l[llf“sNY P qdlc b wa mbTe Meach con }? e n1q e info ma ion qla ed

o biophy Mgal cha 0 € nhc Fofy egea 1on Foe™s

Pagme ey

Te'm ertf‘irn_[a e Ab™s-ance feﬁ g Refe-gnce

Intercept —51.763

B5 0.946  Canopy mois qcon en leaf  Viei-g e al. (2003)

a'ga indg and o al blomaHS’s !

Aoki 0.706  Chlo-gphyll con en Aoki, Yab ki, and

To ~ka (1981)

MCARI2 (modified —0.236 G-gen leaf a'ga indg Habo dane © al. (2004)
chlo-gphy 1l abMs by ion
"3 i0)

SIPI F‘S7c -7l 54.536 Cag enoidPschlo -gphy 11 Pe™ ela®sBag, and
1ndepenhen plgmen r fi‘}Tilella (1995)
indg ) '

Flo (chlo-gphy 11 0.451

{1 o-gMance indg )

Chlo-gphy 1l J‘f:l o-gMance Mohammed, Binde 5
and Gillie™(1995)

calib arlon JI& d a my ed, F‘gpmﬂ'e, linea y9g qHss)n o 1den 1fv[ he beMsfi p qd1c ye
model. The - F‘sl ing fy e- e'm model i™batd on a comblna ion of na Wpand dey ¥ ed
indiceMand Landﬂs -5 (JfM) qﬂec ance band 5 (Table 3). "Each of hefsy a-mbleMa-g
f‘esnhsy Y n}‘f] ¢ decline N‘srnp om f‘smcl ding chlo-gphy 1l con en a io of chlo-gphy
0 ca q enondf‘scanopv denf'fsv "' moiMs q con en, and chlo qphv I ﬂ 0 -gfeence. Beca ™3

each p qdlc o'y a‘mble 1f‘af‘&3c1a edﬁL

1h n}lq e Psqm:yla ed blop?lv Meal cha e ?}scf‘s

co wla ion be aceny a‘mble f‘wa"meghglble (ma 1£n m model VIF = 3. 9).
?f‘s vpef‘s he if‘sl ing ¢q a ion g«aFmble o p qdlc he con in-

Ac- oHSElrl dlf‘snc fo
o M0-10 f‘smmav,v dechne alng
ﬁREss RMSE = 0.436 (Fig -q2). F
men B3 he 0-10 con 1n 0

V'é‘sa%’c "goy fo- ! lO claHSBf'csale
1f‘(m Qvaf‘&‘or}ld ced by incl ding p qdlc ion ™ hin 1-claMof he co me cacgoy 1n he
age 3oy GO n Thlf‘swl in one’ app ‘9ach if‘sl ed in 100% age aov 1nd1ca 1ng ha

7

6

Predicted Decline Rating

|

ik F = 0631, RMSE = 0.403, and jack-khifed
0-yompa mn omog adl ional ca ego-ical a3y

may decline K 1ng maf‘sq nded o he[nea -9™sin ege-y0

r‘sl ing in 65% agc acy. "'A'coa ﬁxiafémompa =

Multivariate Calibration

#=0.621, # Adj=0.58

RMSE =0.403

» Tsuga
* Fagus

Press RMSE = 0.436 A Betula
5 class accuracy 100% Z, 1 = Prunus

3 4

Hardwood mix
Acer

Quercus
Pinus

Conifer mix
Abies mix

5 6 7

Actual Decline Rating

F}iig ‘g 2. The final 5 e m model 'vaf‘sable op qdlc he 0-10 con in o F‘d‘smmaw decline amg
thg qa e yacc aov han adl ional indice™s While' hlf‘seq a o hol?ﬂ‘sac 9 MPecies he q ia

endencv fo 1510 f‘a he Q -gine endf‘mf he Meale (hlghlv P qld cyecandin Ry e dechne) o be
n nde 7and @c =p qdlc ed qf’pec ¥ely.



e iy oy ed in model p qdlc ion a q ypically mino-and do no ¢ ceed mha "0 1d be
nece f‘&sw o aic a ely aP@gn coa ﬁs, ca ego-ie™of fo qf‘scondl ion.
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[ ellf‘s f‘sha he image p-g-p-9ceMmg and amo Mhe it co e ion comple ed afFa pa yof
h1f‘§“s dv lf‘sl‘sfﬁmen 0 m1n1m; e hi F‘po en 1a1 ine fegnce’ ac GPSBmage a-ga and i 1mage

! acq 1h310n da efs |

A &f'l 0 qf'csence indg (Flo) gafsalfs -gained m he final p qdlc + ¢ model.
Chlo-gphy 11 ﬂ o-gfeence can be fad aMan indi- qc meaf‘s g of %’d c ion Psn chlo-gphy 1l
F“S7c g and{f ne 1on ha vplcallv occ 7m he ealhef‘s Fage Psofy ea ion f‘quS's

“é M 3S¥ af‘a a, and dQ indjee 19(5‘5 S am vand THsnilli-Michael OOI) In field
calib-g ion meals: gmen 31 Md a chlo ephv 11 fl o-gMence me evo,q an ify hiFealy
F‘sqﬁ'&’t&m OII.} aMshe pe-fo'mance indg (PI). f’T iFan ef‘ama e of hom efﬁmen ly a leaf
can ab™a b angi' P‘B,hgh ahile pefo ming pho of’tsn hehﬁ‘bvng an ifying he ﬂ o qf'csence
¢MonMs of leg e S -gM®-vand TMnilli- Mlchael 2001). S ch chlo "ophy il o-gfeence
me chae Fh.oqwn 0 be an efﬁmen 001 o de ec dlf‘s bancef‘sand damage 0 pho o-
Nsn he ic appa 7 ™and f nc ion (L1ch en 'hale 71‘592)

" To cag q he ghlo ‘gphy 11 ,fl o-gfeence -gMpon FE& Mng eﬂec ance Ppec 7,
Mohammed Binde and Gillie™(1995) deMgned a na-egband Kj 10 be a<en fi #‘sde I
vay em Fgoo and F735 nm (Flo). Simila- TCombma ion™of na mband " eleng hMn

hers qglonf‘sha e beel;{ F@d 0,4 an ify ﬂ o-gheence (LlCh en hale-vand Babani 2000;
"B rshmann and Lich en hale 7199‘) G1 elf'cm B FGhmann "and Lich en hale-y1999;
ilCh en hale- 7 e al 1998 D’Amb qh@ > a%o and Lich en hale'7 3 1992; Hak,
L1ch en hale Tand Rinde1e 1990; Rindete and LlCh en hale- 7{988) Rega-dle Hsmf he
dlf{"e -gnce™yn Mecific na-spgband loca ion, each of hef'e,p ‘gpo™ad fl o-gfeence me ey
can be modified fo$-gadband calc la ion aPLandfa -5 (TM) (B4- Bi’)/(BS B3) (Table 2).
Beca B of he di-gc meal™s- qmen of fl o qf'@ence m he field calib alon da a, 1 1f‘sno
Mg ha a chlo- ‘ophy1l fl o qf‘(sence indg maf‘sq ained i in he final P qd1c ¥ 'e model.

J"I 1f‘shke1 ha hi™yndg c%n E) eMyp-edic ¢ e pome 7a he log end of he F‘smmav,v
dechne a 1ng, whe g %'d c 10nf‘51n chlo qphv 11 F“57c q and f ne ion a? he domman
F‘sq"@'sksmrp omMPs

Bafad on a Mnple K io be gween nayggvband qﬂec ance a 550 and 800 nm, he Aoki
indg (Aoki, Yab ki, and To_Mska 1981) mahdehgned af‘sa non- de f‘sw e me hod fo-y
ef‘sma ing leaf chlo- "gphy 11 hgncen K ion in m liple ag g -3l P[seme F‘sBlackb 7 and
é cele (1999) alfy hnked he Aoki 1nd¢‘ 0 oJ‘l al chlo "gphy ﬁlconcen a ionin a labo a oy
F‘sdv of dec1d 9 Mey ef‘sHow ey hev ie nd an ¢ ponen ial qla ion Msip, indica i ing

la he mdq mav become in"sn M e 2 high chlo-gphy 11 concen a ion"3Sa alhn of

[ he' Aoki indg "0 Id be ¢ pec ed 2 he log+ end of he decline a mg Faale. Con Mele ‘g

hiFpo en ial mmnhsv iy o ea Iy dechne i 1f‘she qfo qno Psp 17f'm;1g ha Aoki waf‘no

[

! fo nd 0 be a hgmﬁcan linea-yco- wlae 1h he F‘smmaw decline amg B ata

p qdlc 0'yin a m lya 1;1 e model, Aofq may con gt() e Hgmﬁcan lv 0 dlffe qn ia ing
: he mo- v Myeyg dechne Nsmrp om F‘so mh1ch he o he’ 1p qdlc o'y a mble =(SIPI and Flo)
a‘g no af‘sf'mhsy e.
Simila- Ty, 'MCARI2 i™an indg mo-g MMy e o la e 7fwmp omMof declme&f‘sch ams
defolia ion and canopy, hmnmg h-9 gh eMma ion of g-gen leaf aga indg (LAI).
D¢ eioped by Habo dane © al. (2604) MCARI2 i™a modified ¢ a mn of a Mec -al
indg o Igmallv m ended o mea™s-g¢ pho oMf&n he ically ac e adla ion’ qla ed o chlo -
ophy 1l abMs- ion. The goal of Jhlf‘snodlﬁca ion maf‘so ¢ ‘9a € an indg le}‘m’&lfm ¢ o
chlo-gphy 1l effec Fsmo-g quonf'&e og qen LAIV a 1:1 1onf‘sand mo-g qhg‘an o il
and amo Mehe q effec M(Habo dane ¢ al. 2004). MCARI2 demon f‘saef‘sa clea ylineay
qla ionMip ml h leaf a ga indg , iho a p-ono nced change of he' Mope o 7f'$ g ion
a hlghe 7ch10 "gphy 11 concen alonf‘s(iy e al. 2010). Be%'a F'e, zd cionMyn’ leatL a‘ga
mde‘ ag mof‘s no iceable Q«hen decline 1ncl deMsmog My eq ie elMsof dieback,



Fane feence, and gene-al canopy hmnmg, i 1F‘§1kelv ha he MCARI2 indg i™p - iding
info ma ion pe ‘men o di F‘sr}é 1ﬂmng ~andMin mo q ad anced f‘age Mof decline.

Wa e mﬁm e band"p 9 ide in th o a MseMxha-ac e ﬂc ha , ghile no di ?c Iy
meaﬁf‘s qd i m he field calib giondaa, p- ([y 1de an indi qc amhﬁs{en of canopy condl ion.
Beca f'e,manv of he f‘qu@ Hn he -ggion, ™xch a™Paaranal d 5 gh and hea F‘quSS

Psl in lo HS'S)f go ey, mhlie o he- fsq#m +¥sch amhemlock woolly adelgld and
beech ba * dlf(‘eaf'es 1mped% f‘@ma al cond ¢ ance of& mac ~+f-9m 90 f‘so ley ef‘51 1f‘m0
&Psp m% ha a ”?a e 7F'enhsy ¢ Mec ;'l "ggion imincl ded in he 'final model. S qHSB
qla ed o leaf”va e’xon en 1Pplcked p m he mid-IR f-om 140b 02500 nm (cq e -gd in
pa 7bv Landf'a, 5 (TM) band 5 a 18550 o 1750 nm) d e o N e 'g leaf dehy d K ion and
he accompanv ing dec-gafad abf'(s ion by #ac 7(Ca 1&: 31993; H n and Rock 1989;

" Jenan 1996). Theg a'g My e-al 1n£cef‘sha make R of he F"'gsecﬁL -3l "ggion cq e-gd by
band 5 fo-ycanopy ma e yxon en amf‘h’nen f‘sHo'@ e ,71n he ﬁnal Fepwi™ gg qﬁsmn
model hiFmgle band o 3 ided a f‘sqnge mq e con }.b 1on o decline aMa™men han
mo-g complcy‘ moﬂ‘s q—f'esnfm ¢'indice F‘Jﬁ)af'esd on m 1 1ple band M A Mile fqm i Mran s
: y iy o canopy m{o{s 9, 0 The- f‘sdlef‘sha e alh}; Psd Landf'a, -5 (TM) band 5 0 aMMy
fo- f‘sblomaf'@;snseme Psly e ﬂsv ge e, denhsv and leaf a ‘ga indg m qplcal fo 7".‘!‘5

(Viei e al. 2003).

3.3.  Model comparison to traditional indices

In ode7o q anlfv hom he mn lvanae model compaqf‘so he mo-¢ common
app qach o{ 112 ing indy id al 1nd1cef‘scahb a ionMyye g alts comple ed fo7yMy e-al
of he mo Mcommon -adi ional b-gadband indice™sThe mo F‘sacc a eb- -gadband inde
waf‘sNDVI (r =0. §51 RMSE = 0. 501). ThilMa no able’ depa v q f'gm he acc -goy
ob amed Mg he mn ly a uae model difs Mad abQ e (r’ = b621 RMSE —6403)
I&o'm eyl i mpo 1an o con Hxie 7ha NDVI 1f‘sv plcallv Psd 0 aM¥gn b-gad claMBMs
of canopy condl ion, a;‘soppof'e,d od con in 0 f‘sdechne K mg NDVI acc “aey aFwm
claMSy a-table (10 claMs= 60%, '5- claHS‘s= 74% age goy ) 1f‘sconf'ls"s:n 1h pw 10 ™
s diels ily ing Land™ o caegoye fo F‘sdeclme (Lambe ye al. 199 Royle and
Tah-ep 2002; Wang, L', and Hai hcoa 2307 Afqa 1 e al. 2006), wi h 75%, 82%,
7[6%, and 70% aglc acv qf'pec Y elv T- gaed afm cla a -iable, he m ya 1;a e model
popofad heg¢ iFsmo-g acc qe (10- ~claMs 65%, 5-claM®s= ldO% a(J:ic acv) han any
P¥ }9 Feffo fs Mg NDVTI alone.

1 1f‘sllkeh ha NDVI doeFwmo p-gdic he&f‘smmaw decline a ing atyell af‘she
m lv a me model beca ™ of he mcl Mon ofy ey ealy decline N‘smrp omn@ o e
cence) in field calib a ion meaj‘s qmen "MNDVI 1Pd<no¢n 0 FE, g e in den™ canopie™s
(Wang e al. 2010) ‘and may no be able 0 dﬂ‘sr}‘g i he ealy f‘sq”&’s ¢Mpons of
dec- qafhd pho of'vsn he ic f nc 10n ha occ Fun’ canoplef‘Lsha a q il qlay ely denfs
I iMalMs po P‘hble ha heﬁmhe gn’ dﬁ“fe -gnce in NDVI ac @f‘m"pecw F‘sonfo nd f‘she ey
hgnal q&l hin anv gy en F’pemefis

To ¢ amine hogs mn 1y atae o é) diffe fsfqm adl ional m llmec gl aMRMs
men Maco™Mn landPCsape I appheJa boh he NDVI and m lya ua ¢ calib" a ion F‘so all
Pt elf‘sm he f‘sdv -ggion (F1g g 35 While bo h NDV,‘I and he m 1§ a m e 'model
1den ify ho hso Mof Ry eg fo qf‘sdechne he'b -gade ﬁmr@mn %f eglonal canopy
cond1 ion and (ie ail con alned he -gin diffe-yma-kedly be seen he wo. Bafad on field
daa NDVI @ e = qdlc ed all plo F‘sm he 0-3 declmeaf‘smmaw ‘gnge, eMBn ially
I mping heal hy MandMsi h ho™s in ‘ea ¥ decline. ThisiFs¢: 1den in he NDVI-
P qdlc ed declme cq e-age (qug q 3 [
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Multivariate Model NDVI

Predicted
Decline
10

Fig "¢3. A compagon of he m 14 a‘ia e and NDVI p qdlc ionMof fo qf‘scondl ion a Woodland
Villy (~UTM WGS84 556300" £ 4656000 N), a -ggioh of M e-¢ hemlock gdolly adelgid
mfef“a ion. While bo h modelf‘sde ec Mmila 710ca ion™of mo-g My e-g decline, NDVI iFxno able

ifs#mina e be gpeen heal hy canoplehfam hoﬂsm he ea‘ly Mmge™of decline. AFm - Fle he
NDVI af‘@ﬁs:nen of he qglon F‘sgge f‘sﬂughe ® e-age decline condl ion ac eHSshe qglon han he
m ly a m e model and field m%af‘s qmen 3

pt elf‘shan he m, lya lﬁe model. ThiFs™p-gbably a F‘sl of he endency of NDVI
0 Pa a ¢ ayew hlgh canopv denf'mv al ef‘s(Wang e al 2010) JWhlle hlf‘shml F‘she
ablil v of NDVI o mom 0 ;J‘sb le changef‘sn fo qf‘scondl ion, 1 alfy al e ﬁshe Q e “all
H&J‘@men of canopv cond1 ion™mc qf‘@'she landf'csape Fo ~vhe Ca lelllhs{‘s dv a'qa, he

¥ e-age p -gdic ed f‘srnmav.v decline a ing fo-yhe m 1% a 111 e model maf‘s3 97, com-
paed @i h I\fDVﬁf‘sS 12. The field-mea™s- qd Y e%ge fo- 7 he ggion @als3.93. This
indica ef‘sha a -ggional analy hs‘s Mg NDVI "0 1d po en ially @ e ?F‘sma e decline
condi ion™s

if he goal 1f‘so 1den ift only Mand™in mode ae o My e-g decline, hiFsnay no be of
conce . If, homq e 7 he goal 1"50 1den ify ea 1; f‘agef‘sof decime &f‘sch af‘s hoMs
af‘mma ed ¢ih 1n01p1£en 1nfe 1onf‘sbv ¢ oic pef‘sl‘sand pa hogenf‘s he lq el of de ail
Pw 1dedbv hegl 1y ame modelng) 1d be cmcal

I waf‘g) Me 'of he Psope of hiFgo 11 0 compa‘g addl ional calib-g 10n echni-
q ef‘sInF‘ssad he foc V‘swaf‘so 1Y ef‘s ae a f‘s1e of eahﬂv com e(iy aI ef‘sha

m'wo 1d be ?;b ™ ac QHS“sf'pemef‘sand f‘se”S‘sagen ™fo-yfo qf‘s dechne af‘Bf‘@nen

qcommend ha &f& 54 effo fs o moni o ~fo ¢f‘s decline conMle- R hiMsapp @ach in

oge'yo ma 1m2 ¢ he info" ma ion and age acv poMible ﬂ”l hb qadband "an e st
i

wlde[lv ¥ allable a h17‘51me

4. Conclusions

The @ e-g-ghing goal o[f hﬂ‘sf‘s dv ¢also de e mine the heymo-g de ailed and a%'c ge
amf'mlen Pof canopy condl ion can be achlq eglEL mlg he commonlv ¥ ailable m Ti-
Ppec -3l 1magev ThiFapp qach wals mq ein My eql way Fs(1) hc;.L P of a de alied
con }{1 o "¥smmawy decline ar ing fo ;S @ nd 3 h and model calib- g ion; (2) con e -
ion of na-egband-de ¥ ed 1 v ege aion mdlce #‘sadarp ed foyb qadband da a; and (3)

[ calib a iongih a gl lya m e model dehgned ocap ‘ga -gnge of decline Msmp om 3

I go nd ha fo- F‘scondl 1on co Id mo-¢ age - a ely and con Hsﬂ“en ly be p qdlc ed Mg a
m lv a m ep qdlc ye model ha 1ncl deFeon f'fsle K4 ion of na mband de y ed indice™s



The final 5 e'm linea ygg ¢™on model i™bafd on ¢ iMing na-weband-de ¥ edy ege a-
ion 1ndlcef‘sknown fo 7hel ﬂ'enhsy lv o chlo-gphy i1 V‘S7c g and&f nc ion, canopy
denhsv and moil™s ‘¢ con en. To mv knomledge he™s na Wband indice Mhy e ng ey
beeh modified fo- Tm llfpec -3l apphca ion beca P of a gwideM-gad aHS‘smP ion ha
abMy-hance fea qf‘sa ee bv he na Wband W@ elen[g h combma 10nf‘51 g 1o de ec -
able m he b qadband 1magew While i 1F‘s ye ha he o-iginal na “oeband indice™a q
hkelv ‘o mo gage 3 ely d an 1fv he Fﬁemﬁc blOp[hV Meal pa ame e o ‘whlch hey geg
de hgned hefs iﬁsl f‘sndlca € ha #hen ca}llc laed Mmg b qadband da a, info ‘ma ion
qla y e 0 canopy COIldl ion 1F‘sq alned n Fpl e of a loMof f’pec -3l qf'(sl ion.
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