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Forest Structure: A Key to the Ecosystem

Abstract
Forest stlucture is both a product and driver of ecosystem processes and biological diversity. It has become apparent in recent
years that changes in forest structue as a result of management for timber production have undesirable consequences for other
components of forcst ecosystems. The objective of this paper is to prcvide an ovefliew of what we have learned about the
ecological roles of forest sffucture in the Pacific Northwest and how forest structure changes as a result of distrbance and
succession. Forests arc structurally diverse, but many structures derive from the same processes of disturbance and growth.
Consequendy, measurements on a few structural attributes can be used to estimate many other structural conditions. Particularly
important components of forest structurc include live-tfee sizes, vertical foliage distributions, horizontal variation in canopy
density, and coa$e wo{xly debds. Knowledge of the ecologicdl roles of these structures has increased in recent years and we now
have a genenl understandiflg of how these structures change during succession. Although the ecological values of forest struc-
tures are now more widely appre.iated, we still have many significant knowledge gaps including the e.ological roles of below-
glound structure. woody debris. and landscape pattem,

lntroduction

Forests are three-dimensional systems whose bio-
physical slruclure pla)\ major roles in ecosy\-
tem function and diversity. Forest structure can
be thought of as both a product offorest dynam-
ics and biophysical processes and as a template
for biodiversity and ecosystem function. Conse-
quently, understanding lbrest structure can help
unlock an understanding ofthe history, function,
and future ofa forest ecosystem. The impofiance
of structure is especially apparent in coastal for-
ests of northwestem North America where trees
can reach great heights and diameters (Waring
and Franklin 1979). ln these forests, structures
play many roles in the ecosystem, e.g. large leaf
areas intercapt radiation and precipitation, gaps
in dense canopies allow trees. shrubs, and herbs
to regenerate, and large live and dead trees pro-
vide specialized habitats for many species (Fru1klin
et al. 1981, Spies and Franklin 1988, Franklin
and Spies 1991). Forest structure is shaped by
natural forces such as wind, tire, and succession.
Increasingly, the structure offbrests at stand and
landscape scales is controlled by forest manage
ment (Spies and Cline 1988, McComb et al. 1993).
Managers have typically manipulated and restdcted
variation in forest stlucture to marimize timber
outputs (Fnnklin et al. l98l Hansen et al. 1991).
However, as the range of forest stnrctures becomes
limited, so does the diversity of wildlif 'e habitat
and other values. Knowledge ofpatterns ofvaria-

tion in forest structure over time and space can
serve as the basis of forest management strate-
gies that seek to sustain a broad array of forest
goods and services (Spies et al. 1991, McComb
et al. 1993).

Our knowledge of forest structure, its dynam-
ics, and its significance in ecosystems has advanced
considerably since some of the fust efforts to
understand the ecological importance of forest
sfucture (Fmnklin etal. 1981, Harmon et al 1986,
Spies et al. 1990a, Ruggiero et al. 1991, Spies
1997). However, knowledge gaps remain, leav-
ing considerable uncertainties about the ecologi-
cal role of forest structure. In this paper I will
briefly review some of what we have leamed about
forest sfucture in the Pacitrc Northwest and identify
areas where ourknowledge is especially dehcient.
In panicular, I will examine what we know about
how tbrest structure changes as a result of distur-
bance and succession in coastal Douglas-fu/west-
emhemlock forests (.Pseudotsuga mmziesii./Tsuga
hete rophylla). I will focus on four major compo-
nents of forest structure: live-tlee size distribu-
tion; vertical foliage distdbutionl horizontal pat-
tern; and coane woody debris.

Components and Patterns

The term 'forest structure' encompasses many
things and can be described in numerous ways.
Essential attdbutes of forest shucture include:
structural type, size, shape, and spatial distribu-
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TABLE l. Cl|)lrponcn(s of ibren structLrfe.
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PrLtch \ize

Parch shapc

H!bir . r t  cor  ect i ! i t i

Edge densi t r

tion (vedical or horizontal) of components. Forest
structure compriscs nunrcrous components (Table
l ), many of which are fuldamertal to the func
lioning and diversity oI ccosystcms. For example.
i i)rcst canopics vary both verticallv ancl horizon-
tally and play nrajor roles in intercepting radia
tion. colrtroll ing nicroclimate. and deteminin-q
habitat. In addition. the perspective ofthe obserr"er
(i.e. above canopl'. forest inlefior, orbclow ground)
intluences the appearance and kind of ecological
lirnctions obsen ed. From abole the calopy wc
can measurc thc c1'ftcts of canopv surfirce struc-
turc on rellectance ancl grs tluxes. and rve are
able to study epiphytic habitat stlrtcture and canopy
decadence. From bclow thc canopy, we can study
the ellect of structure on trarsmission of light
through canopies and gaps. and measure relative

crorvn position and shape. Within stands, tnea
surements oftee sizes. biomass, and dist butions
of shmb and herb lalers arc important to Lrnder-
standing forest growth and habitat potential. For-
est stlucture ofthe soil surt 'acc and below ground
are not well sludied (Spics ct al. 1990b. Crift iths
et al. 1996) but are very imponant to fi)rest growth.
nutricnt cycling. and habitat tbr vefiebrates and
invertebrates. In general. our ability to see lnd
measure patterns (e.9. spatial dislribution of for-
est trees and stands) and structurc is ahcad of our
understanding of the rolc of structure rn ecosys-
lem plocesses.

Quantifying relationships among diff erent tin.est
\ r ru . lu re \  . i r rn l i l i e r  lhe  p locc .s  o l  re r \u r ing .
understanding. and nanaging forest structure. For
exarnple. scientists have used allonlctric rclation-
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ships \\,ilhir trees k) predict cro$'n characteistics
lrom sten diamcters (\l 'rr ing and Schlesingcr
1985). At the stand le!cl. overstory canopy char-
acteristics sLrch as sten densily and gap size have
been linked to composition ancl d-v-nall ics of tree
fcgeneration (Gray and Spies 1996, 1997). Struc-
lural attr-ibutcs llso change \\'ith time. A compre
herrsivc study of stand structule over a 900 yeat
chroDosequencc of Douglas-11/westem hemlock
stancls in \\,estem \\ 'ashington and Oregon (Spies
cL a l .  198E;  Sp ics  and Frank l in  1988,  l99 l )  ind i
cates thal t\\,o general trcnds exjst (Figure l, Table
2). One struclural tri!ectory. ti)lloNed by rttlibutcs
such as trcc size. biomrss. and lbrest t loor depth
I r r l l , ' \ \ . : rn  .  .h , rpe , l  pJ I le f r r  Ju f ing  \uccc . \ i r ,n
alicr stand-rephcement disturbalces. This path-
wry is related to strnd growth phenomena that
occur tbllo\! ing stard replaccment disturbances.
Trec gro$'th and biinrlss increase slowl! at 1lrst,
then increase rapidlv unti l growth rates and bio
rnass lccumulations slow as ffees reach maximum
size and sites reach maxinum capacity to sup-

port vegclative gro\rth and biolnass. The other
trajectory. follows a 'u-shapcd' patte and in-
cludes attributcs such as amount o1 coarse woody
debris, biomass. and di\,ersit) of the shrub and
hcrb layers. This pathway is lbllowcd by cor.t.tpo-
neots that allain high levels in earlv stages ot suc-
ccssion. eilherbecause ofcatryover from the pre-
vious mature stand (e.g. rvood"v debris) orbccause
the open condil ions are tavorablc 1o growth (e.9.
shade intolerant plants). These conlponents then
dccline *ith decay or canopy closure and then
incrcase agail later in successton as sti inds pro
duce morc dead wood and -raps open in the cano
pies. Although individual stands dcvclop in a rvide
Yariety of ways. general tentlencies all0w one to
pledict the characteristics of one type of ti)rest
stlucture f(nn knorvledge of another (e.g. foli-
agc height distributions from tr-ee dbh variation)
(Spics and Franklin 1991) and to prcdict tutrue
states of a population stands fuom kno$ledgc of
their current forest stmcture (e.-q. knowledge of
currenl size/age distributions and specics of l ive
trees can bc used to estimatc lulLlre characteris-
tics ol dead tr-ees).

Four lmportant Components of Forest
Structure

Particularly imponant components of forest struc-
ture include: (l) tree sizc/age distribution, (2)
\,efiical tdiagcdistdbutions, (3.) ho zontalcanopy
distributior, and (.1) dead wood. Thc traditional
u l l J  mr , \ l  con  l l r ,n  mac:ur 'es  o l  l i ' fe . l  : l r l t ( lu tc
are thc size and age distribulions ofthe trees (Snlith
l9E6). Size distribution ol l iving trees is closcll
linked to many other structural leatures (e.g. 1()-
l iage distribution. crown attributes) or the polen
dal to producc other t-eatures (e.g. dead *ood of
ditltrent sizes). Size disribution and densities per
unit arca are used to calculate grou'th tnd yield

char.Lctefistics duri g ralur.rl succc\!io. jn Douglas-tir lorc!(s
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as $cll as makc dccisions about haNesting or
thinning fbrest stands. Size dish'ibutions ale also
relatetl to imporliurt habitat clcncnts suclr as
crnopy layeling rnd nest site availabil ity. Tree
size is indicative ofage distributions but thc rcla-
tionship betu'een age and size is l iequently not
very stron-g- H(}wever. even-aged stands tend to
halc rclati lcl l narrou bcl)-shapcd size distribu-
tions. rlhereas ir uleven aged stands. diameter
disribulions approxinatc negative exponential
functions or exhibit a series of pealis that repre
sent establishment events (Smith 1986).

Size distributions of trees in unmanaged co-
rilerous lbrests are strongly related to disturbance
histor_v- rnd time since the last stand-replacement
disturbance. T5rpical pattems of sizc distribution
can be iclentit iecl, although many strnds wil l de-
r,iate florn idealized pattems. ln centuries o1d,late
succcssional f irrcsts. f 'requency distributions of
trees typicalll, appro>iimate a negali!e exponen-
iial distribution. InteflDediate disturbalces such
as partial l ires can remove understory and over-
storl trees. altering horizontal lnd spatial pattcrn
of canopy tir l iage. In some cases. different dis-
turbance histories can produce similar sizc dis-
tributions oftrees. For example. u here parlial tires
leave large ren-mant Douglas frrs. late-succcssional
diameter distlibutions (lregatiYe exponential) can
arise in less than 100 lears insteadof four orflve
centuries (Spies. unpublished data). Proccsscs or
species that u.e sensitive to conditiols ir multi
layered canopy foresls mly not distinguish bc-
tueen the two crses.

If similar forest structures can arise fron dif-
terent stand histories then there may be options
to create desired stand structures through silvi
cultural practices. It is becoming increasing cJear
that tr-aditional tbrest maoagement practices will
not produce the sffuctures lbund in old gro*th
stands or will not procluce them at the salne rale
as in natural stands. For exanlple, Tappcincr ct
al. (1997) fbund that glo$th rirtes of individual
young trees in dense forest plantations are nucl'r
slowcr than thosc ofi)ld-gro\&th trees in unmanaged
tbrests when those trees u'ere young. If the objec
tive of managelnent is produce old grorvth struc-
tures fion forest plantations, fulure foresls will
probabl)' not have the same stmctulal charactcris-
tics ascuncnt natural old-g()wth tbrests. unless stund
densities in plantations are reduced now

Foliage layering or vefi ici,rl tbliage distdbu
tion is another component of foresl slmcturc that

plays inrportant rolcs in wildlit 'e habit t. absorp
lion of solar radiation, and in the microclimate of
the forest. Foresls can havc distinctive horizontal
layers of vegetation. but typically lbliagc is dis-
tributed more continuously fron the lbrest Iloor
to the upper canopy with peaks in thc profile.
Duri|rg succession. lorcst foliagc distributions tend
to incrcasc in hcight and evenness. Evidelce is
nlounting that other ti)rest species such as birds
and epiphltic l ichcns also respond to this verti-
cal gradieDt of sfuclurc and microclimate. For
exarnple. venical foliage diversity may f'acilitate
thermoregulatioD b)r noflhern spottcd ourls (Slrlr
otci dentalis taurirtu) (Guticrrcz 1 996). Epiphyitic
l ichen spccics arc clistributed rt dif lerent heights
wiLhin muiti laycrecl Douglas-fir lbrests (McCune
el al. 1997). Until rccently, it was nearly inrpos-
sible to measure lbliagc distributions directly and
most studies had to use su[ogatcs such as tree
height and canopy depth to evalualc 1i)lia-qe dis-
tributions in stands. New rcmotc scnsing tools such
ils lascr alt imctry now give us the abil it), to di-
rcctly mersure this attribute of fbr-est structure
and examine its variabil ity across landscapes
(Wcishampcl ct al. I 996. Let.sky et al. in rcvierv).

Forests ar-e horizontally stlxctured into a no
saic of dif ' fbrent canopy densities and gaps. Be
cruse light is l imited \\ ' i thin most lbrest systems.
r,ariation in lbliage densit)'plays important rolcs
inregeneration andunderston devekrpmcnt. Gaps
contribute to spatial diversity. facilitatc trcc re-
generation, and eDable herb and shrub spccics to
grow and reproduce rvithin late successional lbrcsts
(Eck J98;1: Steu'afi 198:l: Taylol 1990; Spies et
aJ. 1990a; Lertzman 1992: Gray ard Spies 1996,
1997; Van Pelt and North 1996). The role and
dynamics ofgaps change with succession. Canopy
gaps become larger and closc morc slowlv as stands
become older (Spies eL al. 1990a). In contrast to
gaps. patches of remnant canopies hclp crcate
diversity io early successional forests (Goslin
1997). Remnant trees can retain epiphytic l ichen
species and become a source of propagulcs to
populate the canopies of youngcr conifer strnds
(Sil len and N-eitl ich 1996).

Coarse u'oody debris plrys many roles in for
cst ecosystems, including wildlife and tlsh habi
lat, walcr storagc. nutrient cycling. and soil
development (Maser and Trappe 191|];1. Harmon
et al. 198(r. lts rolc in tcncstrial and aquatic habitat
is gcncrallv understood. Many species oftenesnial
vcdebrates, invertebrates, plants. and fungi use
deca,viDg wood as sheltel. as substratc. and as an
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energy source (N4ascr and Truppe 198,11. In streams,
dead *'ood helps create habitar complexit) 'for
salmonids (Sedell ct al. l9ll8). The role of dead
u'ood rn sitc productivity is less clcarthan its role
as habitat. It can coDtribute nitrogen to soil cco-
systems via fixation: ho$'e!cr. this contibution
may be small rclative to other sources (Harmon
rncl Chen l99l ). On dry sites. decaved wood may
ion l r rbu l .  r t ru . l r r re \  lo  lh (  \ , ,11 . l  ( rc l l \ in !  ua lc r
holding capacities (Harrnon et al. 1986).

Thc abundance atd distribution of dead rvoocl
in a tbrest is stronglv contr.olled b)'dislurbance his-
tory. Although oldlbrcsts tlpically accumulale rcla-
tively large anrounts of dcacl wood. the highest
iLmoults arc lound in vert' young forcsts that origi
natc firllorving distulbances that kill ovelstory trces
(Spies et al. 1913131. Consequently. thc grcatest dif
ltrencc in the structure ofmanaged I's. natural for-
ests is probabl! in loung stands rvhich typically
havc low anrounts of dead \&rxd under traditional
timber managcment systens (Spies and Cline 1988).
Coarse u'oody debris in streiiLl]s cotrres fi-om two
major sources: (l) streamside clisturbances and
moftalit)': and (2) landslides and debris flo$'s in
headwall areas. u,hich entrain uoocl and deli\er iL
to liuter steanl channels. Management of strelm
channel structure iud watershccls rvill need to take
both sources ol'wood into accounl.

Conclusion

Studics over the last 20 yclrs have shown us that
lorest stmclurc is more thanjust variation in tree
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