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ABSTRACT

In the fourth years of the Faculty of Engineering, Electronic major. We have to
design the electronic project forthe student to searching information and design the
electronic project: So we decide to make the monitor illegal tree ogging module for
build up the device for detect illegal tree logeing that can be detected and inform the
situation of tree logging or wildlife hunting in forest area, Using the application on the
cellular phene to detect the sound in the air and analyze the target sound . Record
the time and kind-of sound when detect the sound of tree logging, Then it’ll send the
message to the forest ranger for go and check in device area. Cellular phone use the
battery charging circuit for power the phone can work alk times. We hope this project
practice us to design thinking ‘of electronic ‘design, how to control and design
application with code and use the monitor-illegal tree logging module can work in real

situation to environment useful.
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LENDITIRIAUNGITUAN LazLpSeeuAflYa SYUUWaauaaindfundsauay uay Wi ngs
i Wusiu Tneguuuuszuvasiuetfiunisesnuuumaingussasdlassnmadunsdiane
AaauUALazFTNd Ay vasIvadnEIaiing
Musiiddifiduiliieaduaofindiisyansamnisvhanlutsasiniiet

LLazﬁmmmmyfluﬂﬁwammﬁﬂﬂi‘iﬂmwia"ﬁuﬁ napnaunsEaluR ST UURSoMUIN

& A e &

Lk PndRred e uudar il Se

1. ANULTNVDIUE

nszualy (Current) aztludadinlasnssiunnuiuaauas vunenuidioanu
LHEEMIERGE ﬂS”LLﬁ“ﬂ(H‘OWﬂLstjaﬁLLﬂﬂa‘lﬁﬁE‘Iﬁﬁwaﬂﬁu Tuvaisiusadulnindelad Lmumhj
Lmﬂﬂmumwwmmuﬁamnuﬂ m'mL?Jmmuaw‘lmmﬂummmuﬂa AT ILA
’muuwuiaﬂ’LuamwmmﬁﬂaaﬂMN Usravnwevaonuasiafisesutmyialuanini
waofinddnfuiiulan Fermmaidi vasuasasslanyiify 100 mw fe s, Wie 1,000
W sl 75.4n5 Fadldviniu AM 1.5 (Air Mass 1.5) wazfuaeiindving 60 asmiuiiulan
ALY aILAY axdA1infuUsEIIn 75 mW fle ms.ou. w38 750 W de as.iuns Sadlen
wihitu AM2 nsdlussunawaduasenfindiuazlden Am 1.5 Hunassulumsiausyangam
UYDIUHY

2. geungil

nszualyl (Current) axlsluusmugamgiifiudsuudasly Tuvasiussiulii Gard)
wanauilegamgiigeiu Falasadoudmng 1 esendiiiuiy wwilvusedulniinanas 0.5%
wazlunsdlveunsaduaserfindunsguiléfuuayszansamvesunuatorindde o
gungdl 25 03m1 C wu dualidunsuaseriindiiussdulniiniasesilia (Open Circuit



10

Voltage %38 V oc) 71 21 V & gaumgll 25 04 C Aagmunoannut ussiulwiiafiagldann
urauseonfind edlilddefugunsailuii o gaumall 25 asm C iy 21 v taumadl
gandn 25 8er C 1y gl 30 edan C azvhlvusssulnihvesunsuasefindanas 2.5%
(0.5% x 5 23 C) HufiD UTIFUVDIUHILAMAGT Voo azanas 0525 V (21 V x 2.5%)
wiiteifles 20475 V (21V - 0.525V) aguléin ifleamgfigetu ussiulwihfiovanas Seiina
limaslnihgegaveunsiasorindanasie

infedmuadindidredu deudigléavidenliunuateniing avdosdied
aaauiRvewunsiisyyBilunmusazvinded Wainnsguerls vieunsguildTaunndng
funSelal Wuunswlanilsszyin Widdslwihgeanld 80 Todf Arnuduuas 1,200 W dle ms.
wins o gruvgll 20 e C vausidnaiauilassyin Widdlwihgsanld 75 So6 fauda
L9 1,000 W dle as.1uns waggumgliuinsgiu 25 9961 € udd ssnuduaafissydnld
el 80 W aglmdsiniainda snanvaiand s iiaeldunsdsdessnilsdstormua
wehflumsdenldussusazeliagdae

2.2 Sealed lead acid battery

Uil 2.12 Sealed lead acid batteryluyuinmng

U

= fu & Y N w o ¢ My i
Ae gunsaliniiundsnulnih wusweduisaunsniunnsalwlnlliedesaiiios
° & 4:1' o 2/ 1 ar Y o L - 1
Tudwaseunsvisanimuald Wawlumsdendsanulddmsvgunsallvihildinedg
deileswazainiave lnefionansldnuienuuiariinuamuanwléd
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WaNNNSINIUYasUUALALS ¥l Seal Lead Acid (VRLA)
uinsevesuuamasvilansmansalusemamisuszquasaedszaannsadoulugy
auns nawaillasadl

Anode { + ) Electrolvte  Cathode { - ) Anode ( + ) Electrolyte  Cathode ( - )
Discharge
PbSO, 2H,50, + Pb — PbSO, + 2H,0 + PbSO,
“Charge
Lead Sulphuric Forous Lead Water Lead
dioxide acid lead suiphate sulphate

muLﬁuﬂuaamitl'isqmé’amﬂmiﬂ?qﬁammmum 'VT’]I‘MLﬁ@]‘(JU”JUﬂ’]'iLLEJﬂﬁ’]LUuE]E]ﬂ%
LuLAY "La‘[mwu (Electrolysis) #33ziAan1500n 3191 (02) AUONLEUSIAUIN Uaziinnig
lelasiau (H2) i uwusmay maffezgnuanUasesenainiumaed dejussiuaisazans
(Electrolyte) Aazanasniesa sanaT Fednvumenindhadutunnes

29n%IU(02) aﬂm’mmmmuummummum Mﬂﬂ{]ﬂ‘iﬂ’lﬁl”ﬂ’JWiu (Pb) DILNUTH
auuazgn Lﬂaauwmu Lead Monoxide (PbO) #s#4 Lead Monoxide (PbO) iufn3eniu
sulphuric Acid (H2504 ) Bnsauntlananeidy Lead Sulphate (PbSO4) Luamﬂmimwix@
Aetuvedmievils sondiau (02) 103hHUT MU INgNandulneunusna Tngluiinissilva
Y8990nTausanuIMenen nanreunusmavlulaasslalesiay (H2) Afonsivalule

gaydelunnuunmeigIngUnansuuiu namsieiieinsmauszglukumwaiviaUn

Charging End of chamging Cwerchama

D P 2 e £ e 5 Prae 53 P 3 praw
1 3 43
iy P Phily Fa A T s
; J ’
] 150
P50, LSO, ppit t Temw ] Vits
PRS0 ] T
). B | Hylx = PoBily
e -

g‘dﬁ 2.13 UanNIIuUYaUALADTUnUR
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2.3 Regulator %ila 3 114

GROUND

5U# 2.14 Regulator LM7805

Regulator Yiln 3 WTQU&J‘U’]@?EJHU 397 laun d BUNN LE]’I‘VI‘WVI LaznsIn Tdeyeueu

L)
v

La'mwwmm aUﬂimﬁtjumumﬂﬂlmLLﬂ IC @380 78XX ﬂ’mumﬁmum&!mLaﬁuaa@mejﬂmEJ
maua%qﬂﬂim Feonady 05,06,08,10,12,15,18 38 24 gﬂmuammmmiaiw regulator
WA +5V Funulszansenewinvilinisneuauaminaaniay wasilyisuiiuaudiia
m'mmmaaa (mslifnAvUssydunm Anethatos 0.33 lulasvsie iy mﬂregulatoruaﬂ
Wananulsy f\mmwmmﬂummasmm) regulator Asz0a 7800 uuaaiuiﬂmad
wanadnuialens(Wuieidunsiudalnadings uia power transistor) mmumaam 78xx
‘L!‘LlE]FJILI'iU?JENWaﬂaﬂﬂLLauIﬁW”LﬂﬂJQUﬂu WWulRgITuN I uddmesdmsudyaiuuiadn
@1 regulator msnNa 7900 s regulator au MauwuuAestu@miunsesdudunva)
regulator msyRa 7800 lvinssualvanlais 1 weud wariisasnmeludasiumudens lu
nsflauiauliunienssualvanguiu ﬁaﬁﬂﬁaﬂnmﬁﬁlﬁﬁw}u wnuTia uaﬂmﬂﬁ
'Nﬁmﬂumﬂa@ﬂumm’mwaamm%jamaﬂﬂmawmlm lasannse LtaLEIWiWWV]M@EJ
g msu mput output voltage differential V!EN regulators mmuﬁmﬂmmﬂu,auwa@lami
14 uaﬂmmuaaumﬂ‘uaaﬂLLUU'ﬁwUULLaﬂ%mMﬂULqummmimaﬂﬁn unregulated DC

AMTULKUAIEI9TUABZINY LWBASI92935 reculation ULkHUa18299sWa s az uiude

. 3 N
L LMTBXX :
Irput Ot ’

£
£

gﬂﬂ'fi 2.15 75141 Regulator

g
Vol v oo

Regulator 3 19 wilausaiutewimnasuarldldidadisnnaroia LP2950 Ty
WLREIAY 7805 Uananssuaiea 75 lulasuendU3eudiouiu s weud 41wy 7805 wia
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&

3 wend dmiv 78L05) wenanildy regulates 1iea 0.4 19ad drop 90 Bunnidalald
ArvusziuLsssulidulewinnldfunsarvauseduusaiuuda@3enin “dopout
voltage”) \flaUSsuiilsuifu 2 volts dropout dm3u 7805 i LM2931 &4l# dropout
i1 usionaiFendtuin mili power (0.4 mA quisescent current) dlalUFeuifisuiu “micro
power” LP2950 gunsni regulator fifiA dropout i1 &uﬁamw%’amﬁuéuﬁi‘%’ﬂimﬂq& LU
LTL085/4/3 910 LTC(3A, 5A, uag 7.5A auaddu wiouis +5V uay +12 V dmiuusay
¥ilm) Regulator Ly LM2984 1iulTu regulator S¥AULTSFIUMERY 3 N19 WiszawSouiu
iy e lidyaaudlulasTuswawesilisne s

2.4 Diode lalan

5Udl 2.16 Diode

lalan @angu: diode) 1UuTudrudidnvselindvsinanstafiods p wazda n 7
sonluuLazmUANRANNNITIvaveslszalnin duazseuliinsuualwiilvaludirmmiades
waznunsvaluiianasmsidudiy Wendatilalen dfneznmunsdslalondivinunanaisis
o o @ & 5 ~ A =5 = o o ai w 95 &
AU (03nQw: Semiconductor diode) afrananvesansisianhndenulatanislnias s
daulaloanuunasngyyinia (Fangu: Vacuum tube diode) gnldianigmislumalulad
Iihussgeunsuszian Wuvaengayyinmafiussnausiedididainsnaesds Teasfounu
#1h (Fange: plate) wazuAlvg (Ssngwy: cathode)

dlngjagldlalonluntseeuldnszualulufianiaden Tnvgeuldnssuallunide
mavils drunsuaiilvafionansdniuaggniu dnfufeniehlalondundnseaey
wudidnnseiindedimils Feuifudstlondedrannlunsesdidnnseing wu duiides
nazualwiluresunasineglv Wunu

sdlsfinulalefmmanansannninsifiugunsaifildida-Uanseua $18 « lelen
fnaudnwausmeliihnliduladu daulufausaufudslaem suuasulassasa
voswanduiiion d1sesse pn SugmiluldusslenilununiingUszadfiem duvihli
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lalaatisduuunmminuldvarnatesunuy endregradu Fweslalen Wilaloawinfieiy
fowthiisnwnsyauuseulsied 'n‘%LLaﬂlﬂi@ﬂ’lﬁﬂuﬂ'mJ%’ULWiaﬁ’mmﬂm’LuLﬂ?m%’ﬁwsJLLau
Tnsvien 1@1@@9’1&1@%3@%14Lualﬂ‘[am‘lﬂumsmwammmm’mmm LLaJI,ﬂIamant,LaaLﬂu
aﬂnimmaimmwu lﬂ‘[aﬂa‘[mmmmmauhmsammuavummmmwumumma‘u Fadu
Uselamnndeldlunsasuissyiam

loleadusnifuguniniveengaania lnglalonuuuansisimimusngniunuain
NMINAADUAMNAWNTAIUNITITBINTTLAVRINANTAEATTA WashuIud usiu UniEndvn
wosiiu Tul wa. 2417 Fonda cat’s whisker diodes wagldgaiannlul wa. 2449 Tngyin
Ialomunnudnusn1dun waimuulmiaﬂm%mﬂﬂmammmna'ﬁmmm iU Fanou 13e
oSy

laleplugunselfivhennansfiesianiy p - n aunsanugulinszualnihonasuen
‘lwamuﬁaﬂulﬁﬁﬂmuﬁm laloausy naumam 247 ﬂa ualum (Anode; A) mmaaaﬂuaﬁ
Asiain p way wAlsa (Cathode; K) mmaaﬂﬂuaﬁmmu'}‘m n

2.5 Android studio

Android

Studio

Powered by Intellid Platform

‘lJ‘Icf'i 2.17 Android studio

Android Studiot 8 w IDE Tools @ 18 @ 9 11 Google 14 % & u 4
TUsunsu Android Taetawns Inefaunainuundaiugiusiann Inteld IDEA adne 9 funis
uTes Eclipse uaz Android ADT Plugin Ing¥nguszeasdvas Android Studio Aadeenis
unaFosiio IDE fiawsafaun App Uy Android I5EUsEansamanndy Fadunis
88NLUY GUI Aiaelianunsn Preview & App agmmﬁummshaﬁ'uw Smart Phone Wiy
U drsauannauisedsldiuilaulidfeaiinis¥u App uu Emulator s2ustedauile
U§uugeluilesvasnituiiives Emulatorﬁ'é’qwaﬂzymﬁuagj’lu%afqﬂ’u
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31]17; 2.18 Android studio

Tuflaqgdu Android Studio §agluting early access preview ufausan1ilnan
\ieldaruuy Platform @ng 9 IfiAeunn 0S 19U Windows , Mac wae Linux wazaniilevin
msmaiﬁwaﬂuﬂﬁmﬁ”’atmzmaaummmmimm Android Studiofsluadausn 9 919928339
9 Fuauluyfg 9 ogine walpeugiundanzadae q fun1sideu Android vy
TUsunsu Eclipse mniﬂiaai'mlwa %39 Widgets A1 9 Andne q fu wisgulanlvainsedid
Preview Tudutes Layout filauaunsainiy

R T i LR > FRim ||
et et O - B 1 i e [0 8 e ||

31]17'1' 2.19 M151991U Android studio

Toefiaruausalunmsiauay q Tuveeil faolud

e deudavgulunisldauseld Gradle-based

o MsaENMLUTHAzNIsasRInG APK Tunane ¢ wikuu

. LLﬁLLUUﬁ*&'JEJé’wmaﬂ'Jmazmﬂiumﬂ%'muﬂmauﬁ’ﬁﬁgﬂ‘[,%'\nmiaa 9

o fhtieudlugliuy (Layout) fisesfunisainuagan

. Lﬂ%@&ﬁaﬁawﬂﬁwwﬁw%ﬂwwms'l‘a’;'\ﬂu,ﬂﬁﬁfmm'i"mﬁ'u‘g:uu,az{]ﬁyméu g

o MsadvaAYY built-in dmTuunwannesy Google Cloud vilvidudredenissiu
Google Cloud Messaging La App Engine
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2.6 Java

/(,

= Java

!

fgﬂ‘ﬁ 2.20 Java

o s = = P P = ar ag(’

Wannlag 1 neads uasdennsaudug 7 4u lalasdaiud nviaingnimuntly
U w.a. 2534 (p.a. 1991) TnoiUudaunilsves Tnsesnsn3u (the Green Project) wasdss
oongas1smglul wa. 2538 (A.d. 1995) Fanrewilfigadsyasdiieldununiudndan
fa (C++) Ing FUnvuniisAL UG 18AY N 18188 UNRTING (Objective-C) wiliinn1wil
39091 n1w1ldn (Oak) Faedonuiuldnladniisuaes laud neads uddrdfayninie
a o £ = val =t ehial
fudns Javdeululdde "an Badudonununu

Lazulitazidendigiu uiniv19127 lifleauifeadeals 9 funiuiean

aA3uA (JavaScript) Tagiunmigiuvesnsanigualag Java Community Process d418u
' o v val 1 o 5

nszviunsegraluniens feugmlvgnauladhsiummusmuaansaluanunasesy

1o

Wesntemvileuiu wasn1sFenvuidnegyaimiauiutesq vildaunly dn
duaudn 21913171 wag aenaaesy Wudafeadu Tupaudussaly seaeede uilvy
sty winldugdiuenoenaindu lng aw19918u fenwdisuld @ eulusunsy
AN falsadurgludiamu dr anunaswe ity Aeaninwndaudmunisidu
TUsunsuan lnefiesdussnaundnfe 319 asvanudu Uava virtual machine) way

al 2 - o s o '
laus1311m3§143191 Uava standard library) Tusunsu@ivitauuuarunannesuiiy Tl
o & Py ) 1 o - & @ o
IUUITADIEI19IINIIAN WU 9193818 wilwneu (Python) Wie awndus Als

1 ::: I3 o LY o QU I3 4{' L T | = .
drun w1amuu narusailulewaulusunsudusuunannesuduldwuiediu
' 5 . Al o~ 2 v o 2 '
wiu paulnaed e annsomeulnalusunsuidousioniwnanan Tivinedld Tnglddeddd a1
1MDSTIALLTY
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high frequency wave

. low frequency wave

sUft 2.21 Frequency

Y

AUD AUSIATvIvendwruAsIman saliiaduluainds n1sianud

-} -3 1 ﬁJ 1 Eﬂl o o 5 { - EB; ] o g::
A1unsnvinlalauAuagIa7ATIAYRT Wdnuassmmansalifintu dadiuaunioms
U L] s H = ¥ A J ‘1!
PYsEEEIgT Way AU WudIuNduTeIn Ll nurstaaniiglvlumsiedeuiiasunisseu

| L

Tuszuuning Sl e innudRewdInd (hertz) Banaindausstinfandy1ie ey

1 } 4 1
= =5

%o Heinrich Rudolf Hertz mansalfifipsdviiagsndvanefavanisalfifiaduninsmn

cf' = =] 1 d' &a 3 ar nll i 1 1 ey = ) I =i
wiladuy nureduq Aleuldnuasiudlaud: seusneiuii wie seudsui (rpm)

{revolutions per minute) 8asnasiaurasilaldniietadudiuiunsaseundi

dnullaisnleinaudveungnisaifie nsinsveznaiseninnisiiatuudazae
(mu) veawmniseluue Inevialy aunsaudslssi

143858
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3000-300
$edand

| wasfineusiulg

AU Sub millimeter
UHF

MF

LEE19

300-30

Bunssa (IR)

CEHF

“VHF

Vg

ndnssuaadu

30-3

H

ganslileidn (UV)

auW'ﬁwLifﬂ (IR)

SHF
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=
AI7de

PHz
THz
GHz
MHz

' kHz

Hz

\Foq 1uedudananifinginmsduasifevyasing e nnduasitow fezviiliiAnns
onfuazvetefussrauIddsuazgndsiiudanate Wy eine ludw ddesaunsodu
nssuaasluanuzAgrownan dasvoudaild uiliawnsodumsthuagandls

dlensduasifieutiumiey fusggnuieniufadussaw Tsasgndaludianss vinla
nywdfuiuazduundossineg 14

ANSNTULlaNIzvaLdes lauwn Aue1IP9AEY wouUdyn naz mwm%uﬁauwia“

LﬁENJJF]”J’HJLLWﬂG’E'Nﬂu LETEN?N LE?EIW]”I GRNGR Lﬂ&i\‘iLU'] maﬂmmwma%amaﬂwmvmm ‘VN‘L!

‘U'L!E] EIﬂULL‘ViﬁQﬂ’ILu@LaEIJ u,a‘“mmui@ummmwuaamiaua”mau
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2.8 lvlddes

WAVE

g‘lJ‘ﬁ 2.22 Sound file
d .wav

Dululasserviuaglefiduguivulndidoanasgudmsudadiv bitstream 1deoslu
in3eanouiawmed fuduTusunsuves Resource Interchange File Format (RIFF) guuuu
bitstream Bn15tunisdaiiudeyalu “chunks” wazdsdeodlndiusSVXuaYAIFF sULUULY
ffu Amiga wagMacintoshraufiamesmudiwy dudusuuuundnilduuiuladssuudss
Auuwavinazlifintifuda n1sid1s%a bitstream Ao YLV Linear pulse-code
modulation (LPCM)

wfidndulnd wav aninsaiinisdvdndyaiadesdinuunigasvuuy
Wioe WAV 1 ugUu L Linear pulse-code modulation (LPCM) LPCMEstdusuuuunis
Whsvadeanasgrudamiude @i LPCM Heafiotne 44,100 pSaseiuniidu 16 Sade
Fee1a Kausl LPCM Aolaifinstudanardensinuiedwiameauninidesgléfearin
viofFevgsiuidsieivesldsiuuy WAV faeides LPCM Wiaunmidesgeanlnd wav
venanidseinsaudlouazianisifedishemelumslivenduns

o w o ol v ' A av oy v

JUuwuu WAV gn 1iia ludalnadiidesndn 4 GBinsznsldanuvessd2 daitlilias
Fodrwrudulunistufindrushruialwdwisiusunsy 3149 vunalng 2 GB). wiinae
~l ' & AlA A ~l ~ a &
Wiguwin Uszann 6.8 Tilusdfinasninnnin (44.1 kHz, d@esamesle 16 On) vnsadeiidu
Ql < A -y -] o ﬂ!/ 1 QI A E%’ at 1 r ] - oAy
A ndunazifude d1d lnglanzegradaudiefluniudnsinisdudiedgns, uidanse
Foanniiduazies guuuu wed Fagnasrstuiieldlunissound Forge sfusd dnduiag
1 v o/ =3 cvl o 1 e ¥ o:!é’ ::1
drglvinsduiiniaiunu RF64 sUuuuidmualagannmglsdunslasunisairedudiie
wAtsymil
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W& Riff

Wid RIFF WuguuuulWdfidauin udffisuuuunimugilanisianzas (Judewis
uinfrazAsid (FOURCOWazaun (Suaulus) vesday winszyirdeyaiegaelufeunas
wwfnukazdvanauiin FOURCC snasgu winfiavuadauszneudefidnwsusinfiay
13 Suuongauvasld RIFF §RIFF uiinguuuy; afwusnitdludvesdoyasusl FOURCC fiszy

winvasgUlUULaTIEAINLIMEBEIaUYaY subchunks Tunsalfiligd wav Aussandludify
FOURCC WAVE widievasdeya RIFF Aed1duvesiusiuredoyaidesil

UisiwﬁmngmmulmﬁﬁﬁmLLﬁﬂﬁaiﬂg‘uLmummmﬁumalé‘tumwé’qlﬂaiﬂﬁm
Huaugeulvianiiey. ngdwiu RIFF (M3e WAVY) feuffedniumsaziasle  sufifauiini

U
as

Tai3dn. s’Ia"ma]xlajamﬁﬂﬁ%’[,%’“ﬁauaflmj weiffsulaiansasduan

U

Panviuad1nSuwil RIFF immmmwmamaqmimauamu dusnasiufisdayaity
ﬁaLiawadmimdmwwwamwaiwuawwauammﬂua%ammmwauaaumﬂmwuﬂiﬂuiu
1.0 Aoufildlddeddluaasgradunianisuaslng WAy awnaumaaiulﬂamawamm'ﬁi
WBrswdannuvangesiu uafsuvatsaulym & wmumaﬂuawaﬂLaﬂLu@mﬂmwmau
ﬁﬁdwumaﬂuavmvmama‘aiumﬂuﬂaumﬂlu'ﬁﬂmuma wazfeudu 9 aedndunislén
ﬁmﬂwamammmwmmw 5ULUUYRIAGY muummﬂaamﬂwaﬂm mmﬂumaa
u,aﬂLﬂaauﬂamiaunumauaﬂauLLavumaﬂaauq wasdslvidmaniialudau Bu 9 wmaua
Jyminisdnieday

Wid RIFF andnegdanldluasmiandeniis)wsemaiedl cset fouiiaszysota
UszimAnsndukasviisdadivivanisluufiuRIEe 19, degratunissyuiiungay cset du

el ansdluteyadulaziudu 9 vialnd RIFD) Weazfianuirdudadnwiessnes
MUy
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2.9 Fast Fourier Transform

B qraphs |_Nal 'ﬂ.

g 08
306
"-04
“02

Frequency (Hz)

100

H o F N W

X

gﬂ‘va‘i 2.23 Fast Fourier Transform

FFT IdsumsAndulmeinadinenans2 viudo Cooley uay Tukey Tngldtiiauenis
Anfuranaaseatsisalul a.d. 1965 u3el wa. 2508 BunISn1sFvILaunENNSYD
Cooley uay Tukey 31 Cooley-Tukey FFT #sa CT-FFT @sfivhiauaiisei

Tixtn) iWudduaaidsdou niednuardinausis §uIuN = 24k 90 Tog n =
Gi2 N

L& X(m) e DFT w83 x(n) #igs m 108 m = 0,1,2,..;N-1 azld

N1 N-1

X(m] = ZI{H)E‘_-’?“"’"”". L Z o)W
n=0 n={)
dia
Wi g 31 /N

5UN 2.24 aun15M15V91Uwe3 Fast Fourier Transform

A r Q . oy . B
AB9INTIN 989 1 fnan (a primitive NAth-root of umty)
mu‘uaauww x(n) Wuaesdiu Iﬂaa’auwuqLﬂumuwmmﬂma‘mLLa*v@ﬂmuwuaLUu
YA ALY X(m) Inaflgwed
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5 7 3 +5 " " et
Xim) = 3 #{23Wem+ 3 o(2n+ HWHm
=} nusslf
o1 B §9-1

D HEIWRY™ + 3 (2 + DWFWE)™

wzl ru=l}
BEUILENN
) RN - jlm o
El{ e BN L Ry ou %

3UN 2.25 aun1snsvineiuees Fast Fourier Transform

Faa3ndIN/2 183 1 §audn (a primitive (N/2)Ath-root of unity) azle

K21 e
Xpry = 3 @nlWRn WES o(on DUWTS
n==l e}

=4 1
LWL

B

NITi . P b ik
2 ¥ bt e e s et ) ot B E g ]
} sty 7RG s 5T I WV

U 2.26 aun13n1vaIULes Fast Fourier Transform

AaNIAUIY (N/2)-point DFT
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lnvannsorussrmoaniiiu 2 dauduieaiu Tnodauusndam = 0 1, 2. (N/2)-
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AN529NLUUATUL Hardware

3.1 NANNI58BNLUU

Solar panel aunsaldnuldnasnafiawnsasunadalundazu

2. Sealed lead acid battery @111505UNAIIIUIINATTVISINEIIIUYD LAY Solar
panel

3. Sealed lead acid battery @wsaltufinsaiulaluszezinaiuiu lagluvinlmia
ALLAE

4. 2asdmivlaluniserselusdwsianunsanda Cellular phone Aildlunisvinauld
AAOALIAN

5. gunspilasiannsaldoulddnsoriuluszssiamn laglidosmuaunisie

CELLULAR
soLARY -2 SEALED LEAD JO QUEELURITION Ry

PHONE
PANEL ACID BATTERY SYSTEM

U1 3.1 n1svinuuesgUngel Hardware

3.2 TUABUNISTARNUUY
L. vinsfinwindsinemaesssuud1e Maglilunasdinugdnsalnldluudazdau
Tudeyalunisliey

2. vimsAnaAdeaildlussuuufuanisluniseriangdwe Tngvinnsdiuimean
wasuildsatu Amdwuniuldain Solar panel USNULayANIUBILUARDS

3. YIMAEDUTZTUUNTISVINIUAIENISNAFDULAR TLUULEA T188T2UU Wa15 9t uAy

3.3 A13A1UUA Input Laz Output

dayeunas Input Ae deyeyraumiadndundsnuainuiaunlaineseing annsenu
19UK Solar panel TagvinsudasAmdsnuanudeudund vl udmu Sealed
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lead acid battery i situlindsnulnialy udrudeonssuliieasnisusussau
pudulni A asiiiefaniuld s salnsdws
dyaya Output Tdyaunisvfalnsdnifidaieies Werinisvauniusyuy
nsfnwnazannsavrsandanuladmludi

3.4 n139anLUu SOLAR PANEL

N1sERALUUNISABSEUUENEIUWAI91n Solar Cell 4 TEnsi@ouseves Solar
panel Ingvinnsweausiafusgraiuszuy welildamdsnulniafazihuldanulamu

fieans lgvinisilensiofuguiuunan ndnafe Wewste Solar panel isguuuy aynsy
Lay JULUY vuu TngannsneSulemsivonsenuii 2 suwuuldnsd

1. m3¥aussuuuaunsy (Connecting Solar Panels in Series)
: = o+

ﬂl A 1
E‘U“ﬂ 3.2 NILTIUABLUUBUNTU

I P ' [ 1 o B (Y] = i U

Wunislwounenusznin Solar panel Mg fukUvaynIy Fanossuulagl
anelwdu + 993 Solar panel Wonsahivaigludiu - ves Solar panel Snusunisly
Fegqiagl lesimsienselusyuuil wsvihnmsiudussiulniiléain Solar panel T
a = & Y ° o o - o w =
NNV URIUVUIATB LTI ULaETILIUYee Solar panel nilinsiwendenuly lnefinns
FeudeluguuuulsiiuAussiulni (V) way Arfdslni (P) ThdAufudu
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d 1 - - .
2. mavaunakuuaynsy (Connecting Solar Panels in Series)

] 1 - +

Solar
Panel

UM 3.3 MsiWeumauUUYUIY

\umsdeudeusswing Solar panel Widssuwuuwuy dwioszuulaglvandle
#i1u + 984 Solar panel WauseRmumdndedy wa Wrangliiu — 29 Solar panel
Fondettuadiadetudigy Tnefims@eudelussuud asshnsifusnsvaglninilden
Solar panel Tiinsiuiunuenaveanssualiiuazsiuanees Solar panel fidnns
Feustaily IﬂEJ‘ﬁlﬂW‘ﬁL‘?i@llﬁiﬂTugﬂLLUUi%LﬁuﬁhﬂixLLalwﬁﬁlﬂﬁﬁ (1} way eridslwi (P)
Toislenifiuiu

Fslunseeniuuszuy Solar panel luadsil T8lduru Solar panel Havunsiuay
24 windonredrdeiu Tng Solar panel funl#lussuuilFamdaluin useulnii

1 as

waz nszualiih winduimne vildaunsorwimnisstendanulidqliiu Battery 1

adamnzay lagh Solar panel uslazuniudinuauinnag

g‘dﬁ 3.4 Solar panel
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Solar panel specification: Power: 0.6W
Voltage: 2V
Current: 300mAh
Material: Monocrystalline

Size: 82x70x3mm

Weight: 21¢g
3.5 N1398NLUUTEUU Solar cell
SOLAR PANEL SEALED LEAD REGULATION SYSTEM
> | ACID —D
BATTERY

U 3.5 MmIeanuuusEUU Solar cell

imseenuuussuu solar cell WeRtsvthluldluasasususzsunssaulusaly Tns
Mdndnnsasrndinuliianadiaseiiadfeiinisafausssuladaangnn Solar

1 -7} . -:*1' ] ar (=3 o ey wa [
panel N1Uug Sealed lead acid battery oy 1nsANARUNSsIunLdSULTLazn1538
wasueaniIIn Battery Tudvsasuiuszaunssiuliiniiafieeldlunslindsussly

lusgyuiliigunsallunisaanuuuie

® Solar panel

® Sealed lead acid battery 12 v 1.2 Ah
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3.6 N1399NLUUNATUSUTZAURIIAUNTZILERTIN 5 volt

LM7E05
a D1 1
){ g— G[}Tl—ﬂ—ﬂ
L& 1N4007 _— g
12V DC ] 1+ ¢p SV DC
I ) ~T luF o our
1 [ ]

wiww Circuitstune.com

JUT 3.6 JULUUMAIUTUSEAULSIPUNSELARNTY

WN13590NUUYse iR suansaniian 5 volt wefazilulilursasususzay
wssiulnssuansandian 12v Wiude 5v dieldluises Delay time doly Tnsldudnnns

w84 Regulator teviimsinwrszaunsssuredinasdiimasinaannisineny
lusesilfigunaailumsaanuuude

® Diode U85 104007
® - Regulator Lwa3 Lm7805
® _Capacitor fiflA1 470uF
® (Capacitor fidAT LuF

® LED

3.7 N1598NLUUNRTVIST NS AN

USB Battery Charging 1.2 Apple 1A Charging

VBUS
1

=27V 51 k@2

~20V

For 214 iPad charging, swap D- and D+ veltages

3UT 3.7 fegsasinsalnsing
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mnmsesnuuuIassInsdwilledelasldvdnnsutasussuluidiadiliAnnng
ahedayiaitu Tasavinlianansasodhiu Uss PORT ltlutagtuldlegadianisieas
shumuileasadygraau
lusesiifgunsallunsesnuuuiie

® Resistor

® USB port

3.8 N1598ALUUNTYIBNYN Module

5UN 3.8 M3BanLUUNTIIERUNA RS

Tunsieriugunsaliaslnsduiliaiunsaldnulfonsadomasamutiu 18vns
UhgunsahimunlUldlilundesussy Teimmamnnaiainuviinisussaly wetdlestuuasas
anmaunsaily

luwnuziinisviediuuns Solar Panel vianuantguentiu évinisiadunsianualy
vuwiuliuwanaiinuiiauniles defiazviinissesiuuns Solar panel inagfundasussy
gunsalld Fawsulnanaradniuvalu 2 Snvasaunsoanwuuitadiduielilunisings

Wildmansgnuannisiuwawniign
Tunsesnuuunavieviuilifigunsalluniseanuuude

®  NABIUTIY YU 19 % 12 % 5 7.

o iulwuwaran
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A1529NLUUAIY Software

4.1 YAaNNI1588NLUY

® Cell Phone @usasukazamdedla wazaiuisa dstaa11unie SMS e Tae
H1u Application

[

® Cell Phone @unsansivdaunasitasieindudyyiudsaiiatiun
Wisuieuiutaganlauiinl s Application

TasnazvinnrseenwuuliiaunuuGealngl tazeenwuulssunisviauees
Application lnannsnalieensatfien
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4.2 M3 Android studio Tun15a¥19 Application

luniseenuuu Wnrwn java undeululusunsy android studio tiatnunadaa
application Tnsusniuansdiufo Mainactivity uay Layout

Mainactivity ﬂaaauﬂiumamamaﬂ Tgesnuuuns@euienfunssuiunsviney
404 application Wamue 3811150 usneaniunarsduls Lwaawmumuaawma
traldly Mainactivity wasdsfiduvas Library fdusrunendnaru Tne Library Sidudiud
U1t applicationlsidndugeadindlumene Togudrlulusunsa Android Studio ud?

LI Java
¥ [E1 com.example.myapplication
@& Fer
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@!b Test
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3‘Uﬁ 4.2 Msk99IU Android studio
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JU# 4.3 n13ldeu Android studio

Android studio t0ulusunsufiamisenaasu application Inesulusunsyldias
w30du130a4 applicationidr cell phone Taglaigdassiu play store Fududgasluns
Usgndanauazainsanadaun1svineuTes application Misudunndnne Jdulund
Amuavseld v3e31An error/bug

Sanlisk SD card 8 AU

Fot ranaferng photcs and medha.

;sﬁ.lﬁ 4.4 n51%974 Android studio
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Iuﬂ’l‘iﬁWQWU“?Ja\iapplication sriuidsadunlu cell phone iitavin1snsivaeuniy
mmmauammuwmﬂmawm@zwwaaﬂaum*}umaaafammw kHz lagingafianaislu
ﬂzmmawuquumﬂiaumamummimmwuﬂlnm‘iﬂﬂumaimawmrﬂ,umq application
wasvasussly widmnTeuiisuudinseiudiidvunlfazngeiuideazdidernly
fudmihiindeufutufindewsnslaeseudunm 1 9l ubhidudsmazasadeuse

4.3 KanNN158BALUU Application

1. Application a@nsasuidsnariinsizvinudlinasaat Tnglifesniugunis
19U

2. Application au1sndedenanu- SMSiverdunsuisfeunazdadoaiaiiudaya
\Fealel

3. Application gnsaiauiguaiuivedoeisesnisle

4.4 BanNISAATIZLEBILATAIND

(% ' @t
@

lunisfudyaandssiulnsdwilatody 1f5fﬁwmﬂ°ﬁluimﬂmmﬁc?mm”\aag_jmalu

Imﬁ'wmﬁﬁflumwmaauLwamumia@uasué’l’m‘, QaudEILAZATNED
\osnlutgnemiiulunui®e SeialdidysliteanntnIsialilifidessuny
w0 lidwidedsonadnivn wuas wie W@esvasandiauansznusuduldluly Sades

wantiAAuddgeTiA s uRUANLBLE e as sauss el Fag @ T e ns

A1519% 4.1 Mag1enIndvasdes

wnasnLiinlEes AaElumsUaede(Hz)
uywd 85-1,100
Fumy 7,000-100,000
nu 50-8,000
YulsiWaddnd 1,000-1,2000
Haseus 900-1,900
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4.5 VannIslunN1sLaaLiau

=3 Py =

lnggunsalvimsddygraideiiewriodnsdwileds asanuidoadossus vie
HosUuaded Afeenis
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A1INAADILATHANTIIVNA/DY

5.1 nM1svadaunIsiiausaszuy Solar cell

111511 Solar panel mmawaumaLfmmaﬂu’luiULLUUNamaﬂa’nﬂa m'iﬂu,‘u*u
BunIY Uz suuvauY Iﬂwumm Solar panel aanilu 6 A VAR 4 WHU 1mmawﬁmu
Wmmﬂjamaﬂul,l,w@uﬂmm 4 uwi tilaiiuAiwsFuluih

di o di 1 3 v o 5 o 1 I

Wavimsigeusanieluyes Solar panel 11y 6 yauaa i 6 AL suUalu 2
ndu Wiy nquag 3 ya ImamauummmﬂTmamamaluﬂaﬂuﬁmmusuu'mm 2 ngu
diauanszualuin

dlevinsdeudanieluves Solar panel 3.2 NEULAD Tigia 2 nauuIianag
Lwamaluiﬂuwaunsmaﬂm WeliiuaLsssulWila A e ahns

Solar panel specification: Power: 0.6W.
Voltage: 2V
Current: 300mA

aeyililiseuy Solar cell TisiAnAaelwi ussdulndl uag Aszwalniih igad
Power: 0.6W * 24 Wry =14.4Watt
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oltage: 16V
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Sunflecks are brief, intermittent periods of high photon flux density (PFD) that can significantly improve carbon gain in
shaded forest understories and lower canopies of trees. In this review, we discuss the physiological basis of leaf-level
responses to sunflecks and the mechanisms plants use to tolerate sudden changes in PFD and leaf temperature induced by
sunflecks. We also examine the potential effects of climate change stresses (including elevated temperatures, rising CO, con-
centrations and drought) on the ability of tree species to use sunflecks, and advocate more research to improve our predic-
tions of seedling and tree carbon gain in future climates. Lastly, while we have the ability to model realistic responses of
photosynthesis to fluctuating PFD, dynamic responses of photosynthesis to sunflecks are not accounted for in current models
of canopy carbon uptake, which can lead to substantial overestimates of forest carbon fixation. Since sunflecks are a critical
component of seasonal carbon gain for shaded leaves, sunfleck regimes and physiological responses to sunflecks should be

incorporated into models to more accurately capture forest carbon dynamics.

Keywords: induction gain, induction loss, isoprene, light stress, photosynthetic induction, xanthophyll.

Introduction

Sunflecks create a continually changing pattern of sun and
shade patches, both within a tree canopy and on understory
forest plants, Despite being present in any given location in
these environments <10% of the time, sunflecks contribute
10-80% of the photon flux density (PFD) available for photo-
synthesis by understory plants (Chazdon 1988, Pfitsch and
Pearcy 1989q, Leakey et al. 2005). Thus, factors that affect
sunfleck utilization can be important determinants of the car-
bon balance of understory plants, such as establishing tree
seedlings and saplings, as well as of leaves within the canopy
itself.

Here, we review the responses of photosynthetic physiology
to sunflecks and the ecological relevance of sunflecks, concen-
trating on tree species and forest ecosystems. The emphasis
of this paper is to survey the sunfleck literature published since
Pearcy (1990) reviewed the field, and to emphasize the

potential implications of sunflecks on trees and forests in the
light of global change pressures, such as rising CO,, increasing
temperatures and drought.

The nature of sunfleck light regimes

Quantifying sunflecks is somewhat arbitrary since they are typ-
ically defined as a continuous excursion above some threshold
just above the background diffuse light level or some physio-
logically relevant level. The threshold therefore varies depend-
ing on the species or canopy conditions. The characteristics of
sunfleck light regimes in an understory or in a tree canopy
depend on attributes such as the canopy height, and canopy
structural characteristics such as the clumping of foliage, the
flexibility of branches and petioles, and leaf size. Overcast
skies block direct beam radiation and can be important in
determining the daily or seasonal pattern of sunfleck occur-
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"ence, while intermittent clouds add to light regime dynamics.
Jenumbral effects, where leaves in the canopy partially block
direct sun from reaching lower leaves, cause sunflecks to have
1 numbra with full direct beam solar irradiance surrounded by
a penumbra where irradiances are gradually reduced towards
‘he diffuse light background {or umbra). At any given point in
‘he penumbra, the sunfleck PFD is a function of the fraction of
‘he solar disk that is obscured by canopy; small gaps in tall
zanopies create sunflecks that are entirely penumbral, but as
jap size increases, a larger and larger fraction is numbra. Due
0 the slight (0.5°) divergence of the solar beam, sunflecks are
spread over a larger area as height to the canopy gap increases.
This spreading of the penumbra, while causing the PFD at any
given point within it to be dimmer, increases the probability
that a given plant or canopy leaf will be in a sunfieck, signifi-
cantly enhancing photosynthesis (Stenberg 1998, Palmroth
et al. 1999). And because the response of photosynthesis to
PFD is non-linear, canopy photosynthesis is enhanced when
penumbral effects redistribute the PFD from high PFD sun-
flecks more evenly throughout the canopy, ensuring more
leaves receive PFD below the light saturation point of photo-
synthesis (Stenberg 1998, Palmroth et al. 1999). Simulations
show that this enhancement in photosynthesis due to spread-
ing of the PFD of a sunfleck over a larger area can vary from 15
to 140% with depth in a single conifer canopy, or by as much
as 200-500% in model systems with varying proportions of
numbra and penumbra as compared with simulations with no
penumbral effects (Stenberg 1998; H. Tong and R. W. Pearcy,
unpublished results). This effect of canopy structure is an
important but poorly studied aspect of sunfleck use.

The temporal nature of sunfleck regimes in understories is
determined in part by the earth’s rotation and by wind-driven
canopy movements. Frequently, sunflecks in forest understories
are clustered into periods of multiple sunflecks separated by lon-
ger periods with few or no sunflecks (Vierling and Wessman
2000). On a clear day, a leaf in the understory may receive only
a few sunflecks in the most shaded microsites or up to 300 or
more sunflecks. Most of these are shorter than 10's and only
1-2% are typically large enough to approach full sunlight PFDs
because of penumbral effects (Pearcy 1983, Chazdon 1988,
Singsaas et al. 2000). However, sunflecks longer than 120's,
which represent only 5% of all sunflecks in forest understories,
contribute >75% of the total daily sunfleck PFD (Pearcy et al.
1994). In a recent paper, Miyashita et al. (2012) characterized
sunfleck distributions in a Japanese temperate deciduous and
coniferous forest understory, as well as in gap sites in each for-
est type, over an entire year. Unsurprisingly, the evergreen forest
understory had the lowest daily accumulated PFD over the year,
but also many fewer sunfleck events (PFD > 50 pumol m—=s™)
than the deciduous or gap plots, since evergreen plots had high
leaf area indices year-round. All of the high-intensity sunflecks
(PFD > 1000 umol m™ s™) that did occur in the evergreen plot
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were in the growing season {(May to October), while the decidu-
ous plot experienced high-intensity light events as early as
February (Miyashita et al. 2012).

Sunfleck regimes within forest canopies have not been well
studied because of access problems, and some high-frequency
measurements of PFD on individual leaves throughout a can-
opy are only presented as a daily integrated light regime
(Posada et al. 2009). From the limited measurements avail-
able, strong gradients in sunfleck activity occur through tree
canopies: there are many short duration sunflecks reaching full
direct-beam PFDs because of canopy movements in the upper
layers, but few sunflecks with much lower maximum PFDs
(because of penumbral effects) in the bottom layers (Kippers
etal. 1996, Vierling and Wessman 2000). The small leaf size in
coniferous canopies causes penumbral PFD to be a significant
component of the light regime (Stenberg 1998, Palmroth et al.
1999), more so than in broad-leaved evergreen or deciduous
canopies (Baldocchi and Collineau 1994). Models have shown
that this diffuse light caused by penumbral effects in conifers
can improve canopy photosynthesis by up to 40% (Stenberg
1998). In Populus fremontii S. Watson and Populus tremuloides
Michx. canopies, the flattened petioles allow for leaf flutter
even at low wind speeds, which creates rapidly varying PFD
both on the fluttering leaf surfaces themselves as well as
deeper in the canopy (Roden and Pearcy 1993q).

The physiology of sunfleck utilization

Responses of CO, assimilation rates to sunflecks are complex
because several components of the photosynthetic apparatus
with markedly different time constants (t, the time to reach
63% of the full response) are involved. Light harvesting and
energy transfer essentially occur instantaneously relative to the
timescales usually considered in physiology, while the initial
adjustments in photosynthetic carbon reduction cycle metabo-
lites following a change in PFD take no more than a second or
so. Regulation of energy dissipation via non-photochemical
quenching of photosystem Il does exhibit a dynamic behavior
on timescales of seconds to minutes (Porcar-Castell et al.
2006). It is unclear as to whether these regulatory processes
play a direct role in the dynamics of photosynthetic CO,
exchange during the sunfleck itself. However, the slow relax-
ation of non-photochemical quenching following a sunfleck
could transiently limit carbon gain following an intense
sunfleck.

In response to a sunfleck, a rapid buildup of high-energy
metabolites consisting of ribulose-1,5-bisphosphate (RuBP)
and its immediate precursors in the carbon reduction cycle
occurs, forming a pool that is available to support a few sec-
onds of continued CO, assimilation after the sunfleck. Electron
transport initially becomes uncoupled from CO; fixation, as evi-
denced by a burst of O, evolution that exceeds CO, assimilation
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rates at the beginning of a sunfleck (Kirschbaum and Pearcy
1988c¢). Within a few seconds, however, electron transport and
carbon fixation become coupled as metabolite pools become
filled. After the sunfleck, CO, assimilation supported by this
high-energy pool can continue at a decreasing rate for a few
seconds, while O, evolution decreases almost instantaneously.
For short sunflecks (<10 s), this post-lightfleck CO, fixation
{region 2 in Figure 1) can significantly enhance total carbon
gain attributable to a sunfleck by 150-200% as compared
with a hypothetical case where the responses to step changes
in PFD are instantaneous. However, for longer sunflecks, car-
bon assimilation during the sunfieck itself dominates, so the
additional contribution of post-lightfleck CO., assimilation is
insignificant.

At timescales of minutes, the utilization of sunflecks is lim-
ited by the induction requirement of CO, assimilation.
Photosynthetic induction in leaves has been shown to involve
light regulation of key photosynthetic enzymes and stomatal
opening which requires 20 or more minutes for completion
and in effect limits the maximum assimilation rate that can be
achieved during a sunfieck. Following a long period of shade,

T
(a) J _,p=wwwsiony
: i uninduced

the maximum CO, assimilation rates achieved during a sunfleck
will be strongly limited by the induction state of the leaf
(Figure 1a). However, if the leaf is first exposed to saturating
PFD before being briefly shaded, then the response to a subse-
quent sunfleck will be much greater than that in an uninduced
leaf (Figure 1b and c). Similarly, assimilation will increase dur-
ing a series of sunflecks as induction limitations relax. In effect,
induction during one sunfleck primes the leaf so that it is better
able to utilize subsequent sunflecks.

The induction requirement consists of two phases. First,
when an uninduced leaf is exposed to a light increase there is
an initial, almost instantaneous increase in assimilation to a low
rate allowed by the metabolite pool sizes and enzyme activa-
tion state present in the low light (Figure 1). This is not part of
the induction response per se, but it is followed by a fast
induction phase lasting 1-1.5 min that is due to the rapid light
activation of enzymes in the RuBP regeneration pathway
(Kirschbaum and Pearcy 1988b, Sassenrath-Cole and Pearcy
1992). The fast induction phase is most apparent when a fully
induced leaf is shaded for a few minutes before the light is
increased again (Figure 1b and c). Under these conditions, the
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Figure 1. Representative responses of the net CO, assimilation rate of A. macrorrhiza to 20 s lightflecks (a,b) and to a 60 s lightfleck (c) as mea-
sured in a fast-response gas exchange apparatus that completely responded to a step change in CO, concentration in 2 s (Kirschbaum and Pearcy
1988c). Panel a is for an uninduced leaf while panels b and ¢ are for an induced leaf. The areas bounded by the dotted lines and the response itself
are: (1) the assimilation lost because of induction limitations; (2) the net assimilation gained because of post-lightfleck CO, assimilation; and (3)
the photorespiratory post-illumination CO, burst. (From Pearcy et al. 1996, with permission.)
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nitial concentration of RuBP available to RuBP carboxylase/
>xygenase (Rubisco) is low, but it builds up to saturating levels
sver ~1 min. With longer periods in the shade, deactivation of
ubisco and stomatal closure become more limiting and the
‘ast induction phase becomes less apparent.

The second, much slower phase of induction is due to the
ight activation requirement of the primary carboxylating
znzyme, Rubisco, combined with an increase in stomatal con-
ductance (g.). Light activation of Rubisco is relatively slow,
with a T of 4-5 min. Maximum activation is reached within
~10 min, while deactivation following a light decrease is much
slower and more variable, with a T of 20 to 28 min (Seemann
ot al. 1988, Woodrow and Mott 1989). The reason for the
down-regulation being slower than up-regulation is not clear,
out this hysteresis is important in the carryover and enhance-
ment of induction from one sunfleck to another. Light regula-
tion of Rubisco involves a reversible addition of Mgt and CO, to
the active site that causes a conformational change in Rubisco
(carbamylation) and by the binding of sugar phosphates, espe-
cially RuBPF, to the inactive enzyme. An auxiliary enzyme,
Rubisco activase (that is itself light activated), is necessary for
Rubisco activation (Portis 1985) via its facilitation of sugar
phosphate removal from Rubisco. Experiments with antisense-
mediated reductions of Rubisco activase in tobacco (Mate
et al. 1996, Mott et al. 1997) reveal much slower rates of
induction that are proportional to leaf activase content. This
observation has formed the basis of an interesting model that
predicts the optimum allocation of protein between Rubisco
and Rubisco activase in different light environments (Mott and
Woodrow 2000). In constant light, the distribution of protein
between Rubisco and Rubisco activase that maximizes steady-
state photosynthetic rates will be the optimum. The increase in
CO, assimilation rate that can be achieved by allocating more
to activase and less to Rubisco is less than that achieved by
allocating more to Rubisco, even though Rubisco will not be
fully activated because of limiting activase content. In fluctuat-
ing light, the optimal allocation predicted by the model is more
complex. Shorter sunflecks should favor greater allocation to
Rubisco activase at the expense of Rubisco, increasing the rate
of activation and hence induction. On the other hand, shorter
low-light periods between sunflecks sheuld favor greater allo-
cation to Rubisco. This model awaits empirical tests in sun ver-
sus shade plants and in plants acclimated to different light
environments.

The role of g, in the dynamics of induction is quite variable,
depending on species, growth conditions and the environment,
Increases in g, during induction typically exhibit a short lag
before increasing to a maximum over another 10—60 min
(Kirschbaum and Pearcy 1988q, Tinoco-Ojanguren and Pearcy
1993b). When g, is high, the limitation to induction shifts
mostly to Rubisco regulation and the induction response is
nyperbolic in shape. Conversely, when g, is low and more limit-
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ing, inducticn follows a more sigmoidal increase. Studies of the
relative role of stomatal versus Rubisco limitations revealed the
important role of initial g, in the shade (Tinoco-Ojanguren and
Pearcy 1993b, Valladares et al. 1997, Allen and Pearcy 2000b).
The initial g,, and hence the induction response, has been
shown to differ between the merning and afternoon (Pfitsch
and Pearcy 1989b, Allen and Pearcy 2000a) and between the
wet and dry seascn (Allen and Pearcy 2000a). The reasons for
the daily variation were not clear since there were no obvious
environmental correlates, and leaf water potentials (¥) and
relative humidity hardly differed between the early wet season
and the early dry season when measurements were made in
these studies. Calculation of the limitations imposed by bio-
chemistry (RuBP regeneration and Rubisco) showed little
change over a wide range of initial g, values, but then showed
a sharp increase over a small range of low initial g, (Figure 2).
Thus, in cases where initial g, was low, and therefore intercel-
lular CO, concentrations (c;) were low during induction, bio-
chemical limitations also relaxed slowly. This is consistent with
a co-ordination between Rubisco activation and stomatal con-
ductance at low ¢, Mott and Woodrow (1993) observed a
strong dependence of Rubisco activation time on ¢, probably
because low ¢ slows the rate of CO, and Mg?* binding to the
Rubisco active site,

In respeonse to a sunfieck, stomata exhibit a distinct pulse
response (Kirschbaum et al. 1988, Assmann 1988). This pulse
response consists of an initial lag followed by an increase in g,
that continues in low light long after the sunfleck itself
(Figure 3). An often slower closing response is then initiated
that returns g, back to the initial levels measured prior to the
sunfleck. Tinoco-Ojanguren and Pearcy (1992) compared a
pioneer tree, Piper auritum Kunth, and a shade-tolerant shrub,

2000 -
1500} 2

1000 -

Time to 50% of Amax (s)

500 -

0
0.00 0.04 0.08 0.12 0.16

Initial g, (mmol m?s™)

Figure 2. Relationship between initial stomatal conductance (g.) of
P. marginata leaves in low PFD before induction and the time required
to reach 50% of the fully induced photosynthetic rate. Circles show
morning measurements while triangles are for afternoon measure-
ments. Filled symbols are wet-season measurements while open sym-
bols are for dry-season measurements. (From Allen and Pearcy
2000gq, with permission.)
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Figure 3. The pulse response of stomatal conductance of leaves of a
tropical forest understery shrub to a 1 min (open circles) and an 8 min
(filled circles) lightfieck. The dashed line shows the time when the PFD
was increased while the down-arrows show when it was decreased.
Note that the maximum stomatal conductances were not achieved until
21 min after the 1 min lightfleck and 16 min after the 8 min lightfleck.
(From Tinoco-Ojanguren et al. 1992, with permission.)

Piper aequale Vahl., acclimated to high and low light and found
that despite essentially identical steady state responses of g,
when both were grown in the shade, the pulse responses were
markedly different. Although the opening response in both
species continued after a sunfleck for 20—40 min, the pulse
response was much lower and more symmetrical in P. quritum
than P. aequale. Conversely, when grown in high light the pulse
response was much greater in P. guritum than P. aequale. The
large and hysteretic pulse respanse in P. aequale was shown to
improve carbon gain by 30-200%, depending on sunfieck
duration. In contrast, the small stomatal response to sunflecks
in P. auritum shade plants resulted in no significant improve-
ment in the use of subsequent sunfiecks. High vapor pressure
deficit (VPD) caused stomatal closing in F. aequale to be faster
and the pulse response to become more symmetrical than
what was observed at low VPD, which is consistent with
greater water conservation (Tinoco-Ojanguren and Pearcy
1993a). While a pulse response would seem to be wasteful in
terms of water, the resulting water loss would be quite low at
the high humidity characteristic of tropical forest understories.

The past 25 years have yielded many studies of induction
responses comparing plants with different ecological prefer-
ences such as shady understories versus sunny gaps, and also
for plants grown under different environmental conditions. The
pattern that emerges from these studies is that plants in shady
understories or grown under low-light conditions usually have,
with some exceptions (Rijkers et al. 2000, Naumberg and
Ellsworth 2000), faster rates of induction and reach 20% of
full induction in a shorter time than plants in more open habitats

or grown in high-light environments (Tang et al. 1994, Kippers
et al. 1996, Ogren and Sundin 1996, Chen and Klinka 1997,
Valladares et al. 1997, Urban et al. 2007, Montgomery and
Givnish 2008). Similar comparisons of early, mid- and late suc-
cessional species reveal generally faster induction and slower
induction loss in the latter groups, while induction was also
faster in Panamanian tropical forest understory species with
short as compared with long leaf longevities (Kursar and Coley
1993, Zhang et al. 2012). Much of the faster induction
response appears to be explained by the higher initial g, prior
to a light increase (Figure 2) (Valladares et al. 1997, Han et al.
1999, Allen and Pearcy 2000a, 20006, Wong et al. 2012).
Meta-analyses, however, have mostly failed to reveal consis-
tent differences related to successional status or growth condi-
tions. Vico et al. (2011) compiled a database of t for increases
and decreases in g, from over 60 published studies and found
smaller values for increases than decreases, but also found
that values for increases and decreases were strongly corre-
lated. Time constants were smaller for graminoids and for spe-
cies from drier habitats, but otherwise there was no consistent
factor explaining the variation in t. A somewhat smaller data-
base compiled by Naumberg and Ellsworth (2000) revealed
no consistent relationship between shade tolerance and induc-
tion times; the only apparent trend was for gymnosperms to
exhibit slower induction than angiosperms. However, compari-
sons between studies are not straightforward because of dif-
ferences in methodology and environment. For example, leaves
that were in darkness prior to induction exhibit slower induc-
tion responses than those that were in shade light (Naramoto
et al. 2001). As discussed earlier, the time of day and season
can affect the rate of induction and the partitioning of limita-
tions to stomata versus biochemistry. Additionally, induction
has been found to be faster in plants in situ in the understory
than in potted plants in a growing house (Kursar and Coley
1993) and to vary with leaf age (Urban et al. 2008).

How much do sunflecks contribute to carbon
gain?

The daily contribution of sunfleck utilization by leaves can be
determined by integrating the diurnal course of photosynthesis
and PFD and separating carbon gain due to sunflecks from that
due to background diffuse PFD. The carbon gain can then be
compared with a steady-state model to address the question
of how limitations or enhancements to sunfleck use influence
carbon gain. The few available studies of this type reveal wide
variation, with sunflecks contributing from 30 to 60% of the
daily carbon gain in tropical forest understories (Bjdrkman
et al. 1972, Pearcy and Calkin 1983, Pearcy 1987) but as little
as 10-20% for deciduous forest tree seedlings (Schulze 1972,
Weber et al. 1985). The low contributions in the deciduous for-
est may be due to the higher diffuse light level in this habitat
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and also the low photosynthetic capacity of the seedlings. The
contribution of sunfleck utilization to the diurnal carbon gain of
Adenocaulon bicolor Hook. on clear days in different microsites
in a redwood forest understory revealed a wide variation from
20 to 65% (Pfitsch and Pearcy 198%a); this variation was
more due to differences in sunfleck PFD (r? =0.81) and less to
differences in diffuse PFD {r? = 0.54) among the microsites. Of
course, cloudy days reduce the annual contribution of sun-
flecks. Pearcy and Pfitsch (1991) assessed the annual contri-
bution for A. bicolor in a redwood forest understory by
measuring 8'3C ratios of the biomass that depend on the inter-
cellular CO, pressure at the time the carbon was fixed (Farquhar
et al. 1982). Intercellular CO, pressures are lower and 8'3C are
higher for carbon fixed during sunflecks as compared with car-
bon fixed during diffuse light. The annual contribution of photo-
synthesis during sunflecks derived in this way ranged from 9%
in sites with the least annual sunfleck PFD to 46% for sites
with the greatest sunfleck PFD. Thus, sunflecks can be a sig-
nificant driver of carbon gain on both a daily and annual basis.

Comparisons of the diurnal course of leaf level carbon
assimilation to the predictions of a steady-state model can pro-
vide insights into the physiological and biochemical limitations
to sunfleck utilization. The steady-state model is parameterized
from a light response curve and then applied to the diurnal
course of PFD (e.g., Posada et al. 2009, Miyashita et al. 2012).
Several different equations describing the light response of
photosynthesis have been used, but the essential point is that
step change in PFD yields an instantaneous step change in
assimilation in a model of this type. Using this approach, Pfitsch
and Pearcy (1989a) found that the steady-state model overes-
timated daily carbon assimilation by 20 to 30% on clear days
with substantial sunfleck activity, but by only 3% on cloudy
days when there was no sunfleck activity, which is consistent
with a significant induction limitation to sunfleck use in the
understory. A similar overestimaticn by a steady-state model
as compared with measurements was found for Fagus sylvatica
L. seedlings in a deciduous forest understory (Schulte et al.
2003).

Further insights into the contribution of sunfleck utilization
can be gained by the application of dynamic models of photo-
synthesis (Figure 4). Several dynamic models directed at
understanding sunfleck use have been developed that start
with the widely used Farquhar et al. (1980) model. This model
is then modified to make it dynamic by including relevant
metabolite pool sizes and light regulation of key enzymes and
coupling it to a dynamic stomatal model (Kirschbaum et al.
1988). The models of Pearcy et al. (1997), Kirschbaum et al.
(1998) and Naumberg and Ellsworth (2002) are all derived
from the model of Gross et al. (1991). The model of Stegemann
et al. (1999) is more empirical, focusing on differential equa-
tions to simulate induction gain and loss. These models have
all been used to reveal large dynamic limitations to daily carbon
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Figure 4. Simulated diurnal course of net CO, assimilation and stomatal
conductance of Psychotria marginata in response to a PFD time series
recorded at 1-s intervals in the understory of an Australian tropical for-
est. Panel a shows the dynamic simulation (black line) with the Pearcy
et al. (1997) model and the steady-state simulation (gray line) with the
same model. Panel b shows the measured PFD input (black line) and
the dynamic simulation of stomatal conductance (dotted line).

assimilation in understories, and thus offer a cautionary note
regarding reliance on the much simpler steady-state models
for understanding carbon budgets of understory plants; similar
caveats are likely to apply to tree canopies. Application of the
Pearcy et al. (1997) model to simulate assimilation and stoma-
tal conductance of an understory herb, Alocasia macrorrhiza
(L) G. Don, predicted a daily carbon gain 1 to 25% lower than
a steady-state output of the model, with the greatest difference
occurring when sunflecks contributed more than 50% of the
PFD (Pearcy 2007). Changing parameters to selectively elimi-
nate different dynamic limitations showed that dynamic stoma-
tal responses (Figure 4b) imposed the greatest limitation,
followed by limitations on sunfleck use imposed by light regula-
tion of Rubisco. In contrast, post-lightfleck CO, assimilation
made no contribution to carbon gain because short sunflecks,
for which it is a significant contributor, made up only a small
fraction of the sunfleck PFD. Naumberg and Ellsworth (2002)
compared the simulated dynamic and steady-state carbon gain
for four tree species and found similar overestimations by the
steady-state model that also depended on species-specific
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dynamic responses. Thus, the fast induction gain and slow loss
found for Liricdendron tulipifera L. resulted in closer agreement
between the steady-state and dynamic simulations than that
found in Acer rubrum L., which had lower steady-state g, and
also faster induction loss. Montgomery and Givnish (2008) uti-
lized the Naumburg and Ellsworth model to predict the cross-
over point in daily carbon gain for two Hawaiian Lobelia species
occurring along a light gradient and showed that the crossover
point, where carbon gain in one species became superior to
that of the other, was close to the observed crossover in the
relative dominance of the two species along the light gradient.
Overall, these studies show that ignoring dynamic responses
could yield misleading inferences about the performance of
understory plants. And as sunfiecks can contribute a substan-
tial portion of daily light and carben fixation in forest canopies,
it is not surprising that incorporating sunfleck processes into
models of forest carbon fluxes improves their performance.
Alton et al. (2007) found that adding functions for both leaf
orientation within forest canopies and a probability distribution
for sunfleck occurrence to the land-surface scheme JULES
improved its ability to predict how gross primary productivity
responded to light in three different forest types.

Despite the importance of incorporating dynamic light
responses into models of forest carbon gain (as seen in Alton
et al. 2007), to date there has been relatively little attention
given to the role of sunflecks in tree canopies. While there has
been recognition of the importance of how canopy structure
alters penumbral effects in tree canopies (Stenberg 1998,
Palmroth et al. 1999), these models and these that account for
detailed PFD regimes in various canopy layers (Kim et al.
2008, Sterck and Schieving 2011) or high-frequency light
intensity data (Posada et al. 2009, Miyashita et al. 2012) do
not incorporate dynamic photosynthetic responses, instead
relying on simpler static models of photosynthesis that are
likely to overestimate forest carbon gain. Kiippers et al. (1996)
have shown with arrays of multiple quantum sensors that there
are strong gradients of sunfleck activity from the upper to
lower crown, both in an understory tree and within a tree crown
in a canopy gap; similar results were obtained by Vierling and
Wessman (2000) for a tropical forest tree canopy. Thus, it
could be expected that the dynamic responses of photosynthe-
sis to PFD changes would impact on crown carbon gain. Aspen
(P. tremuloides) and cottonwood (P. fremontii) canopies pres-
ent interesting cases because leaf fluttering occurs at a thresh-
old wind speed of only ~1 m s™. Leaf fluttering creates a highly
dynamic light environment in aspen canopies, both at the top
of the crown and deeper due to increased direct beam pene-
tration {Roden and Pearcy 1993a). Fluttering leaves at the top
of the canopy intercepted less light, whereas lower canopy
leaves intercepted more light as compared with still conditions.
Simulations of the fluttering of individual leaves with the Pearcy
et al. (1997) model with PFDs recorded at 10 Hz revealed that

post-lightfleck CO, fixation increased photosynthesis by
10-15% in fluttering versus fixed leaves (Roden 2003). Overall
canopy carbon gain was estimated to be increased by 10%
due to increased light penetration and post-lightfleck CO, fixa-
tion as compared with still conditions (Roden and Pearcy
1993b). Further studies are needed within tree canopies to
understand the role of the dynamic light environment in deter-
mining forest carbon gain and of the effects of crown structure
and leaf morphology on creating these dynamic light
environments.

Sunfleck tolerance mechanisms

While sunflecks can be critical to the survival of understory
plants, they can be a mixed blessing. At the two ends of the
continuum of leaf responses to light are shade and sun leaves
(Boardman 1977, Givnish 1988). The characteristics of a shade
leaf maximize light capture, but reduce the costs of maintaining
excess photosynthetic machinery: shade leaves have a high
specific leaf area with few layers of palisade mesophyll cells and
high chlorophyll concentrations per unit dry mass, but low con-
centrations of Rubisco and nitrogen (table 1 in Givnish 1988).
Sun leaves generally have the opposite traits to maintain a high
maximum photosynthetic rate. Because the relatively low invest-
ment in photosynthetic proteins yields a low light-saturated
photosynthetic rate, a classic shade leaf risks photoinhibition
and damage from the high PFD of sunflecks, while a classic sun
leaf will be ill-suited to shade conditions, overinvesting in photo-
synthetic proteins that cannot be fully utilized. The sudden and
large variations in PFD mean that understory leaves exposed to
sunflecks must not only be able to regularly function as shade
leaves, but also be able to minimize the potential for damage
associated with these crucial, brief bouts of bright light. For
example, a recent study of three woody species found a
significant reduction in the quantum efficiency of photosystem I
(ie., dark-adapted F/F,) after exposure to a PFD of
2000 pmol m= s7, with the most photeinhibition occurring in
leaves grown at 10% of full sunlight (Wong et al. 2012). And
this type of damage appears to have ecological consequences
for seedling recruitment. Exposure to high-PFD sunflecks has
been correlated with reduced survival of Abies magnifica
A. Murray seedlings, whereby recruitment was high in plots that
received short sunflecks in the morning, but establishment was
inhibited in plots with gaps overhead that produced midday
sunflecks of high PFD (Ustin et al. 1984).

The ability to tolerate sunflecks can involve numerous mech-
anisms. Physical movement to avoid excess PFD is one option
that operates on multiple scales. Inside chloroplasts, there can
be restructuring of the thylakoid grana size and stacking within
10 min of exposure to a high PFD (Rozak et al. 2002). Work on
the understory species Alocasia brisbanensis (F.M. Bailey)
Domin has shown that chloroplasts are positioned periclinally
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(parallel to the leaf surface) at low PFD to optimize absorption
(Williams et al. 2003); when the same leaf is exposed to a high
PED, chloroplasts reposition themselves anticlinally (perpen-
dicular to the leaf surface) to minimize absorption within as
little as two minutes of the change in PFD. The rapidity of this
change makes it a viable mechanism for leaves to reduce
excess PFD interception during sunflecks, while allowing a
return to the previous state soon after the sunfleck disappears.
At the whole leaf level, a change in leaf angle at the onset of a
sunfleck would reduce PFD absorption, although the default
angle for understory leaves may be horizontal to maximize PFD
absorption (Valladares and Pearcy 2002). The same appears
to hold true within a tree canopy: Posada et al. (2009) reported
that leaves with a lower daily PFD were oriented nearly hori-
zontal, while leaves of the same tree receiving higher daily PFD
were more steeply angled. For most species, these changes
are fixed during development with little later plasticity. However,
in a few species, such as Oxalis oregana Nutt., leaves can rap-
idly fold from a horizontal to a vertical position during a sun-
fleck and then recover in a few minutes after the sunfleck
(Powles and Bjorkman 1981). For those species incapable of
rapid leaf movements, other tolerance mechanisms come into
greater prominence. A second mechanism for increasing sun-
fleck tolerance is high g., to allow for substantial latent heat
loss and rapid diffusion of CO, into the leaf (Young and Smith
1979). While this strategy can reduce heat stress and support
higher photosynthetic rates, it necessitates access to abundant
water, making it unsuitable when water is limiting.

Leaf pigments (including anthocyanins and carotenoids) con-
stitute another set of mechanisms for tolerating the light stress
that accompanies sunflecks. In a detailed analysis of the local-
ization of anthocyanins within the canapy of the tree species
Quintinia serrata A. Cunn., Gould et al. (2000) found evidence
for a primary role of anthocyanins in protecting photosynthesis
during sunfiecks. Within a leaf, anthocyanins were preferentially
located in photosynthetic mesophyll tissue, with leaf anthocy-
anin concentrations increasing with expected annual PFD expo-
sure from nearby gaps (Gould et al. 20C0). This likely represents
a relatively static response to the sunfleck exposure environ-
ment of a specific leaf, but other pigment-based defenses, such
as the xanthophyll cycle, are more dynamic.

If intercepted light levels are too great to process through
photosynthesis, leaves must safely dissipate excess light
energy through mechanisms such as electron channeling
through photorespiration (Niinemets et al. 1999) or up-regula-
tion of antioxidants to offset the formation of damaging reac-
tive oxygen species {Grace and Logan 1996, Posch et al.
2008). While these topics have received considerable atten-
tion in studies examining responses to different light environ-
ments, the most well-studied sunfleck tolerance mechanism in
tree species involves a group of carotencids known as xantho-
phylls, including lutein and neoxanthin (Demmig-Adams and
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Adams 1996, Logan et al. 1997, Koniger et al. 1998, Adams
et al. 1999, Demmig-Adams and Adams 2006). Sunfleck
stress tolerance often involves the xanthophyll cycle, which
consists of conversions between three xanthophyll pigments.
Under low light, violaxanthin is the predominant xanthophyll
cycle representative in leaves. When PFD increases above the
light saturation point of photosynthesis, the resulting acidifica-
tion of the thylakoid lumen leads to the successive removal of
two epoxy groups from violaxanthin (V), generating the inter-
mediate molecule antheraxanthin (A), and then zeaxanthin (Z),
in a process called de-epoxidation. Zeaxanthin absorbs energy
from excited chlorophyll molecules and dissipates it as heat.
When PFD declines again, zeaxanthin is epoxidized and the
pools of violaxanthin are reformed, preventing wasteful dissi-
pation of light energy through the xanthophyll cycle. A similar
cycle, involving the xanthophyll lutein and lutein epoxidase, has
been found in some species (including woody plants), and is
thought to also facilitate light energy dissipation under
high-PFD conditions (Garcia-Plazaola et al. 2007).

Within a tree canopy, concentrations of xanthophyll cycle
pigments increase with canopy height, reaching their greatest
concentrations in the upper canopy where PFDs are highest
(Posch et al. 2008). The xanthophyll cycle (V + A + Z) fraction
of total leaf carotenoids is positively correlated with daily inte-
grated PFD intercepted, rather than the maximum PFD, such
that leaves exposed to sunflecks have intermediate values to
deep-shade and sun leaves (Logan et al. 1997, Adams et al.
1999, Tausz et al. 2005). While the proportion of xanthophyll
cycle pigments in the de-epoxidized state does not fall to zero
overnight in leaves that experience sunflecks during the grow-
ing season, pre-dawn values of de-epoxidation (given as the
ratio (A +Z)/(V+A +2)) range from as low as 0.04 to as high
as 0.50 depending on the individual leaf and species (Logan
et al, 1997, Adams et al. 1999, Tausz et al. 2005). The per-
centage of de-epoxidized xanthophylls rises after a sunfleck,
with higher post-sunfleck percentages in leaves that had higher
overnight percentages: in A. brisbanensis, up to a third of the
xanthophyll cycle pool was de-epoxidized after the first day's
sunfleck (Logan et al. 1997) and Nothofagus cunninghamii
(Hook) OQerst leaves had half of their xanthophyll pool
de-epoxidized (Tausz et al. 2005), while in two vine species
{Stephania japonica (Thunb.) Miers and Smilax australis R.Br.),
between 70 and 80% of the pool was de-epoxidized (Adams
et al. 1999). Despite these differences, relatively little epoxida-
tion occurred between sunflecks in A. brisbanensis and the
vines, or after 10 min of shade in N. cunninghamii, such that the
protective capacity of the xanthophyll cycle developed after a
single sunfleck tended to remain through the day (Logan et al.
1997, Adams et al. 1999, Tausz et al. 2005). While the reten-
tion of de-epoxidized xanthophylls between sunflecks might be
expected to reduce the efficiency of light-energy transfer to
photosynthesis and hence possibly limit carbon gain in these
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low-light periods, the thermal dissipation of light energy by the
xanthophyll cycle is dependent not only on Z + A, but also on
the trans-thylakoid pH gradient (Logan et al. 1997, Adams
et al. 1999). Thus, although these changes are not instanta-
neous, rapid increases in electron transport during transient
high PFDs acidify the thylakoid lumen and engage the xantho-
phyll cycle, while sudden decreases in electron transport after
a sunfleck inhibit energy dissipation via the xanthophyll cycle,
allowing high photosynthetic light use efficiency instead.
Differences in de-epoxidation may also correlate with life
history strategies: late-successional tree species had higher
values of xanthophyll cycle pool de-epoxidation than early-
successional species, which may reflect an adaptation to
regenerating in shaded understories with frequent sunflecks
(Zhang et al. 2012).

Safely dissipating excess light is critical for preventing dam-
age from sunflecks to leaves, but it does little to protect plants
from the direct effects of the rise in leaf temperature that
occurs during sunfiecks. Leaf temperature increases rapidly
during sunflecks as the radiative load on the leaf rises, with
temperature increases of up to 10 °C in both tree canopies and
understory seedlings (Young and Smith 1979, Singsaas and
Sharkey 1998, Leakey et al. 2003). In some species, tolerance
of photosynthesis to these temperature increases is provided
by isoprene emission. Isoprene (2-methyl-1,3-butadiene) is the
most abundant biogenic, volatile organic compound emitted by
vegetation, and emissions can account for up to 5-10% of net
carbon gain (Sharkey et al. 2001). The benefit of isoprene pro-
duction to plants appears to be primarily in improving abiotic
stress tolerance, particularly the types of stress imposed by
sunflecks.

The support for isoprene as a sunfleck tolerance mechanism
that protects photosynthetic function comes from a number of
lines of evidence. Emission rates are stimulated by both high-
light levels and leaf temperatures, such that isoprene emission
ramps up rapidly during sunflecks and declines when the sun-
fleck ends (Figure Sa; Singsaas et al. 1997, Singsaas and
Sharkey 1998, Behnke et al. 2010, Way et al. 2011). Blocking
isoprene synthesis with inhibitors lowers the temperature at
which irreversible heat damage to photosynthesis occurs, while
resupplying it excgenously restores the original thermotoler-
ance level (Sharkey and Singsaas 1995, Singsaas et al. 1997,
Sharkey et al. 2001), indicating that isoprene emission improves
photosynthetic thermotolerance. Similarly, studies using trans-
genically modified poplars have shown that photosynthesis is
less inhibited by repeated sunfleck stresses in naturally iso-
prene-emitting lines than in lines where isoprene synthesis has
been suppressed using RNAi technology (Behnke et al. 2010,
Way et al. 2011). Lastly, many of the species that emit isoprene
are trees and woody plants that experience sunflecks in their
canopy or in forest understories, while isoprene production is
rare in plant species that experience chronic, constant high

temperatures and irradiances in their environment (Sharkey
et al. 2001).

Isoprene appears to function by protecting photosynthesis
during transient heat stress and alleviating oxidative damage
during high-light and high-temperature events. An early hypoth-
esis was that isoprene stabilizes chloroplast membranes at
supraoptimal temperatures, minimizing leakiness across the
thylakoid membrane (Singsaas et al. 1997). Isoprene is lipo-
philic and extremely volatile, and modeling of the molecule’s
behavior in lipid bilayers supports a role for increasing mem-
brane stability during high temperatures (Siwko et al. 2007).
Recently, Velikova et al. (2011) found the first direct evidence
for isoprene's role in improving the thermal stability of thylakoid
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Figure 5. Average response of {a) isoprene emission rates; (b) net CO,
assimilation rates and; (c) stomatal conductance in Populus x canescens
(Aiton)} Sm. leaves to fluctuations in PFD and leaf temperature when
grown and measured at either low (290 ppm, open circles, solid lines)
or high (590 ppm, filled circles, dashed lines) CO, concentrations.
Leaves were dark acclimated for 30 min at 30 °C; arrows indicate when
light was applied (700 umol photons m=s™). Hatched bars indicate
when light and heat flecks were applied (1600 umol photons m=2 s,
39 °C) before being allowed to recover to pre-fleck levels. Figure 5a and
data for Figure 5b and ¢ used with permission from Way et al. 2011,
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membranes, using three independent methods. In comparing
both wild-type, non-isoprene-emitting Arabidopsis thaliana L.
Heynh with A. thaliana that was genetically modified to produce
isoprene and naturally emitting Platanus orientalis L. with P, ori-
entalis where isoprene emissions were suppressed, Velikova
et al. (2011) found thylakoid membranes were more stable and
photosynthesis was enhanced at high temperatures when iso-
prene was present compared to when it was suppressed. The
second way that isoprene can increase sunfleck tolerance is by
preventing oxidative damage from reactive oxygen species and
ozone through its antioxidant properties (Loreto and Velikova
2001, Affek and Yakir 2002, Velikova et al. 2004, Vickers et al.
2009). While these roles for isoprene are often advocated sep-
arately, there is no a priori reason to think that they are mutually
exclusive, and both are likely to play a role in sunfleck tolerance
in woody species that emit isoprene.

How will global change factors interact with
sunflecks?

Heat and drought stress

Anthropogenic activities, such as land use change and fossil
fuel use, are already increasing air temperatures, with a pro-
jected global average warming of ~3 °C by the year 2100
(IPCC 2007). Associated with rising temperatures are changes
in precipitation patterns, such that droughts are expected to
become more frequent and severe (IPCC 2007). High temper-
atures and water stress can both limit photosynthesis, and
since carbon assimilation during sunflecks is necessary to
maintain positive carbon gain in many understery plants and
shaded leaves, the effect of these stresses on sunfleck use
could alter plant survival and forest succession.

A need to conserve water during drought periods should
correlate with tighter stomatal regulation and lower g, to pre-
vent unnecessary evaporative losses (Valladares and Pearcy
2002). With regard to stomatal movements during sunflecks,
water stress might be expected to reduce the speed of stoma-
tal opening during induction gain, reduce the lag times evident
in the pulse responses (see Figure 3), and increase stomatal
closure during induction loss to minimize transpiration, but
these effects would also limit carbon gain during sunflecks
(Vico et al. 2011). However, across a wide-range of plant
species and functional types, species from dry climates tend
to open their stomata faster during sunflecks than species
from wet climates, although both groups have similar rates of
stomatal closure (Vico et al. 2011). This unexpected result may
have to do with the initial g, pre-sunfleck in xeric and mesic
conditions. During dry periods, g, in shaded leaves usually
declines (Valladares and Pearcy 2002, Allen and Pearcy
2000a). Compared with wet season measurements, dry sea-
son g, in the shade was reduced in each of four woody
Rubiaceae species, imposing a greater induction limitation on
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sunfleck use {(Allen and Pearcy 2000a). But this low g, in the
shade during dry periods would necessitate a greater degree
of stomatal opening to sunflecks (and thus a faster stomatal
response time) if leaves are to reach the same maximum g,
they achieve in the wet season and thus reduce stomatal limi-
tations to photosynthesis compared with the wet season.

In a recent meta-analysis, Vico et al. (2011) found that the sto-
mata of trees and shrubs have longer response times (i.e., higher
1) to step changes in PFD than grasses (consistent with the
results of Knapp and Smith 1989), with woody gymnosperms
having especially high values of 7. While there is little information
on stomatal behavior to sunflecks in gymnosperms, the available
data show that they are the only functional group that takes lon-
ger to open their stomata when exposed to high PFD than to
close them when re-exposed to shade (Vico et al. 2011).
Interestingly, the s of gymnosperms from wet climates are more
similar to those of woody angiosperms from dry climates than
those from wet climates (Vico et al. 2011). Although the link
between stomatal response times to light and tree xylem struc-
ture has not been investigated, this is consistent with a hypothe-
sis that plants with high hydraulic conductivity (such as
ring-porous trees from mesic climates) might have faster stoma-
tal responses to changes in PFD than diffuse-porous or tracheid-
bearing trees with lower hydraulic conductivity (Zhang et al.
2012), since tighter g, regulation may be needed to prevent
excessive transpiration when water transport is rapid. Figure 6
plots 7 for stomatal opening and closure for woody species from
Vico et al. (2011} against stem-specific hydraulic conductivity
rates (k.) taken from various studies in the literature for the same
species (compiled in Manzoni et al. 2012). In cases where T
could not be estimated in Vico et al. (2011) because it was much
larger than the time allowed for sun or shade flecks, we used a
conservative estimate of T (three times the duration of the sun-
fleck in the original study). In general, gymnosperms inhabit the
left top corner of the graphs with relatively low &, and large 1
values, while angiosperms have faster stomatal movements and
higher k., (Figure 6). However, P. tremuloides (open circle in
Figure 6) has much slower stomatal responses than expected
from these general trends, which is consistent with the lack of g,
response to PFD changes seen in Populus species in recent stud-
ies (Tang and Liang 2000, Tomimatsu and Tang 2012; Robert W.
Pearcy, personal observation). Studies explicitly linking the rate of
stomatal responses to the hydraulic capacity of trees within the
same individual could more clearly address this hypothesis.

Because low light levels reduce radiant heat loads and the
need for latent heat loss through transpiration, water stress may
be expected to be lessened in shaded understory environments,
but studies on woody species often find the opposite (Abrams
and Mostoller 1995, Valladares and Pearcy 2002). While both
shade- and sun-grown Heteromeles arbutifolia (Lindl) M. Roem.
had similar pre-dawn ¥ of =0.5 MPa during a moist spring and
the shaded shrubs exhibited less negative midday ¥ than the
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Figure 6. Relationship between stem specific hydraulic conductivity
(k,) and the time constant (1, from Vico et al. 2011) for (a) stomatal
opening; and {b) stomatal closing in response to changes in light in
both woody angiosperms (grey circles) and woody conifers (black
circles). Populus tremuloides is indicated by an open circle; note the
different y-axes values.

exposed plants, this pattern was reversed during an exception-
ally dry summer (Valladares and Pearcy 2002). Leaf water sta-
tus decreased in both groups, but significantly more in the
shaded plants: both pre-dawn and midday ¥ dropped to —4 MPa
in understory H. arbutifolia, compared with remaining above —2
and —3 MPa, respectively, in sun plants (Valladares and Pearcy
2002). Similarly, pre-dawn ¥ was lower in shaded, understory
leaves than in exposed leaves from six species of temperate tree
saplings, although midday measurements were lower in exposed
leaves (Abrams and Mostoller 1995). These patterns may be
related to the lower root-to-shoot ratic in shade plants as com-
pared with sun plants, a strategy that maximizes leaf area and
hence potential carbon gain: this reduction in the root-to-shoot
ratio occurs in oak seedlings grown under increasing sunfleck
conditions {Holmes 1995). But a lower root-to-shoot ratio also
lowers potential drought tolerance (Givnish 1988, Valladares
and Pearcy 2002). Since open-grown tree species are better
able to recover from low midday ¥ than shaded conspecifics
{Abrams and Mostoller 1995), understory plants may be partic-
ularly vulnerable to droughts. This is also consistent with data
showing that plots with long, intense sunflecks have lower tree
seedling densities than plots with shorter, lower-intensity sun-
flecks on south-facing slopes in North America, which may
reflect either cumulative light stress or increased water stress
from high radiation loads (Ustin et al. 1984),

The stronger drought stress imposed on understory woody
plants compared with full-sun individuals is also reflected in
their ability to fix carbon. The sharp decline in ‘¥ during drought
in both sun and shade H. arbutifolia coincided with a reduction
in g., but while sun-exposed leaves maintained substantial
daily carbon gain during the drought, understory leaves that
depended on sunflecks were barely capable of achieving posi-
tive daily carbon balance (Valladares and Pearcy 2002).
Reductions in photosynthesis were attributable to stomatal clo-
sure, but also to reduced carboxylation efficiency during the
drought, severely limiting the carbon gain of understory
H. arbutifolia in comparison with sun plants (Valladares and
Pearcy 2002). Initial g, is strongly correlated with induction
gain time (Figure 2, see also Wong et al. 2012), so leaves that
close their stomata during low PFD due to water stress will be
less capable of using sunflecks. This is supported by work from
Tang and Liang (2000} who showed that in a poplar species
with stomata that were relatively insensitive to changes in PFD,
drought stress increased the induction time for low-light, but
not for high-light, leaves.

While drought can affect leaves that depend on sunflecks
more than leaves grown in open light, so can heat. As dis-
cussed above, sudden increases in radiation during sunflecks
lead to concomitant rises in leaf temperature (Young and Smith
1979, Singsaas and Sharkey 1998, Leakey et al. 2003}, a com-
bination of stresses that can be particularly damaging to leaves
(Koniger et al. 1998). Large leaf sizes, horizontal orientations
and low wind speeds in the understory are conducive to
achieving high leaf temperatures during sunflecks. In one of the
few studies to investigate how high temperatures modify sun-
fleck use, Leakey et al. (2003) found that carbon gain in forest
seedlings during a series of sunflecks was 59% lower in leaves
measured at 38 versus 28 °C. This was partly due to enhanced
photorespiration rates, but steady-state measurements of net
photosynthesis predicted a 40% inhibition in carbon gain by
the higher temperatures, indicating that heat stress was less
deleterious under continuous light. The extra effect of heat
stress on plants experiencing fluctuating light was caused by a
14% inhibition of light use efficiency at high measurement tem-
peratures, due to a faster induction loss (Leakey et al. 2003).
After 10 min of shade, leaves at 38 °C retained only 16% of
their induction state and had reduced g, by ~60%, compared
with the 83% retention of induction state and 18% reduction in
g, in the cooler leaves. An increase in the rate of induction loss
was also found between 15 and 25 °C in F. sylvatica seedlings
(although there was evidence for a decline in the rate of induc-
tion loss at 35 °C), but induction gain was generally enhanced
by increasing temperatures (Klppers and Schneider 1993).
However, leaves that receive naturally fluctuating light and tem-
perature may be better able to handle changes imposed by
sunflecks: leaf temperature would normally decline between
sunflecks, which would help offset the decrease in light use
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efficiency caused by enhanced photorespiration when leaf
temperatures remain elevated during post-irradiance periods.
Thus, while many sunfleck experiments are done with step
changes in irradiance but constant or only slightly varying leaf
temperatures, a more realistic approach may be to vary both
irradiance and temperature (as in Figure 5).

Elevated CO,

Elevated CO, concentrations increase carbon fixation by raising
¢ and also cause lower g, (Ainsworth and Rogers 2007). Both
of these effects could improve sunfleck use since high ¢; could
enhance Rubisco activation (Mott and Woodrow 1993), reduc-
ing the time needed for biochemical induction gain, while lower
maximum g, could reduce the time needed to open the stomata
fully during a sunfleck (Kosvancova et al. 2009). Studies exam-
ining sunfleck utilization in tree species find that, as expected,
growth at elevated CO, (from ambient + 200 ppm CO, to as
much as a 1000 ppm CO, growth environment) increases
steady-state photosynthetic rates (Naumberg and Ellsworth
2000, Leakey et al. 2002, Kosvancova et al. 2009, Tomimatsu
and Tang 2012). But there is more variability in the findings
regarding how CO, concentrations affect induction gain and
loss. While high CO, did not affect induction gain (measured
after 1 min) in four temperate species (Naumberg and Ellsworth
2000), F. sylvatica, Ficea abies (L) H. Karst. and two different
Populus species all reached a higher induction state after
50-60 s of high light when grown at elevated CO. (Kosvancova
et al. 2009, Tomimatsu and Tang 2012). Populus euramericana
Guinier and P. abies also took less time to reach 90% of maxi-
mum steady-state photosynthetic rates (A, when grown at
high CO, than at ambient CO,, but CO, effects were not signifi-
cantin F, sylvatica or Populus koreana X trichocarpa (Kosvancova
et al. 2009, Tomimatsu and Tang 2012). Leakey et al. (2002)
found that the shape of the photosynthetic response to a sun-
fleck was altered in Shorea feprosula Mig., a tropical diptero-
carp, such that the time to reach 50% of A, was increased,
but the time to reach 90% of A, was decreased, by growth at
elevated CO,. Thus, while high CO, increases induction gain in
some species, it appears to have little effect in others; variation
in the elevated CO, concentration used is unlikely to explain
these differences, since different species within a given study
responded in opposite manners. Part of this difference may be
due to species-specific variation in stomatal behavior, By
comparing two Populus species with varying stomatal responses
to light intensity, Tomimatsu and Tang (2012) showed that the
effect of elevated CO, on induction gain was stronger in the
species with greater light-induced regulation of g.. When light
levels were increased sharply, g, rose markedly in P kore-
ana X trichocarpa and quickly reached a maximum regardless of
growth CQ,, effectively minimizing stomatal limitations and
promoting fast induction gain, However, . euramericana took
longer to gain full induction at ambient CO, than high CO,
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because slower stomatal opening at ambient CO, led to a lon-
ger duration where both stomatal and biochemical limitations
reduced carbon fixation (Tomimatsu and Tang 2012).

In contrast, there seems to be general agreement that high
CO, growth conditions decrease the rate of induction loss
(Naumberg and Ellsworth 2000, Leakey et al. 2002). The
slower loss of induction also increases photosynthesis in sub-
sequent sunflecks in high CO,-grown saplings, compounding
the 14-16 times direct enhancement of maximum
photosynthetic rates derived from elevated CO, (Naumberg
and Ellsworth 2000, Leakey et al. 2002). Species-specific
differences in induction loss have also been reported, whereby
A. rubrum lost induction more rapidly than L. tulipifera
(Naumberg and Ellsworth 2000).

The effects of elevated CO, on leaf sunfleck use can also
alter seedling growth by increasing carbon gain. Leakey et al.
(2002) showed that while elevated CO, increased seedling
carbon gain and growth under both constant light and a shade/
sunfleck treatment, the relative enhancement of carbon gain by
high CO, compared with ambient CO, was much greater in the
sunfleck treatment (89%) than under uniform light (59%), as
was growth, where the relative enhancement by high CO, was
60% in sunflecks and only 25% under constant irradiance. The
greater response to high CO, in the dynamic light regime was
caused by two factors. First, elevated CO, increased net photo-
synthesis most significantly at low light levels, thus providing
more of a benefit to the leaves experiencing long periods of
deep shade (Leakey et al. 2002). Secondly, high CO, increased
post-lightfleck CQO, assimilation (region 2 in Figure 1) and
almost completely erased the post-illumination CO, burst
caused by photorespiration (region 3 in Figure 1), increasing
the ability of the high CO,-grown seedlings to maximize sun-
fleck use for CO, fixation (Leakey et al. 2002). Thus, the ben-
efit of rising CO, for increasing tree seedling growth may be
greatest in dynamic light environments, such as forest under-
stories and lower canopy layers.

Elevated CO, also feeds back onto traits that increase sun-
fleck tolerance. Isoprene emissions in leaves are negatively
correlated with atmospheric CO, concentrations (Wilkinson
et al. 2009): high CO, suppresses isoprene production
(Figure 5a) and therefore could reduce the ability to tolerate
sunflecks in isoprene-emitting species. Instead, elevated CO,
suppresses photorespiration and increases the thermal opti-
mum for photosynthesis, so high leaf temperatures and PFDs
during sunflecks increase net photosynthesis (Figure 5b), even
as the sunfleck reduces g, (Figure 5c¢); the opposite response
in net photosynthesis is seen at low CO, concentrations
(Figure 5b). Because of these effects, plants with suppressed
isoprene emission capability recover photosynthetic capacity
from sunfleck-induced stress equally well as isoprene-emitting
lines when grown at high CO,, since photosynthesis is already
more heat tolerant (Way et al. 2011). However, the ability to
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Table 1. Patterns of response in sunfleck physiological parameters to
various climate change stresses. Arrows indicate the direction of the
response of the parameter (up =increase, down = decrease), a dash
represents no change in the parameter, a question mark shows that
we have insufficient data to establish a pattern.

Elevated CO, High Drought
temperatures
g. ik - 4
Induction gain Ti- i ?
Induction loss { T ?

produce isoprene has a protective function on photosynthetic
sunfleck tolerance when plants develop at low CO, concentra-
tions, implying that isoprene-based sunfleck tolerance will be
less effective in a future high CO, climate (Way et al. 2011).

Because increases in atmospheric CO, will happen concur-
rently with increases in temperature and drought stress, pre-
dicting the effects of climate change on sunfleck physioclogy
requires thinking about these changes together. Other global
change factors may also be influenced by physiclogical
responses to sunflecks. The ability to use sunflecks or alter the
sunfleck regimes experienced by competitors appears to facili-
tate invasive species success in some studies (Horton and
Neufeld 1998, Brantley and Young 2009), which may in turn
affect forest community composition and tree seedling survival
(Flory and Clay 2009, Marshall et al. 2009). Unfortunately,
there are no multi-factor global change experiments addressing
sunfleck use. We can, however, search for commonalities
where responses to individual drivers may reinforce each other
(Table 1). Both CO, and drought reduce g, while warming
effects on g, are less certain and are often related to associ-
ated increases in VPD. Lower initial g, could mean greater sto-
matal limitations in the future, unless there are also offsetting T
decreases. The rate of induction gain tends to increase in both
elevated CO, and temperature studies, implying that if stomatal
limitations do not dominate, leaves may be able to make more
efficient use of sunflecks in a future climate. In contrast, induc-
tion loss responses to CO, and temperature appear to be
opposing, making it difficult to predict whether post-lightfieck
CO, assimilation will be altered in a consistent manner. As well,
the impacts of drought on changes in induction gain and loss
are not clear, and could override physiological responses to
warming and high CO,.

Conclusions

Despite the prevalence of sunflecks in tree canopies and forest
understories, the use of sunfleck dynamics and dynamic photo-
synthetic responses to changing PFD in models of forest car-
bon fluxes has lagged. Since assuming static responses of
photosynthesis to sunflecks can overestimate carbon gain by
over 20%, incorporating realistic photosynthetic responses to

variable PFD should be a research priority. However, to accom-
plish this, we also need a much better understanding not only
of how to generalize these dynamic responses (such as by
shade tolerance or functional group), but also of how climate
change will alter these dynamics. Given the importance of the
capacity to use sunflecks for the establishment and growth of
forest understory species, addressing these uncertainties
should be a goal for both modelers and physiologists.

Acknowledgments

We thank Gaby Katul, Stefano Manzoni and Giulia Vico for shar-
ing data and providing stimulating discussions, and Ram Oren
for the invitation to write this review and his constructive
comments.

Conflict of interest

None declared.

Funding

D.AW. was supported by the USDA (#2011-67003-30222)
and the US Department of Energy (DCE), Office of Science,
Biological and Environmental Research (DE-SCO006367).

References

Abrams MD, Mostoller SA (1995) Gas exchange, leaf structure and
nitrogen in contrasting successional tree species growing in open
and understory sites during a drought. Tree Physiol 15:361-370C.

Adams WW. ll, Demmig-Adams B, Logan BA, Barker DH, Osmond CB
{1999) Rapid changes in xanthophyll cycle-dependent energy dis-
sipation and photosystem Il efficiency in two vines, Stephania japon-
ica and Smilax australis, growing in the understory of an open
Eucalyptus forest. Plant Cell Environ 22:125-136.

Affek HP, Yakir D (2002) Protection by isoprene against singlet oxy-
gen in leaves. Plant Physiol 129:269-277.

Ainsworth EA, Rogers A (2007) The response of photosynthesis and
stomatal conductance to rising [CO,): mechanisms and environmen-
tal interactions, Plant Cell Environ 30:258-270,

Allen MT, Pearcy RW (2000a) Stomatal behavior and photosynthetic
performance under dynamic light regimes in a seasonally dry tropi-
cal rain forest, Oecologia 122:470-478,

Allen MT, Pearcy RW (2000b) Stomatal versus biochemical limitations
to dynamic photosynthetic performance in four tropical rainforest
shrub species. Oecologia 122:479—-486.

Alton PB, North PR, Los SO (2007) The impact of diffuse sunlight on
canopy light-use efficiency, gross photosynthetic product and net
ecosystem exchange in three forest biomes. Global Change Biol
13:776-787.

Assmann SM (1988) Enhancement of the stomatal response to blue
light by red light, reduced intercellular concentrations of CO,, and
low vapor pressure differences. Plant Physiol 87:226—231.

Baldocchi D, Collineau S (1994) The physical nature of solar radiation
in heterogeneous canopies: spatial and temporal attributes. In:
Caldwell MM, Pearcy RW (eds) Exploitation of environmental hetero-
geneity by plants. Academic Press, San Diego, pp 21-71.

Tree Physiology Volume 32, 2012

9107 ‘11 ATenigag uoisend Aq /&1o srewnolprorxo sAydaan,dny woly paprojumocy



Behnke K, Loivamaki M, Zimmer |, Rennenberg H, Schnitzler JP,
Sandrine L (2010) Isoprene emission protects photosynthesis in
sunfleck exposed grey poplar. Photosynth Res 104:5-17.

Bjorkman O, Ludlow M, Morrow P (1972) Photosynthetic performance
of two rain-forest species in their habitat and analysis of their gas
exchange. Carnegie Institution of Washington Yearbook
71:94-102.

Boardman NK (1977) Comparative photosynthesis of sun and shade
plants. Annu Rev Plant Physiol 28:355-377.

Brantley ST, Young DR (2009) Contribution of sunflecks is minimal in
expanding shrub thickets compared to temperate forest. Ecology
80:1021-1029.

Chazdon R (1988) Sunflecks and their importance to forest under-
story plants. Adv Ecol Res 18:1-63.

Chen HYH, Klinka K (1997) Light availability and photosynthesis of
Pseduotsuga menziesii seedlings grown in the open and in the forest
understory. Tree Physiol 17:23-28.

Demmig-Adams B, Adams WW IIl (1996) The role of xanthophyll cycle
carotenoids in the protection of photosynthesis. Trends Plant Sci
1:21-26.

Demmig-Adams B, Adams WW Il (2006) Photoprotection in an eco-
logical context: the remarkable complexity of thermal energy dissi-
pation. New Phytol 172:11-21.

Farquhar GD, von Caemmerer S, Berry JA (1980) A biochemical model
of photosynthetic CO, assimilation in leaves of C; species. Planta
149:78-90.

Farquhar GD, O'Leary MH, Berry JA (1982) On the relationship
between carbon isotope discrimination and intercellular carbon
dioxide concentration in leaves. Aust ] Plant Physiol 9:121-137.

Flory SL, Clay K (2009) Invasive plant removal method determines
native plant community responses. ] Appl Ecol 46:434-442,

Garcia-Plazacla JI, Matsubara S, Osmond CB (2007) The lutein epox-
ide cycle in higher plants: its relationship to other xanthophyll cycles
and possible functions. Funct Plant Biol 34:759-773.

Givnish T) (1988) Adaptation to sun and shade: a whole plant per-
spective. Aust J Plant Physiol 15:63-92.

Gould KS, Markham KR, Smith RH, Goris J] (2000) Functional role of
anthocyanins in the leaves of Quintinia serrata A. Cunn. J Exp Bot
51:1107-1115.

Grace SC, Logan BA (1996) Acclimation of foliar antioxidant systems
to growth irradiance in three broad-leaved evergreen species. Plant
Physiol 112:1631-1640.

Gross L, Kirschbaum MUF, Pearcy RW (1991) A dynamic model of
photosynthesis in varying light taking account of stomatal conduc-
tance, C3-cycle intermediates, photorespiration and RuBisCO acti-
vation. Plant Cell Environ 14:881-893.

Han Q, Yamaguchi E, Odaka N, Kakubari Y (1299) Photosynthetic
induction responses to variable light under field conditions in three
species grown in the gap and understory of a Fagus crenata forest.
Tree Physiol 19:625-634.

Holmes TH (1995) Woodland canopy structure and the light response
of juvenile Quercus lobata {Fagaceae). Am J Bot 82:1432—-1442.

Horton JL, Neufeld HS (1998) Photosynthetic responses of
Microstegium vimineum (Trin)) A. Camus, a shade-tolerant, C4 grass,
to variable light environments. Oecologia 114:11-19.

IPCC. 2007. Climate Change 2007: the physical science basis. In:
Solomon S, Qin D. Manning M, Chen Z, Marquis M, Averyt KB,
Tignor M, Miller HL (eds) Contribution of Working Group | to the
Fourth Assessment. Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, UK,
996 pp.

Kim HS, Oren R, Hinkley TM (2008) Actual and potential transpiration
and carbon assimilation in an irrigated poplar plantation. Tree Physiol
28:559-577.

Sunflecks in trees: physiology and global change 1079

Kirschbaum MUF, Pearcy RW (1988a) Gas exchange analysis of the
relative importance of stomatal and biochemical factors in photosyn-
thetic induction in Alocasia macrorrhiza. Plant Physiol 86;782-785,

Kirschbaum MUF, Pearcy RW (1988b) Gas exchange analysis of the
fast phase of photosynthetic induction in Alocasia macrorrhiza. Plant
Physiol 87:818-821.

Kirschbaum MUF, Pearcy RW (1988c) Concurrent measurements of
oxygen-and carbon-dioxide exchange during lightflecks in Alocasia
macrorrhiza (L) G. Don. Planta 174:527-533.

Kirschbaum MUF, Gross LJ, Pearcy RW (1988) Observed and mod-
elled stomatal responses to dynamic light environments in the shade
plant Alocasia macrorrhiza. Plant Cell Environ 11:111-121.

Kirschbaum MUF, Kippers M, Schneider H, Giersch C, Noe S (1998)
Modelling photosynthesis in fluctuating light with inclusion of stoma-
tal conductance biochemical activation and pools of key photosyn-
thetic intermediates. Planta 204:16-26.

Knapp AK, Smith WK (1989) Influence of growth form on ecophysio-
logical responses to variable sunlight in subalpine plants. Ecology
70:1069-1082.

Kéniger M, Harris GC, Pearcy RW (1998) Interaction between photon
flux density and elevated temperatures on photoinhibition in Alocasia
macrorrhiza. Planta 205:214-222,

Kosvancova M, Urban O, Sprtova M, Hrstka M, Kalina J, Tomaskova |,
Spunda V, Marek MV (2009) Photosynthetic induction in broad-
leaved Fagus syivatica and coniferous Picea abies cultivated under
ambient and elevated CO, concentrations. Plant Sci 177:123-130.

Kippers M, Schneider H (1993) Leaf gas exchange of beech (Fagus
sylvatica L) seedlings in lightflecks: effects of fleck length and leaf
temperature in leaves grown in deep and partial shade. Trees Struct
Funct 7:160-168.

Kuppers M, Timm H, Orth F, Stegemann J, Stober R, Scneider H, Paliwal K,
Karunaichamy KSTK, Ortiz R (1996) Effects of light environment and
successional status on lightfleck use by understory trees of temperate
and tropical forests. Tree Physicl 16:69-80.

Kursar TA, Coley PD (1993) Photosynthetic induction times in shade-
tolerant species with long and short-lived leaves. Oecologia
93:165-170.

Leakey ADB, Press MC, Scholes JD, Watling IR (2002) Relative
enhancement of photosynthesis and growth at elevated CO, is
greater under sunflecks than uniform irradiance in a tropical rain for-
est tree seedling. Plant Cell Environ 25:1701-1714,

Leakey ADB, Press MC, Scholes ID (2003) High-temperature inhibi-
tion of photosynthesis is greater under sunflecks than uniform irradi-
ance in a ftropical rain forest tree seedling. Plant Cell Environ
26:1681-1690.

Leakey ADB, Scholes JD, Press MC (2005) Physiological and ecologi-
cal significance of sunflecks for dipterocarp seedlings. J Exp Bot
56:469-482.

Logan BA, Barker DH, Adams WW Ill, Demmig-Adams B (1997) The
response of xanthophyll cycle-dependent energy dissipation in
Alocasia brisbanensis to sunflecks in a subtropical rainforest. Aust J
Plant Physiol 24:27-33.

Loreto F, Velikova V (2001) Isoprene produced by leaves protects the
photosynthetic apparatus against ozone damage, quenches ozone
products, and reduces lipid peroxidation of cellular membranes.
Plant Physiol 127:1781-1787.

Manzoni S, Vico G, Porporato A, Katul GG (2012) Biclogical con-
straints on water transport in the soil-plant-atmosphere system. Adv
Water Resour. doi:10.1016/j.advwatres.2012.03.016.

Marshall JM, Buckley DS, Franklin JA (2009) Competitive interaction
between Microstegium vimineum and first-year seedlings of three
central hardwoods. J Torrey Bot Soc 136:342-349.

Mate CJ, von Caemmerer S, Evans JR, Hudson GS (1996) The rela-
tionship between CO,-assimilation rate, Rubisco carbamylation

Tree Physiology Online at http://www.treephys.oxfordjournals.org

910Z ‘11 A1eniga.g uo 1seang Aq /310 spewmopiorxosAydaan,dny woty paprorumocy



1080 Way and Pearcy

and Rubisco activase content in activase-deficient transgenic
tobacco suggests a simple model of activase action. Planta
198:604-613.

Miyashita A, Sugiura D, Sawakami K, Ichihashi R, Tani T, Tateno M
(2012) Long-term, short-interval measurements of the frequency
distributions of the photosynthetically active photon flux density and
net assimilation rates of leaves in a cool-temperate forest. Agric For
Meteorol 152:1-10.

Montgomery RA, Givnish TJ (2008) Adaptive radiation of photosyn-
thetic physiology in the Hawaiian lobeliads: dynamic photosynthetic
responses. Oecologia 155:455-467.

Mott KA, Woodrow IE (1993) Effects of O, and CO, on nonsteady-
state photosynthesis. Plant Physiol 102:859-866.

Mott KA, Woodrow IE (2000) Modelling the role of Rubisco activase in
limiting non-steady-state photosynthesis. ] Exp Bot 51:399-406.
Mott KA, Snyder GW, Woodrow |E (1997) Kinetics of Rubisco activa-
tion as determined from gas-exchange measurements in antisense
plants of Arabidopsis thaliana containing reduced levels of Rubisco

activase. Aust J Plant Physiol 24:811-818.

Naramoto M, Han Q, Kakubari Y (2001) The influence of previous irra-
diance on photosynthetic induction in three species grown in the
gap and understory of a Fagus crenata forest. Photosynthetica
39:545-652,

Naumberg E, Ellsworth DS (2000) Photosynthesis sunfleck utilization
potential of understory saplings growing under elevated CO, in
FACE. Oecologia 122:163—174.

Naumberg E, Ellsworth DS (2002) Short-term light and leaf photosyn-
thetic dynamics affect estimates of daily understory photosynthesis
in four tree species. Tree Physiol 22:393-401.

Niinemets U, Bilger W, Kull O, Tenhunen JD (1999) Responses of foliar
photosynthetic electron transport, pigment stoichiometry, and sto-
matal conductance to interacting environmental factors in a mixed
species forest canopy. Tree Physiol 19:839-852.

Ogren E, Sundin U (1996) Photosynthetic response to dynamic light: a
comparison of species from contrasting habitats. Qecologia
106:18-27.

Palmroth S, Palva L, Stenberg P, Kotisaari A (1999) Fine scale mea-
surement and simulation of penumbral radiation formed by a pine
shoot. Agric For Meteorol 95:15-25.

Pearcy RW (1983) The light environment and growth of C, and C, tree
species in the understory of a Hawaiian forest. Oecoclogia
5811925,

Pearcy RW (1987) Photosynthetic gas exchange responses of
Australian tropical forest trees in canopy, gap and understory micro-
environments. Funct Ecol 1:169-178.

Pearcy RW (1990} Sunflecks and photosynthesis in plant canopies.
Annu Rev Plant Physiol Plant Mol Biol 41:421—453,

Pearcy RW (2007) Responses of plants to heterogeneous light envi-
ronments. In: Pugnaire Fl, Valladares F (eds) Functional plant ecol-
ogy. CRC Press, Boca Raton, pp 213-257.

Pearcy RW, Calkin HW (1983) Carbon dioxide exchange of C; and C,
tree species in the understory of a Hawaiian forest. Oecologia
58:26-32.

Pearcy RW, Pfitsch WA (1991) Influence of sunflecks on the 8'3C of
Adenocaulon bicolor plants occurring in contrasting forest under-
story microsites. Oecologia 86:457-462.

Pearcy RW, Chazdon RL, Gross LI, Mott KA (1994) Photosynthetic
utilization of sunflecks: a temporally patchy resource on a time scale
of seconds to minutes. In: Caldwell MM, Pearcy RW (eds) Exploitation
of environmental heterogeneity by plants. Academic Press, San
Diego, pp 175-208.

Pearcy RW, Krall JP, Sassenrath-Cole GF (1996) Photosynthesis in fluc-
tuating light. In: Baker NR (ed.) Photosynthesis and the environment.
Kluwer Academic Publishers, New York, NY, USA, pp 321-346.

Pearcy RW, Gross LI, He D (1997) An improved dynamic model of
photosynthesis for estimation of carbon gain in sunfleck light
regimes. Plant Cell Environ 20:411—-424.

Pfitsch WA, Pearcy RW (198%9a) Dally carbon gain by Adenoccaulon
bicolor (Asteraceae), a redwood forest herb, in relation to its light
envirenment. OCecologia 80:465-470.

Pfitsch WA, Pearcy RW (1989b) Steady-state and dynamic photosyn-
thetic response of Adenocaulon bicolor (Asteraceae) in its redwood
forest habitat. Oecologia 80:471-476.

Portis AR (1995) Regulation of Rubisco by Rubisco activase. ] Exp Bot
46:1285-1291.

Porcar-Castell A, Back J, Juurola E, Hari P (2006) Dynamics of energy
flow through photosystem Il under changing light conditions: a
model approach. Funct Plant Biol 33:229-239,

Posada JM, Lechowicz MJ, Kitajima K (2009) Optimal photosynthetic
use of light by tropical tree crowns achieved by adjustment of indi-
vidual leaf angles and nitrogen content. Ann Bot 103:795—-805.

Posch S, Warren CR, Adams MA, Guttenberger H (2008)
Photoprotective carotenoids and antioxidants are more affected by
canopy position than by nitrogen supply in 21-year-old Pinus radiata.
Funct Plant Biol 35:470-482.

Powles SB, Bjérkman O (1981) Leaf movement in the shade species
Oxalis oregana. |l. Role in protection against injury by intense light,
Carnegie Institution of Washington Yearbook 63-66.

Roden JS (2003) Modeling the light interception and carbon gain of
individual fluttering aspen (Populus tremuloides Michx) leaves. Trees
17:117-126.

Rijkers T, de Vries PJ, Pons TL, Bongers F (2000) Photosynthetic
induction in saplings of three shade-tolerant tree species: compar-
ing understorey and gap habitats in a French Guiana rain forest.
Qecologia 125:331-340.

Roden JS, Pearcy RW (1893a) Effect of leaf flutter on the light environ-
ment of poplars. Oecologia 93:201-207.

Roden JS, Pearcy RW (1993b) Photosynthetic gas exchange response
of poplars to steady-state and dynamic light environments.
Oecologia 93:208-214.

Rozak PR, Seiser RM, Wacholtz WF, Wise RR (2002) Rapid, reversible
alterations in spinach thylakoid appression upon changes in light
intensity. Plant Cell Environ 25:421-429,

Sassenrath-Cole GF, Pearcy RW (1992) The role of ribulose-1,5-biscpos-
phate regeneration in the induction requirement of photosynthetic CO,
exchange under transient light conditions. Plant Physiol 99:227-234.

Schulze ED (1972) Die wirking von Licht und Temperatur auf den CO,-
gaswechel verschiedener Lebensformen aus der Kractschicht eines
montanen Buchenwaldes. Oecologia 2:223-234.

Schulte M, Offer C, Hansen U (2003) Induction of CO.-gas exchange
and electron transport: comparison of dynamic and steady-state
responses in  Fagus sylvatica leaves. Trees Struct Funct
17:153-163.

Seemann JR, Kirschbaum MUF, Sharkey TD, Pearcy RW (1988)
Regulation of ribulose-1,5-bisphosphate carboxylase activity in
response to step changes in irradiance. Plant Physiol 88:148-152.

Sharkey TD, Singsaas EL {1995) Why plants emit isoprene. Nature
374:769.

Sharkey TD, Chen X, Yeh S (2001) Isoprene increases thermotoler-
ance of fosmidomycin-fed leaves. Plant Physiol 125:2001-2006.
Singsaas EL, Sharkey TD {1998) The regulation of isoprene emission
responses to rapid leaf temperature fluctuations, Plant Cell Environ

21:1181-1188.

Singsaas EL, Lerdau M, Winter K, Sharkey TD (1997) Isoprene
increases thermotolerance of isoprene-emitting species. Plant
Physiol 115:1413-1420.

Singsaas EL, Ort DR, DelLucia EH (2000) Diurnal regulation of photo-
synthesis in understory saplings. New Phytol 145:39-49.

Tree Physiology Volume 32, 2012

910z ‘1T Ateniqaq uo ysand Aq /F1o-sjewmolpropxo-sAydasn,/:dny wrosy papeorumocy



Siwko ME, Marrink SJ, de Vries AH, Kozubek A, Schoot Uiterkamp AIM,
Mark AE (2007) Does isoprene protect plant membranes from ther-
mal shock? A molecular dynamics study. Biochim Biophys Acta
1768:198-206.

Stenberg P (1998) Implications of shoot structure on the rate of pho-
tosynthesis at different levels in a coniferous canopy using a model
incorporating grouping and penumbra. Funct Ecol 12:82-91.

Stegemann J, Timm HC, Kippers MF (1999) Simulation of photosyn-
thetic plasticity in response to highly fluctuating light: an empirical
model integrating dynamic photosynthetic induction and capacity.
Trees 14:145-160.

Sterck F, Schieving F (2011) Modelling finctional trait acclimation for
trees of different height in a forest light gradient: emergent patterns
driven by carbon gain maximization. Tree Physiol 31:1024—1037.

Tang Y, Liang NS (2000) Characterization of the photosynthetic induc-
tion response in a Populus species with stomata barely responding
to light changes. Tree Physiol 20:969-576.

Tausz M, Warren CR, Adams MA (2005) Dynamic light use and protec-
tion from excess light in upper canopy and coppice leaves of
Nothofagus cunninghamii in an old growth, cool temperate rainforest
in Victoria, Australia. New Phytol 165:143—156.

Tang Y, Hiroshi K, Mitsumasa S, lzumi W (1994) Characteristics of
transient photosynthesis in Quercus serrata seedlings grown under
lightfleck and constant light regimes. Oecologia 100:463-469.

Tinoco-Ojanguren C, Pearcy RW (1992) Dynamic stomatal behavior
and its role in carbon gain during lightflecks of a gap phase and an
understory species acclimated to high and low light. Qecologia
92:222-228.

Tinoco-Ojanguren C, Pearcy RW (1993a) Stomatal dynamics and its
importance to carbon gain in two rainforest Piper species. 1. VPD
effects on the transient stomatal response to lightflecks. Oecologia
94:388-394.

Tinoco-Ojanguren C, Pearcy RW (1993b) Stomatal dynamics and its
importance to carbon gain in two rainforest Piper species: |l
Stomatal versus biochemical limitations during photosynthetic
induction. Oecologia 94:388-394.

Tomimatsu H, Tang Y (2012) Elevated CO, differentially affects photo-
synthetic induction response in two Populus species with different
stomatal behavior. Oecologia 169:869—-878.

Urban O, Kosvancova M, Marek MV, Lichtenthaler HK (2007) Induction
of photosynthesis and importance of limitations during the induction
phase in sun and shade leaves of five ecologically contrasting tree
species from the temperate zone. Tree Physiol 27:1207—1215.

Urban O, Sprtova M, Kosvancova M, Tomaskova |, Lichtenthaler HK,
Marek MV (2008) Comparisen of photosynthetic induction and
transient limitations during the induction phase in young and mature
leaves from three poplar clones. Tree Physiol 28:1189-1197.

Ustin SL, Woodward RA, Barbour MG, Hatfield JL (1984) Relationships
between sunfleck dynamics and red fir seedling distribution. Ecclogy
65:1420-1428.

Sunflecks in trees: physiology and global change 1081

Valladares F, Pearcy RW (2002) Drought can be more critical in the
shade than in the sun: a field study of carbon gain and photo-inhibi-
tion in a Californian shrub during a dry El Nino year. Flant Cell
Environ 25:749-758.

Valladares F, Allen MT, Pearcy RW (1997) Photosynthetic responses to
dynamic light under field conditions in six tropical rainforest shrubs
occurring along a light gradient. Oecologia 111:505-514,

Velikova V, Edreva A, Loreto F (2004) Endogenous isoprene protects
Phragmites australis  against singlet oxygen. Physiol Plant
122:219-225.

Velikova V, Varkonyl Z, Szabo M et al. (2011) Increased thermostability
of thylakoid membranes in isoprene-emitting leaves probed with
three biophysical techniques. Plant Physiol 157:905-916.

Vickers CE, Possell M, Cojocariu Cl, Laothawornkitkul J, Ryan A,
Mullineaux PM, Hewitt CN (2009) Isoprene synthesis protects
tobacco plants from oxidative stress. Plant Cell Environ
32:520~531.

Vierling LA, Wessman CA (2000) Photosynthetically active radiation
heterogeneity within a monodominant Congolese rain forest canopy.
Agric For Meteorol 103:265-278.

Vico G, Manzoni S, Palmroth S, Katul GG (2011) Effects of stomatal
delays on the economics of leaf gas exchange under intermittent
light regimes, New Phytol 192:640-652.

Way DA, Schnitzler JP, Monson RK, Jackson RB (2011) Enhanced
isoprene-related tolerance of heat- and light-stressed photosyn-
thesis at low, but not high, CO, concentrations. Oecclogia
166:273-282.

Weber JA, Jurik TW, Tenhunen JD, Gates DM (1985) Analysis of gas
exchange in seedlings of Acer saccharum: integration of field and
laboratory studies. Oecologia 65:338-347.

Wilkinson MJ, Monson RK, Trahan N, Lee S, Brown E, Jackson RB,
Polley HW, Fay PA, Fall R (2009) Leaf isoprene emission rate as a
function of atmospheric CO, concentration. Glob Change Biol
15:1189-1200.

Williams WE, Gorton HL, Witiak SM (2003) Chloroplast movements in
the field. Plant Cell Environ 26:2005-2014.

Wong SL, Chen CW, Huang HW, Weng JH (2012) Using combined mea-
surements for comparison of light induction of stomatal conductance,
electron transport rate and CO, fixation in woody and fern species
adapted to different light regimes. Tree Physiol 32:535-544.

Woodrow IE, Mott KA (1989) Rate limitation of non-steady-state pho-
tosynthesis by ribulose 1,5-bisphosphate carboxylase in spinach.
Aust J Plant Physiol 16:487-500.

Young DR, Smith WK (1979) Influence of sunflecks on the temperature
and water relations of two subalpine understory congeners.
Oecologia 43:195-205.

Zhang Q, Chen Yl, Seng LY, Liu N, Sun LL, Peng CL (2012) Utilization
of lightflecks by seedlings of five dominant tree species of different
subtropical forest successional stages under low-light growth condi-
tions. Tree Physiol 32:545-553,

Tree Physiology Online at http://fwww.treephys.oxfordjournals.org

9107 ‘11 Aeniga, uo isend Aq /310 sjeunolpiorxo sAydaan,/:dny wor papeotumocy



SI1ANUIN U



1LA7800 SERIES
POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

® 3-Terminal Regulators ® High Power-Dissipation Capability
® Output Currentupto1.5A @ Internal Short-Circuit Current Limiting
® [nternal Thermal-Overload Protection ® Output Transistor Safe-Area Compensation
KC (TO-220) PACKAGE KTE PACKAGE
(TOP VIEW) (TOP VIEW)
=z
e ——— OUTPUT
=0 ——— COMMON = —— OUTPUT
= ——— INPUT S
2 = —T1 COMMON
KCS (TO-220) PACKAGE 8 1 INPUT
(TOP VIEW)

——— OQUTPUT
O ——— COMMON

COMMON

description/ordering information

This series of fixed-voltage integrated-circuit voltage regulators is designed for a wide range of applications.
These applications include on-card regulation for elimination of noise and distribution problems associated with
single-point regulation. Each of these regulators can deliver up to 1.5 A of output current. The internal
current-limiting and thermal-shutdown features of these regulators essentially make them immune to overload.
In addition to use as fixed-voltage regulators, these devices can be used with external components to obtain
adjustable output voltages and currents, and also can be used as the power-pass element in precision

regulatars.
ORDERING INFORMATION
Vo(NOMm) ORDERABLE TOP-SIDE
N (V) PACKAGET PART NUMBER MARKING
POWER-FLEX (KTE) Reel of 2000 HATBOSCKTER WLA7805C
5 TO-220 (KC) Tube of 50 HA7805CKC
- HA7805C
TO-220, short shoulder (KCS) | Tube of 20 WA7805CKCS
POWER-FLEX (KTE) Reel of 2000 WA7808CKTER WA7808C
8 TO-220 (KC) Tube of 50 UA7808CKC
- LATBOBC
TO-220, short shoulder (KCS) | Tube of 20 UA7808CKCS
5 POWER-FLEX (KTE) Reel of 2000 HA7810CKTER LA7810C
TO-220 (KC) Tube of 50 WA7810CKC LA7810C
0°C to 125°C
POWER-FLEX (KTE) Reel of 2000 HA7812CKTER uA7812C
12 T0-220 (KC) Tube of 50 LA7812CKC
uA7812C
TO-220, short shoulder (KCS) | Tube of 20 LA7812CKCS
POWER-FLEX (KTE) Reel of 2000 UA7815CKTER HAT815C
15 TO-220 (KC) Tube of 50 WA7B15CKC
LAT815C
TO-220, short shoulder (KCS) | Tube of 20 uA7815CKCS
- POWER-FLEX (KTE) Reel of 2000 HA7824CKTER WAT7824C
TO-220 (KC) Tube of 50 HAT824CKC UA7824C

TPackage drawings, standard packing quantities, thermal data, symbolization, and PCB design guidelines are available at
www.ti.com/sc/package.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date. iy

Products conform to specifications per the terms of Texas Instruments ’

standard warranty. Production processing does not necessarily include

testing of all parameters. EXAS
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uA7800 SERIES
POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

schematic
% & A d L d g INPUT
A
b '
g
L
QUTPUT
:
I
Yy
>
i COMMON

absolute maximum ratings over virtual junction temperature range (unless otherwise noted)t

Input voltage, V|: WATELAG Y., - SIISZ. . 3 2 AABABARZAIANN ¢ VTN . CH .~ 0.0........ 40V

QAlRothErs F I\ & 1 Leamatmmrrth Y & JINTEY. e Hf L 3BV
Operating virtual jupetiopsterpperatirel Jap 3 NI 1 L LTI € - A 3 B8 .. 150°C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds ... ... ..o . i, 260°C
Storage temperature range, Totg - 68D N - XA - ™ - OBF - o7 60D+ - s 4 —65°C to 150°C

T Stresses beyond those listed under “absolute maximum ratings” may cause permanent damageto the device. These are stress ratings only, and
functional operation of the device at these or any other conditions beyond those indicated under “recommended operating conditions” is not
implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability,

package thermal data (see Note 1)

PACKAGE BOARD f4c 8JA
POWER-FLEX (KTE) High K, JESD 51-5 3°C/W 23°CIW
T0O-220 (KC/KCS) High K, JESD 51-5 3°CW 19°C/W

NOTE 1: Maximum power dissipation is a function of T j(max), 6 4, and Ta. The maximum allowable power dissipation at any allowable ambient
temperature is Pp = (T j(max) — Tp)/8A. Operating at the absolute maximum T of 150°C can affect reliability.
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wA7800 SERIES
POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

recommended operating conditions

MIN  MAX | UNIT

LA7805C I 25
WA7808C 10.5 25
HA7810C 12.5 28

Vi Input voltage \
HA7812C 14.5 30
LHAT815C 17.5 30
HAT824C 27 38

lo Output current 1.5 A

Ty Operating virtual junction temperature | UA7800C series 0 125 °C

electrical characteristics at specified virtual junction temperature, V| =10 V, Ig = 500 mA (unless

otherwise noted)

WA7805C
PARAMETER TEST CONDITIONS Tyt UNIT
MIN  TYP MAX
= = 25°C 4.8 5 5.2
Output valtage lop=5mAto 1A, Vi=7Vto 20V, Y
Pp=15W 0°Cto 125°C | 4.75 5.25
) VI=7Vto25V 3 100
Input voltage regulation 26°C mV
V|=8Vto 12V 50
Ripple rejection VI=8Vito18 YV, f=120Hz 0°C to 125°C 62 78 dB
) lo=5mAto15A 15 100
Qutput voltage regulation 26°0 mV
lg =250 mA to 750 mA 5 50
Output resistance f=1kHz 0°C to 125°C 0.017 Q
Temperature coefficient of output voltage | 1o =5 mA 0°C to 125°C -1.1 mV/°C
Output noise voltage f=10Hzto 100 kHz 25°C 40 uv
Dropout voltage lg=1A 25°C 2 \
Bias current 25°C 4.2 8 mA
- i gl Vi=7Vto25V 1.3 i
ias current change °C'to 125° m
: lo=5mAtalA &Gt 125 0.5
Short-circuit output current 25 750 mA
Peak output current 25°C 2.2 A

T Pulse-testing techniques maintain the junction temperature as close to the ambient temperature as possible. Thermal effects must be taken into
account separately. All characteristics are measured with a 0.33-uF capacitor across the input and a 0.1-uF capacitor across the output.

*‘3 TEXAS
INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265



wA7800 SERIES

POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

electrical characteristics at specified virtual junction temperature, V| = 14 V, Ig = 500 mA (unless

otherwise noted)

pnA7808C
PARAMETER TEST CONDITIONS Tyt UNIT
MIN  TYP MAX
lg=5mAto1A, V) =105V to 23V, 26°C 7.7 8 83
Qutput voltage \
P g Pps15W 0°C to 125°C 76 8.4
_ Vi=10.5Vio 25V 6 160
Input voltage regulation 25°C mV
Vi=11Vto17V 80
Ripple rejection V=115Vt 215V, f=120Hz 0°C to 125°C 55 72 dB
. lo=5mAto1.5A 12 160
Qutput voltage regulation 25°C mV
lg = 250 mA to 750 mA 4 80
Qutput resistance f=1kHz 0°C to 125°C 0.016 Q
Temperature coefficient of output voltage | Ig =5 mA 0°C to 125°C -0.8 mV/°C
Output noise voltage =10 Hz to 100 kHz 25°C 52 uv
Dropout voltage Ig=1A 25°C 2 Vv
Bias current 25°C 4.3 8 mA
) Vi=105Vto 25V
Bias current change 0°Cto 125°C mA
lo=5mAto1A 0.5
Short-circuit output current 25°C 450 mA
Peak output current 25°C 2.2 A

t Pulse-testing techniques maintain the junction temperature as close to the ambient temperature as possible. Thermal effects must be taken into
account separately. All characteristics are measured with a 0.33-uF capacitor across the input and a 0.1-uF capacitor across the output.

electrical characteristics at specified virtual junction temperature, V=17 V, Ig = 500 mA (unless

otherwise noted)

LA7810C
PARAMETER TEST CONDITIONS Tyt UNIT
MIN  TYP MAX
= = 265C 9.6 10 104
Qitpiit Voltage lo=5mAto 1A, Vi=125V1io25Y, v
PD=15W 0°C to 125°C 9.5 10 10.5
. Vp=125Vto 28V e 200
Input voltage regulation 2526 mV
V=14Vt 20V 2 100
Ripple rejection V=13V 1023V, f=120 Hz 0°C to 125°C 55 71 dB
) lo=5mAto15A 12 200
Output voltage regulation 257€ mV
lo =250 mA to 750 mA 4 100
Qutput resistance f=1kHz 0°C to 125°C 0.018 Q
Temperature coefficient of output voltage | 1g =5 mA 0°Cto 125°C -1 mV/°C
Output noise voltage f=10Hz to 100 kHz 25°C 70 uv
Dropout voltage lo=1A 25°C 2 \
Bias current 25°C 4.3 8 mA
_ V)=125V1o 28V
Bias current change 0°C to 125°C mA
lo=5mAto1A 0.5
Short-circuit output current 25°C 400 mA
Peak output current 25°C 2.2 A

t Pulse-testing technigues maintain the junction temperature as close to the ambient temperature as possible. Thermal effects must be taken into
account separately. All characteristics are measured with a 0.33-uF capacitor across the input and a 0.1-uF capacitor across the output.
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1A7800 SERIES

POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

electrical characteristics at specified virtual junction temperature, V=19 V, Ig = 500 mA (unless

otherwise noted)

LA7812C
PARAMETER TEST CONDITIONS Tyt UNIT
MIN  TYP MAX
= = 25°C 1.5 12 12.5
Output voltage lo=5mAta 1A, V=145V to 27V, Y
Pp=15W 0°Cto 125°C | 11.4 12,6
) Vi=145Vto30V 10 240
Input voltage regulation 25°C mV
V=16 Vto22V 3 120
Ripple rejection Vi=15Vto 25V, f=120Hz 0°C to 125°C 55 71 dB
) lo=5mAto15A 12 240
Output voltage regulation 25°C mV
lo =250 mA to 750 mA 4 120
Output resistance f=1kHz 0°C to 125°C 0.018 Q
Temperature coefficient of output voltage | Ig =5 mA 0°C to 125°C -1 mV/°C
Output noise voltage f=10Hzto 100 kHz 25°C 75 uv
Dropout voltage lo=1A 25°C 2 \%
Bias current 25°C 4.3 8 mA
- i Vi=145V1t0 30V 1 A
ias current change 9 ° m
4 lo=5mAto1A ' Gilmay 0.5
Short-circuit output current 25°5 350 mA
Peak output current 25°C 2.2 A

it Pulse-testing techniques maintain the junction temperature as close to the ambient temperature as possible. Thermal effects must be taken into
account separately. All characteristics are measured with a 0.33-uF capacitor across the input and a 0.1-uF capacitor across the output.

electrical characteristics at specified virtual junction temperature, V| = 23 V, Ig = 500 mA (unless

otherwise noted)

‘ LA7815C
PARAMETER TEST CONDITIONS TJT UNIT
MIN  TYP MAX
= = 25°C 14.4 15 15.6
Cliitpiit ValtsEs lo=5mAto 1A, Vi=175Vio 30V, v
PD=15W 0°C to 125°C | 14.25 15.75
‘ VI=17.5Vto30V 11 300
Input voltage regulation 25°C mv
VI=20Vto 26V 3 150
Ripple rejection Vi=18.5Vto285V, f=120Hz 0°Cto125°C 54 70 dB
. lo=5mAto 1.5 A 12 300
QOutput voltage regulation @53 mV
l0 =250 mA to 750 mA 4 150
Output resistance =1kHz 0°C to 125°C 0.019 Q
Temperature coefficient of output voltage | Ig =5 mA 0°Cto 125°C -1 mV/°C
Output noise voltage f=10Hzto 100 kHz 25°C 90 uv
Dropout voltage lo=1A 25°C 2 \%
Bias current 25°6 4.4 8 mA
VI=17.5Vto 30V 1
Bias current change 0°C to 125°C mA
lo=5mAto1A 0.5
Short-circuit output current 25°C 230 mA
Peak output current 25°C 21 A

t Pulse-testing techniques maintain the junction temperature as close to the ambient temperature as possible. Thermal effects must be taken into
account separately. All characteristics are measured with a 0.33-UF capacitor across the input and a 0.1-uF capacitor across the output.
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1A7800 SERIES

POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

electrical characteristics at specified virtual junction temperature, V| = 33 V, Ig = 500 mA (unless

otherwise noted)

nA7824C
PARAMETER TEST CONDITIONS Tyt UNIT
MIN  TYP MAX
= = 25°C 23 24 25
Ot aliEgs lo=5mAto1A, V=27 Vto 38V, v
PD<15W 0°Cto125°C | 22.8 25.2
) V=27Vt 38V 18 480
Input voltage regulation 25°C mV
VI=30V1t36V 6 240
Ripple rejection VI=28V1to38Y, f=120 Hz 0°C to 125°C 50 66 dB
) lo=5mAto1.5A 12 480
Output voltage regulation 25°C mV
Io =250 mA to 750 mA 4 240
Output resistance f=1kHz 0°C to 125°C 0.028 Q
Temperature coefficient of output voltage | g =5 mA 0°C to 125°C -1.5 mV/°C
Output noise voltage f=10 Hz to 100 kHz 25°C 170 v
Dropout voltage lg=1A 25°C 2 Y
Bias current 25°C 4.6 8 mA
_ V| =27 Vio 38V 1
Bias current change 0°Cto 125°C mA
lo=5mAto1A 0.5
Short-circuit output current 25°C 150 mA
Peak output current ¥ A | A

t Pulse-testing techniques maintain the junction temperature as close to the ambient temperature as possible. Thermal effects must be taken into

account separately. All characteristics are measured with a 0.33-|.F capacitor across the input and a 0.1-uF capacitor across the output.

*:'?‘ TeEXAS
INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265



LLA7800 SERIES
POSITIVE-VOLTAGE REGULATORS

SLVS056J — MAY 1976 — REVISED MAY 2003

APPLICATION INFORMATION

+V T HAT7BxXxX T +Vg

Figure 1. Fixed-Output Regulator

r — ——
Vi lcom ILl

Figure 2. Positive Regulator in Negative Configuration (V; Must Float)

Input —e— UAT8XX Output
lo+
—~ 0.33 uF == 0.1 uF
r R2

NOTE A: The following formula is used when Vyy is the nominal output voltage (output to common) of the fixed requlator:

V
Vg = Vg + (R—“{‘

+ zQ)Rz

Figure 3. Adjustable-Output Regulator

Input HAT78XxX

R1
I 0.33 uF VO(Req)
= Output
—
lo ’
lg = (Vo/R1) + 1g Bias Current

Figure 4. Current Regulator
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APPLICATION INFORMATION

1N4001
20-V Input WA7815C Vo=15V
0.33 uF 1N4001
1
e 1N4001
-20-V Input RAT7915C Vo=-15V

1N4001

Figure 5. Regulated Dual Supply

operation with a load common to a voltage of opposite polarity

Inmany cases, a regulator powers a load that is not connected to ground but, instead, is connected to a voltage
source of opposite polarity (e.g., operational amplifiers, level-shifting circuits, etc.). In these cases, a clamp
diode should be connected to the regulator output as shown in Figure 6. This protects the regulator from output
polarity reversals during startup and short-circuit operation.

+V} — RAT8xx

+Vg

1N4001
or
Equivalent

-V fe)

Figure 6. Output Polarity-Reversal-Protection Circuit

reverse-bias protection

Occasionally, the input voltage to the regulator can collapse faster than the output voltage. This can occur, for
example, when the input supply is crowbarred during an output overvoitage condition. If the output voltage is
greater than approximately 7 V, the emitter-base junction of the series-pass element (internal or external) could
break down and be damaged. To prevent this, a diode shunt can be used as shown in Figure 7.

<
V| Jf LAT78xx %ﬂ;o
T

Figure 7. Reverse-Bias-Protection Circuit
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MECHANICAL DATA

MPFMOO01E — OCTOBER 1994 — REVISED JANUARY 2001

KTE (R-PSFM-G3) PowerFLEX™ PLASTIC FLANGE-MOUNT
0.375 (9,52) 0.080 (2,03)
0.365 (9,27) > 70.070 (1,78)
0.360 (9,14) 0.050 (1,27)
0.350 (8,89) ™ 0.040 (1,02)
0.220 (5,59) ~>‘ 0.010 (0,25) NOM
%‘ NOM
- 0
| I =T | Thermal Tab
| | 0.360 (9,14) [ (See Note C)
0.295 (7,49) | I 0.350 (8,89) |
0.420 (10,67) o : : ot :
0.410 (1 0141) | [ 0310 (7.87) |
L L |
g _H-Hs
_,| L 0'0_25 (0,83) Seating Plane
0.031 (0,79) 1 0.004 (0.10)
[$]0010 05 )] (=0
0.005 (0,13)
0.001 (0,03)
0.041 (1,04)
0.031 (0,79)
“‘/ 3°_6°
0.010 (0,25) —J G
4073375/F 12/00
NOTES: A. Alllinear dimensions are in inches (millimeters).

A
B. This drawing is subject to change without notice.

C. The center lead is in electrical contact with the thermal tab.

D. Dimensions do not include mold protrusions, not to exceed 0.006 (0,15).
E. Falls within JEDEC MO-169

PowerFLEX is a trademark of Texas Instruments.
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MECHANICAL DATA

KCS (R—PSFM—T3) PLASTIC FLANGE—MOUNT PACKAGE
0.420 (10,67) 0185 (470) . R
0156 (3.96) 0.380 (5,65) 0120 (3,05) 0170 (£32) |
e A 0100 (2.54) 5 %
// \\ y A T i
A 0.270 (6,86) == N -
£x 3 L 0.230 (5,84) H
0.507 (12,88) l
0.480 {12,19) ; | |
N I % 0.650 (16,51) I —A\
0.350 (8,89) 600 T ]
™ 0270 (6.86) ) 0560 (1422) 155400 i
: 2 : 0,330 (2.38) 38 i
| ¥ = J L_\
l Exposed
i Thermal Pad
T * F 3
A\ 0.125 (318) 0.153;)?,94)
C S 1 - =t /
0.580 (14,73)
0.500 (12,70)
1 N\2 ¥ 3 i
0.035 (0,89) 0.070-{1,78) 4 0.115 (2,92)
0.028 (0,71) - | 0045 (114) C T 0.080 (2,03)
&[0.010 (0,25)@
0.024 (0,61)
M * 502 (0,30) 7N
4204743/C  03/2004

NOTES:

The chamfer

BB Proper

Falls within

is optional.

Al linear dimensions are in inches (millimeters).
This drawing is subject to change without notice.

Lead dimensions are not controlled within this area.
All lead dimensions apply before salder dip.
The center lead is in electrical contact with the mounting tab.

Thermal pad contour optional within these dimensions.

JEDEC TO-220 varigtion AB, except minimum lead thickness.

‘b TExas

INSTRUMENTS

www.ti.com



MECHANICAL DATA

KC (R—PSFM—-T3) PLASTIC FLANGE—MOUNT PACKAGE
0.420 (10,67) 0185 (470) . .
0.156 (3,96 0.380 (9,69) 0120 (3,05) 0170 (4,32) |
L1598 1595) E3.71)] DIA —| A 0100 (254) e %ﬁ%
y / ~ A Y -T—'l |
/ N ——
¥ 0.270 (5,86) 1 —
&—*3 0.230 (5,84)
0.507 (12,88) l
0.480 (12,19) | ; |
A\ I ' 0.650 (16,51) I —A\
0.350 (8,89) ! U LT6:51)
i 0270 (6.86) ) 0560 (14.22) -~ 7o i
| A\ | 0.330.(8,38) |
A (Y & ST . . - I__\
l Exposed
al Thermal Pad
f T A
A\ 0125 (318)
0.250 (6,35
. I—— MA(X )
0.580 (14,73)
149 0.500. (12,70)
i\ 3 |
0.035 (0,89) 0.070 (1,78) | 0115 (2,92)
0.028 (0,71) < | AN omas) ! 0.080 (2,03)
[ 4[0.010 (0,25) @] -~
[0:100 (2,54)] 0.024 (0,61)
M 5012 (0.30) ViiN
—{0.200 (5.08)

4040207/C  03/2004

NOTES: All linear dimensions are in inches (millimeters).
This drawing is subject to chafige without notice.

Lead dimensions are not controlled within this crec.
All lead dimensions apply befare solder dip.
The center lead is in electrical contact with the mounting tab.

The chamfer is optional.

Thermal pad contour optional within these dimensions.

Pernepes

Falls within JEDEC TO-220 variation AB, except minimurn lead thickness.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and services at any time and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verify that such information is current and complete. All products are sold subject to TI's terms
and conditions of sale supplied at the time of order acknowledgment.

T1 warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with Tl's standard warranty. Testing and other quality control techniques are used to the extent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for
their products and applications using Tl components. Te minimize the risks associated with customer products
and applications, customers should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patent right,
copyright, mask work right, or other Tl intellectual property right relating to any combination, machine, or process
in which T praducts or services are used. Information published by Tl regarding third-party products or services
does not constitute a license from Tl to use such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsible or liable for
such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that
product or service voids all express and any implied warranties for the associated Tl product or service and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Following are URLs where you can obtain information on other Texas Instruments products and application
solutions:

Products Applications

Amplifiers amplifier.ti.com Audio www.ti.com/audio

Data Converters dataconverter.ti.com Automotive www.ti.com/automotive

DSP dsp.ti.com Broadband www.ti.com/broadband

Interface interface.ti.com Digital Control www.ti.com/digitalcontrol

Logic logic.ti.com Military www.ti.com/military

Power Mgmt power.ti.com Optical Networking www.ti.com/opticalnetwork

Microcontrollers microcontroller.ti.com Security www.ti.com/security

! Telephony www.ti.com/telephony

Video & Imaging www.ti.com/video
Wireless www.ti.com/wireless

Mailing Address: Texas Instruments

Post Office Box 655303 Dallas, Texas 75265
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