CHAPTER 5

Age-Related Development
of Canopy Structure and Its Ecological
Functions

Hiroaki T. Ishii, Robert Van Pelt, Geoffrey G. Parker,
and Nalini M. Nadkarni
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Introduction

For many vears our view of forests has been twosdimensional and the strocturn and dvnamcs ol
forest ccosvstems have been stodied and analve o wsing doata expressed as stem map that i
cate the X and Y coordinates individual trees along with species and suee inlormmanon (e

meter at bicust herzhi In rescan b that mvved towared dexcurme TRTEETS the |II!I'l'--|ill|-"'||'-|""r|-ti||'|

orests, the vertical varable (Z-coordinate) most often comsidered was tree height. “Stand strue-
e wslly referred o the species composition ancl tree size chstnbunon ol forest stands and

wnnetimies incduded informagon on the two-dimensional spatial distribution ol trees ane tree

height. Because humans are confined o th ground, we have been unable o study o d tail the
three-dimensionad (3D structure of forests, mclading the forest canopy Instead, we mderred ree
growth froum diameter increment al breast hetght, and competimne mieracions anong irees rovim
analvsis of the relationship between horteontal spatal dsmbunon andd divmeter growth or mor-
takiry palterto. (e Kenkel 1988: Duncan 1991; Swhigren 15995 Biondi et al. 1994, However
we have alwavs known that the dynamics ol lorest ecosysiems, i huding: growth and competitve
interactons amonge indivichaal rees, ocour m the canogw and not at breast hewght (Krapeek e al
1] Hix and Lorimer §9940); Bravo o al ]

Currently, there are techminues that enable i and repeated access o the forest canopy 0
siudy the 3-1) structure ol forest coosyRicTS and cooloegcal procesus ocourmng in the canop
Miollett and Lowman | 995 The 3= distrbution ol tree crown reflects how trees oo 1% space

in the CAnOpY L0 ClpTr light resounc and drves ontical ecologm al [(INOCCSSEeS i h as stand
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BnE stancis and plantEaions an structurally homoeencous and -1|..|.'..
.rriu_';--_;nn-.'-- stuncls (see Figure 5-1). Thes dilference has been shown thro
ol two=chmensional stand stracton “1|---|' COmMposion a il tree siae ohis
Bilere with mereasing stand age, and speabc strocturml elemeonts such
gan characierize older stamds | (reviewed by Franklin e al UL | he
’.I."h‘.ll'h Wil ol A N HHegrEaive coeepd [0 regaresenl L Cormnh
prowth forest However, many of mesisures and ek used
lll['-.!lill ity such o M 'l".||---III i, Uree=stee dstribuoton, and albwinila

ng stand aee and present o 3-1) can i perspective ol

evosysiems. Because trees form (he basic Dramewi

fe=tin truciural ol veloprmenil of the lorest can

e and maximum o henght ol species
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re derved Irom two=dimensional, ground-buased measurements e Franklin et al, 198]:
'."l1l-.|'.||]!ll|:s.!"'| 199 ] - Wells et al. 199 wim and Crowve 1999 Stawdhamonu il LeNlay
ML Ope ol the olpective or ik leugs s ol strvciural complesaty s o destinguish
Rttt v odd-growth Torests from WIS ands and 1o establish crmierna Tor enhancing
gt growth lorest structure in managed stands lor comenvanon  purposs such as creanng
makdlife halitat (kohm and Franklin 1997 Sauth et al, 1997 Carev e all 19990 Hunter 1999
bindenmaver and Franklin 2002, In order to meet such management obiectives, we miast indes
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MEASURING CANOPY STRUCTURE: THE FOREST CANOPY DATABASE PROJECT

e = S

Nalini M., Naclkarni and Judy B. Cushing
[he increasng intercst and realization of the imporance of canopy orgamsms and interes

tioms in whole-forest ecology has  generated  an - unprecedented amount of  canopy dlata

Lowman and Wittman 1996, Both the types and amouants of

Py structure data ane

chunging rapidly. In the past, scientists working alone with ssmple ropre-climnbing technigues
groerated siuches that F'ﬁ“fhl-rl! (airdy small datnsets, However, recent access innossitions
permil muliiple teams of scientists 1o work within the same volume of the canopy. Canopy
scientisis have o deal with more data, new kinds of data, and the need 1o shore data
Parker 1995, Data collected by canopy research teams will be unclul 1 other scieniss
c.g.. geographers and land use managers), just as data emanatng fran allicd Gelds coubd
abd [orest canopy researchers Parker ot al. 10902

Historically, canopy scientists have wken, stored, and analyzed data i independent anid
ichcsviioratie wave, In 1993, & weam of forest canopy ecologists and compller saentses
received a planning gramt from the National Science Foundation's (NSF) Database
Aetivities Program. The project brought ogether (orest canopy  resean s, f|'||1|n'|1|.'1[i\r
scientists, and computer scienlists 1o work toward establishing methods w collect, store, dis-
phaty anmalvze, and interpret three-dimensional spatial daw relnting 1w tree crowns and for-
Sl canopics

A survey we conducted on the perceved obstacles o the ndvancerment of lorest canopy

siudies (Nadkarmi et al. 1996 revealed that canopy rsearchers believe that our anider-
standing of forest canopy hiota and processes 15 nol lumited by canopy access (as we Jud

AnCTpae . but rather by two characteristics of candpry clata

|, Lack of quantitative tools that allow canopy researchers to analyee the complex throe-
dimensional spatal datn associared with forest canopy studies, anvel
0 Lack of harmonized datasets—forest canopy researchers have tended 1o erllect dhata in

M=o RAT alille formmats

Fow progecis haive commaon methodologpes or dlata formats, so their resmdtng il e rvations
are oot easily shared and compeared. Thus, the study of it forest canopy is perceived as being

held back by the lack of data management tools. However, the redative vouth of the held

with its lack of entrenched methods, begacy datasets, and conllicting camps of comnpeting
LTI provides & umigque opportunmty lor mi erating data management and anihvsis tool
inw the research process (Lowman and Nadkarmi 1995, The sociology of the disciphine is
conducive 1o sharing data; researchers appear apenly communicative and supportive ol e h
other’s work Nadkuomni and Parker 1995), In particular, chiwumentng tree and forest struc-
mare is fundamentl 1o describing and understanding forest ecology, physiology, and Toe-
est/atmasphere interactions [Parker 1995, However the task of des nhing, visualizng, and
analvene structure is extremely difficult because wees are lange, wregular, dynanic, and oper-
ate on time scales that are different from humans, Statistics and visualzation bave not been
worked out Trees may not be “individuals” from the perspective of thewr associted orzan-
s (e, --1||E1hl.|1 <. birds, aned microbes). Rather, branches o imdividual twis might be the
appropriate sampling unit. Historically, re warchers who study tree and forest structure have
userl a large number of different and non-complementary approaches 1o describe, visualyze,
and analyee sorocture, They have wsed @ variety of different waols and approaches that result

in u diversity of wayvs of seeing the structure (Parker 19951 Thus, the stae al the art s that

although there are many wayvs of quantifying foreit structure, lew are compatible with each

other. The time
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MEASURING CANOPY STRUCTURE: THE FOREST CANOPY DATABASE
PROJECT-cont'd

rescarcher from cach study works with & programmer (o provic mritadata and 1o structore
his or her data w0 fit one or more exasting beld da templates, or 10 generate a new Wem-
plate for novel data types The current lormat s implemented n SQLServer, Java, and
HTMI

Ihe thivd component, called *CandpyeView,” takes data from the daabase and allows
4 researcher o select a means of visualizing the data in two or thiee dimensaors We prie-

yicl an armay ol visalzanon b |n=||_||1 % anl 1_.|.||:|r|l- & Lo '--.Ilil h i |:|u|,|u III'I- Li \..:FII}IIII'.

we can use simple heght and <y duata for branches 1o ereate “comtour maps™ of the lio-

st canomy (e the outer envelope of the trees) (Frggure 1, We can also display indivadual
L CI |

trees as “stick Teures” (Figure 2 using the dita of A, Sumida [Hoklkaido University), in

which the svz oordinates of each node, messured following methods  deseribed in
Sumida et al. (200, are connected 1w provide a schematic ol the branching structure o
inchivichual trees

vnother approach is w display the distribution ol fohage m a lorest canopy withoul

reward W whwh nchividual tree s atched o a gven ey of b LR Fuare 3 ]"]lnl' ilis-

nbuton data were peonaded by GG Parker (Somthsonian Favironmental Research Center

Fqgumﬂ [ rtiapurrate o m il i 1l arl m Mosviand, U'SA 1 Todar demury depocted wuing

Ve Vs, Diaea frioem €6 Parker
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MEASURING GANOPY STRUCTURE: THE FOREST CANOPY DATABASE
PROJECT-cont'd l

Ohr efforts to create a ditabase lor the cCanopy rescarch o iy will help push for-
Sl | :|'|:' CIMcrEing 1 -f il sCICTmCE II|"l.-' .'.i--- I e ':J|.|‘ T -“-::I i -Ill-i |'u VICWTET A8 A
model Tor other emerging arcas ol coodogy where diata-linking i data-shanne can b
etieciive i inlegraling. 1tk ilis froam il ||- remit stk |'.|- 1..:-..|-:||.I'.. will .|""| 1 '!r1|1-
pment o the Geld w more efficiently address both mu lectually stimulating and emanons

-|_:|-. |..|.-.-i":.||:| '--||.|! IniErest --.|...||-'|.‘|||- :ul|-'.-!'..'r.-|- il L _'l|.|.|.|,||||I||||I-
We anticipate that the database and tools can scrve as an ex mplar for other i rebiscipli-
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Liroswn interactions |ti.1'. an mportant e In -||-|.-_-|_-|;.'||||'_: il -.|r.l.I|.|| lstribution of trees
within the AT |"'|-1 and Sorcensen 1991, “Clrown shyvness™ 15 a PN where crowwns
of :L'_i||'l111||!“- IFCes Are separaii d bw small P This has been attpbuted o mechamical abra-
ston (Puate et al. 1984 Rudmcks et al. 20008 and o changes in the e and direction of branch
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FIII.I] distnbution of conferous tree crowns 5 more sronely  determaned b the

R competiion. In a western hemlock forest in northern Idaho patial disinbution o

Eeame increasingly regulur with increasing dinmeter, mdicating that o
o increasingly regular spatial distnbu

W COampetibon res il

i monalny of spanally agerewated voung trees, leading o
o & Irees morease i siee ([ Moeur 1993 Similarly, in the o e B TR
mElock forost at the Wind River Canopy Crane Research Facility in southwestern Washington
siate, tee abundance decreas wWith nereaane CRbc ] and hérizontal spatial
ibution of trees changes Trom ageregated distributions in the lowes canogry o increasinghy
gemilar, dispersed distributions with increasing cancpy height (Van Pelt and Franklin 2000: Ishii
el 2004 Sone et al. MHM
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there are tew physical lations o canopy heght e i hoons and poor soil conditions
Y Peciice CORpcinion armong it

Crulehin amnd Lonmer 1985, However, in WIRl1]

orcal limtations o hewehi

kst trees, allowing early succession cies 1y coexist in the upper
L m hembock orest at the Wi

ancygy with the Lts

gemonal species. For example |
River ( unopry Cran Rescarch limate an it allow camopy trees 1o reach

peghis over G0 m. In this forest, upper-canopy 1 [ 1zl H! 'm| of all species have
aitmined maximum crosan siee sl shions vorwth (Ishin et al, 2005, In
the absenee of crown commpetibie, bon g=livesd poneer species such a Doughis-0ir mav be ahil

toramt with the late-sucoesstionul species 1 the upper « AN Ishisn aned Ford, 2002, Similarly, per
stence of a long-lived, emergent [ONCCT SpHTH Fraenfvidms  resmm, i observed i sowtheastem

Aistrabia and the Westerm Pacihic where mbd climans condition Iis divicdks pment of il

EpHCs Lindhrmnmaver et al THNY

Stochastic Processes and Development of Structural Complexity

With inereising st apme, st hustic Prowcesses § wh as mortality of incdnvidual trees

gops in the CIMOP and small-scale disturbanees that case dag agre and che-hack o

wereasmely impaoctant roles in creating structural complexity of the forest canopy. As 1

BELET =, miaicns e oot expansiog o 1] IPPEr canopy il it

P!r"ulh il o LR surdace. In Douglas-fir-western hemlock forests A created e the e

. T i { | i i 3
o alies imdivicual tree mortality are not flled by ghbomme trees, andd tha U PET=CaTopy

srface bevomes e ngly heterogeneous with mereasing stand age see Figure 5-4 This mav
be a distmaushing stroctural charactensioe of older stands thar develops as a result of stochasti

[P RAS anl ||:.'. 1 i .~| VTR Tid CTOARTE EXTaITso

Many treves in o rrowth forests show evidence of past damaee and re-erowth, such a

Torks
andd crooks i the mumm stem (Ishid er al, 20000 In wopical forests and monsoon regions that ar

frequiently affected by windstorms and ivphoons, crown damag comumonly observed Pute and

Brokaw 198% Coors and Gra 9951, Drowghts, Tongal infes wert onthreaks, and Toeest

Bres can also cause defohanon ined dic-hack ol the croman ane are alten lolliwved b e growih
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Figure 8-4 Tupsgraplyy of ile upgeescanopy surlace of Dovglas-fiv Gavats of differens g 1 ae wgagoer<c ey sairfl

rinies fdreastgety hrteros et e ingh wth creneing stand age T Puigrmil micasuty ol siuface mocghoes
aliulate] as the andard ey vansses o amite canapy b iehit, w 5.0 v oo, atd 1508 m e sommz, tertredaae arwd
rronw il sirml L GRS

e, Lanner and Brvan 1981 Piene and I veleieh 199G Sharma aned Rikhard 1997). Seochasticits
of small-scale disturbances nllowed by e --_:I-l'.-'u1|:| of the crown adds varialnlity 1o the otherwise
determnistie architecture of trecs and enhances structural complexity of the forest canopy

In laree, old mrees that have reached maximum - crown sige and folinge amount, the balance
lwrtween ||:u||:1|1'||'.|' and r|r'|||r.--1h|| Ve OTrEals becomes rr.u!ll',.f!'. rI1I'|le|.I-II|: Ly ITEATLAI T
all |||:..-|Eg|.; vy (K ||1|'|.!|l_r.l. and Daviclson 1999, The crowns of laree old trees are maintaaned
by “reiteration.” where archipectural units are duplicated within the tree from suppressed  budy
prolepug reileration) or from growing axe a\”-';llln retteration’ [Halle et al. 1978; Bégin and
Filion 1999), Reiteration often ocours by epicormic shoot producnon, where new units are pro-
duced when dormant buds in older tssue are released from suppression. Damage and die-hack

of the erown due to small-scale dist

urhances or physiological lmitations are olten followed by
eileralnon generaiing _[.l|a|-||.|._||‘,| WL AL froam exIsnng branching structure, thuas Miciently main-
amng folisee amount without mcreasing |1'rt'-|l1'-'!'u tive bomass, Reiterapon contributes (o
prodonging tree longevity by reproducing dead and iving crown CONTIPOnETS Brvan and Lanner
1G98] M |r~|'||_:-|l.'.1-1:. late-sucnessyonal spedies can reierale architectural units and maintan
thi CTOWATL, I cofiirist (o aliort=live r| 1".|||\.--\.l|-|11 '-'1I'H|'||I.] G ] 'n.j.'ll how Illl fis |'I.IH |I bt -1’1I|lf'- (T
reiterate crown components (Millet et al 1998, Redteration of vanous archiectural units rang-
ing from shoots and wigs 0 entire branches and vertical axes (retlerated  trunks) has been
ahserved in some lamge, old irees of long-lived species, incloding redwoods (Seguos sempreams
Sillent and Van Pelt 2000) and Douglas-fir (Ishii and Ford 20015, Understory trees ol European
beech (Fag

reiteration when growth is suppressed doe to limited light condions (Nicoling e al. 2000 In old

plcatical, o shade-toleram, late-successional species, maintun the crown by means ol

Douglas-fir trees, reiteraton enhances structural complexaty of the crown by increasing branch
sl -.._|r|._4|:a|||!wL t‘-|i.li arel Wilson M Eeternton also comtribates (o enduun i.l:-," striictural coami-

plexiny b creating -u]l1'||’;.| structural features such a8 reiterated trunks, fan-s<haped clusters ol
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EpRCOTTI biran hoes, apicl 1||.l'!--|:'-'-i aped forke within branches, making the crown of each tres
'hu:h!t mcdmvidualistic amnd trregsular” Franklin et al U s | e
Structural Complexity Enhances Ecological Function

Biae of the most pronounced cffects of human activity on the wd bisphere i the dramat

thange mourred on ecosvstem funcoon and the dechnmng v cawsed by defor-
Saation | Wilson and Peter 1988; Perry and Maghembe 19859 Kimmins 1997 Humans have sun
plified ecosvaiem structure by converting natural forests (o voung stands, plantation forests, and
mhll_ll'.ll.l, helds. Manaeemcnt pracices alleit the structure [Fenper 20008 Lindenmayer and
RECrthy 2000, hnwetion (Perry and Am apthus 19970 and baodiversity (North et al, 199

Beere and Bivant 1999) of forcst coosyvstems and amplification of stand structure leads 1o dimin-
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114 Himoki fuit, Rodevt Vim Poit, Congliey (5, Parker, wnd Nding M, Nasilars

ished ecosystem funcdon and biosdiversity decline (Bunnell and Huoggard 1999 This has raised
much debate over luture polices for orest ccosystem management. One « luntion for enhancing
ecosvsten Tunction and biodvensity of forest ecosvstems may be o manage forests (o increase
stand structural complexity (Chnal 1997

|}|'1.|-||.F::||||'|||_ of stractural « |||||_||]| It o 'tF!I'I.l.I.Il'- that ol the forest T, enhances 1l.l-1l'fi'|!l'i:l-
ductivity by promoting complementary resouree utilization among species (Ishin et al, 20045
Development of complex: canopy structure comprising various species and life forms results m
effective packing of biomass in the canopy. This promotes greater spatial and temporal parti-
tioning and more efficient otilization of light resources, leading 1o inoreased stand  productivy
Kirn et al. 1969 Smith and Long 1989 Hardey 2002, Svructoral complexity of the forest
canopy also enhances biodiversity of anopy-dwelling organisms by increasing envirommenital bets
meity (e, varation of microbabitats and the range of microclimaies) (Klopler and

L}

MacArthur 1960 Planka 1978 Carey et al. 19989, Structurally complex canopies enhance biogs
diversity of a variety of organisms, including understory plams (North en al. 1996; McKenzie e
al. 20001 Van Pelr and Franklin 2000; Brosofske et al. 2001}, epiphvies (Rhoades 1987; MoCune
1993; Lyoms ot al, 20000, birds (MacArthur and MacAnhur 1961; Hansen ot al, 1995; Beese and
Brvant 19949, small mammals (Emmons 1987; Carey 1996, and arthropods (Schowalter 1995
Oranne ¢t al, 19497 H_1|,11 et al. 20000 Hijw o1 al. 2003 Athough there are other mechanisms
that promote biodiversity (e.g., development of complex food wehs and sufficient tme for colo-
nization), the development of structural complexity with increasing stand age may be especially
Lot for farest eoosvstems where recs E:'1l'l|1IIIII|'I.IHI|1| |-I||r1IJ| ¢ the structural frnmework and
create o resouree-rich template for biodiverssty in terms ol both fosed amed habsiar (Hunter and
Price 1992: Power 1992: Jones et al. 1997, Understanding how structural complexity ol the for
sl "““'F“ ill'\,l']llF!l “Itll 1|1|||'.|-.i|.|: -u1,|:|u] age i.l. u|-||uur.|r|1 far n.l!ll1|4]1.|.l||i|.l|||.." loresl coosvelem

funcrionimg as well as for inlegritive management ol [orest ecosystems.
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