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Abstract
Thc thrcc dinensional light environment lvithin the canop,v of a tal1 coniferous forcst $as umpled to quantif it\ \'ariation and
localizc thc sites ol radirtion bsorption. Broadband vi\ible (PA:t) and ullraviole! radiation (UVB)were neasured around mid
da) in l1idsumner in .ln old-gro\\'th Dougl.r\-fir^t/estern Hemlock tbrcn in thc Cascade Range in southern $/ashington using
sensofs \uspended frnn $e gondola of a large tou,er cranc. Pat|elns of !e icrl hnsniitance v ied greatly between locations
rnd showed abn\n ransitions from brjgh! !o dark condidons at virling heights. The avefage light field in this canopy $ilh rees
to 60 m was reso l|ed i nto three functional zoncs. ,A.bove '10 m fion the grou nd is a "bright zo ne. where lighIwas rcliably irtense
and predominantl,v in rhe direclbea componcnl. and below 12 m. a "dim zone." whefe light was reliably low and mos tly dil}-u se.
Bet$een these le\.'els is a -transition zonc. wilh a srccp \ertical gradienr in light tfansnlittance, high horizontal \adarion. und a
mixture of bern and difiuse components. The pallcm ofUVB light \'as ver] sinilartothat ofPAR. From the gencral transmir
raDce profile the Ieftic.rl structLrre ofihe canopy \\'as esimalcd 1o ha!c a peak density offoliage at 12 m (less thar one quaflcr oi
the strnd height) \\'ith declining den\ities above and bclo\\'. Thc borlon-heavy crnopy \trucmre found in this stud! dillers
mafkedl] fron the "top-heN\i profiles reportcd ionl managcd or young stands.

Introduction

Vegetation canopies inlluence the intensity. quality
and distribution of radiation. The production of
dry matter in fi)rests is closely rclatedtothe amount
ofvisible l ight absorbed in thc canopy (Monteith
1977, Linder 1985, Cannell et al. 1987. Monteith
1994). which is related to the three dimensional
organization of canopy elenrents (e.g., Monsi et
al. 1973, Jarvis and Leverenz 1983, Norman and
Campbell 1989.). Oftcn. aspects ofcanopy struc-
ture are interred fiom measurements of canopy
light. However estimation of $,hole-canopy struc-
ture requires inlbrmation on light on the scale of
the whole canopy. Yet studies offorest light en-
vironments are usually limited to obsenations liom
lixed structures (such as towers) or ftom the ground
(e.g.. Picrce and Running 1988, Parker l995) and
can rarely yieldpattens representative ofthe whole
canopy. Thus thcre is little understanding of the
general attenuation of l ight with depth in the
canepy, of the point-to-point vadation in within-
canopy light, or of the relation between canopy
structure and light environment in three dimen-
sions.

Stand level neasurcments ofvariation in light
u'ithin the canopy are uncommon. Most attempts
to account lbr variiltion have been made over lim
ited ranges, such as within the reach of a tower
(e.g.. Acock et al. l969, Thompson and Hinckley
1977. Ellsworrh and Reich 1993.Vose et al. l99-5)

or an individual large tree (Yoda 1978). Suitably
extensive obseryations have bcen obtained using
balloon-mounted sensors (Parker et al. 1996).
However, r'ind sheal often makes it difticult tcr
acquire neasurcments neilr the top of the canopy.
In principle, a tall construction crane could pro-
vide the horizontal coverage and stability for truly
three-dimensional radiation measurements (Parkcr
et al. 1992) but this application has not been re
pofied.

The objectives of this study were to: l)assess
the suitability of a tower crane system for obtain-
ing light measurements within the canopy of a
tall old-growth conit'er forest: 2) quantily the \€r-
tical pattem of attenuation and ihe spatial varia
tion of the radiation field: and, 3) infer some as-
pects of average canopy structure fiom such
radiation measurements.

Materials and Methods

Vertical transects of within-canopy light measure
ments were obtained 27 and 28 July 1995. within
the circle of the tower crane of the Wind Rivcr
Canopy Crane Research Facility (WRCCRF). The
stand is an o1d-growth Dougias-firAVestem Hem-
lock fbrest in the Thomton T. Munger Research
Natural Areaofthe Ciffbrd Pinchot National Forest
(Wind RiverRanger District) in the Cascade nnge
of southen Washington (,15'49'N, 121"58'W).
Ths site, near the upper l imits of the western
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hemlock zonc (Franklin and Dyrness 1973), is
r.elati\.ely flat the elevation range $'ithin the crane
circJe is 6 m (D. Shaw pelsonal communication).
The stand is about ,10U500 years old (Franklin
and DeBell 1988) with a Douglas-tir (Preadotsagn
ntet;iesii) overstory (to 60 m). a western hern-
\ock(Tsug.t hetetoplr_r'l1a) midcanopy and an un-
dcrstory of Pacific srlret fir (Abies amabilis) antl
Pacilic yeu (Zrrrr b reviJblia) (.DeBell ard Franklin
1987) .

ALiebhcn 550 HC tou'er crane (Mor:row Crane
Inc.. Salem OR) was used 1o access the canopy
(Holdcn 1995). The crane center is about 550 nr
nofih into the stand along lbrest |oad N400. Thc
jib of the crane stands 74.5 m above the tower
base and has a range of 85 m, providing access to
2.3 ha of the stand. A suspended personnel plat-
fbrm ("gondola") allorl'ed virtually unrestricted
access to any point in the canopy space.

Two radiation sensors were alfached to a l5 x
30 cm plexiglass platforrn suspended 10 m bc-
low the rail of the crane gondola. Thc sensors
included a quantum sensor (model LI-190 SB;
Li'Cor, lnc.. Lincoln NB) which yielded photo-
synthetic quantum flux (PAR. in trrrnol m rs ') and
a Robertson-Berger type UVB meter (model 2D;
Solar Light, Inc., Philadelphia PA), which gave
bioJogically effectivc UV dosage (UVB. in mini-
ma l  e ry themal  doses  hr '  [ see  Berger  1976] ) .
Cables liom the sensors lcd to the gondola where
readings were noted tiom the approp ate display.
The sensor platform could be inverted to yield
measurements of upwelling light. The platform
was leveled with a bull's eye levcl before and af
ter each tlanscct. Inall, l6 vefiical transects \\"erc
made ofdownwelling l ight: at t irur ofthese loca-
tions, tansects of upwelling light were also made.
Figure I shows the transect locations relative to
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Figure L Sixtecn localion! $ftir the WRCCRF crane circle uscd for measurenents of fadiation in vertical rransects. Twelve
$ere used tirr downsclling light only .rnd four for boih up$'clling rnd downrvelling light. The numbers identitv the
indi \ . idualr ransecis.
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the coordinate systgm of the site stem map (see
h  t  t p  : / / c  q  s  .  w  a  s  h  i n  g  t o  n .  e  d u / p  e  o  p  1 e / e  I i  z /
. i te rn . r l .h tm I  r .  Vr \ .1  r \ l  rhe  I rxn .cc l \  uc rc  in  gup.
ofdifferent sizesi relative sizes ofthese openings
$,ere noted.

To aru i t l  t la tn rge  lu  lhe  \ ' r Jne  hu i . l in r  m! r l , \ r
with repeatcd stopping and stading, measurcnents
were taken at regular intervals during a continu-
ous hoist from the ground to nlaximum hcight.
Hoisting in "clutch 2, step 2" gare a reliably con-
stant veftical velocity (ranging 0.18 - 0.20 m st).
Measurcments were taken every l0 seconds: the
vertical position calculated from tinre and velocity
gave a mean resolution of about 1.9 m. Hcight
above ground was noted and depth below a refer
ence plane (including a correction tbr the detlec-
tion of thcjib when loaded by a gondola and duee
people) $as calculated tbr each measurement.

Measurgments were taken within 2-5 hrofsolar
noon (range 1 147- 1528 PDT). These conesponded
to a mean sun elevation angle of60.5 t 3.,1' (range
51.7-63.5). PAR and UVB values l lere all con-
vefied to fiactions ofthe naximum above canopy
values 1br each transect. This ratio is called trans-
mittance here.

Layer Budget of Radiat on Components

To obtain mean protiles. the data were grouped
by 2 m height intervals (centered on even heights)
and statistics lbr both upu'elling (sensors pointed
down) and downwelling (sensors pointed up.)
measurements and both wavebands were calcu-
lated. The components of the radiation budget
(absorbance [A]. transmittance [T]. and retlec-
tance [R]) fbr each canopy layer between mea-
surcmcnt lcvcls were then eslimated

A[n+l,n] = D,., D' + U,, U.*1,

T [n+1,n ]  =  D, ,  +  U. * , ,  and.

R[n+1,n ]  =  U"* ,  -  U , , .

where the U and D denote the measurcd up\\, elling
and downwelling components of either PAR or
UVB fron level n to lcvel n+l I n increases with
height from the ground. For each waveband these
values wcrc in turn scaled by the maximum D.*r
at the top of each transect.

Vert ca Foliage D str but on

To estimate the vefiical distribution of radiation
occluding material (assumed to be tbliage mostly),

the mean veftical pattcrn of PAR attenuation and
the general relationship describing light attenua
tion in turbid media. the Beer-Lambeft (B-L) law,
was used. Because the absolute leaf area index
(LAt) of the study sland was not available, thc
estimation focused on the relative profile, the frac
tion of the cumulative downward LAI at a given
canopy depth.

First, the normalized etttinction coelficient. k,
(the subscript r denotes a normalized variablel.
was estimated by invefiing the B-L law:

, 1nt I(z)iI(O t- ' t  
L h \

u'here I(0) and I(z) are the radiation flux at the
top of the canopy and at depth z, respectively.
L,(z) is the nonnalizcd profile. i.c., thc tiaction
of all PAR-absorbing aLrea tiom the top of the
canopy (z=0) to depth z. At the bottom of the
canopy, L,(z) equals l. Whereas the usual k is
the logarithm of the fractional reduction in light
per unit area, k, is normalized over all the ab-
sorbing area (k. is the product of k and LAI.). As
shown later, the mean penetration of PAR at the
forest lloor was about 0.05, yielding a bulk k, of
= 3.0 (because k, = ln(l(z)/l(0)) when L.(2.) = I ).
Using this value, L,(z) rvas calculated from the
normalized B L relation,

1n(l(z)/I(0))
L.\Lt = - -------;--',

' llr

where I(z)/I(0) is the mean peneffation at depth
z. The profi le of l(z)/l(0) was smoothed with a
4-point movin-q avcrage. Finally, the tiaction of
absorbing area at each level z was extracted from
the downward cumulative L,(z).

Results

Transnittance proliles of PAR (Figure 2) varied
greatly among locations. In most ofthe profi les.
there wcre abrupt transitions from nearly ful1 sun-
light to very dark conditions. There was little
evidence of the grrdual dirninution of radiation
intensity with depth repofied from prohles in other
stands (Y a 1978, Parkeretal. 1995). The height
above ground where light changed swiftly (the
"lumicline") varied greatly among transects. The
hc igh t  ,  r f  thc  lu rn  i c l ines  t  u  hcrc  I  he  I ransrn i l t rnce
profile first declines below half of the incident
tlux) varied tiom about l2 m (transect 9) to 36 m
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(transects 5 and 10). Thc vertical patterns fbr
UVB transmittance were similar to those of PAR.

Thc pattem of i l lumination in indir, idual pro-
tiles rvas generally consistent rvith the size ol'thc
canopy opening: big gaps had lower luniclires
and deeper penetration of bright l ight than did
small ones (Figure 2). However. notall lransccts
contbrmed to thjs rule - transect I was in a large
gap with a high lumicline and transcct:l rvas in a
snrall -eap but had a lorv lumicline.

The general vcftical pattcrns ofmean PAR llux
and its variabil ity are i l lustrated in Figure 3a.
Transnrittance nearthe fbrcst tloor averaged about
5%. though at the very bottom there was an [t-
crease in l ight. Note that. at any canopy level,
rlmost any l lux $,as possible, ever relatively high
tlansmittances near the foresl lloor (e.g., trrnsect
.1 in Figure 2). This general pattern was also ap
parcnt for UVts (Figure 4a). Thc mcan upwelling
)ight il both bands also diminished with canopS'
dcpth. Horvever, in contrast to the curved mean
pattem for downwellin-t l ight, upwelling l ight had

a nearly lineardecline rvith depth. The reflectrnces
implieci by these measurernents were very lorv in
both wavebands (maximum ol<1% firr UVB and
<3% for PAR).

The hor i , ,on t r l  r r r i r t i , . r r r  in  t run .mi  ance. ,  as
estinated by the standard deviation of observa-
tions at a given height, was low in the uppercanopy
and in the deepest layers ofthe lbrest, but high in
the midcanopy (Figures 3b and:lb). Thus. PAR
and UVB are thc lcast predictable where they
change mest rapidly. The relative variability, es-
timated by the coctficient of variation (standard
deviation-/mean) rvas very low in the outer canopy
and grew steadily greaterwith depth in thc canopv.
to morc than 200E(: near the lbrest floor. PAR
sho*ed more variability at almost all layers than
did UVB (Figure 5). The pattems in spatial varia-
tion in upwelling measurements wcre similar-to
l h r r . c . , t ' r h e  J , , \  n $ c l l i n F  p o r r i o n .

The components of the layel budget of radia-
tion (Figurc 6) illustrated that reflectrncewas tearly
zero in all layers, and that absorbance was most
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pronounccd in the layers of greatest change in
transmittance (between 14 and 40 m). The sepa-
ration into these components is very sirnilar fbr
the PAR and UVB bands.

The inlerred vertical distribution of PAR ab-
sorbing material (including foliage, epiphytes,
cones, bmnches, and stems) has aprominent mode
between 9'l5 m. Abovc this point to nearly 50
m, a gradual decline with height occurs and be,
low, a rapid decline in PAR-absorbing material
was noted (Figure 7b). The level adjacent to the
lbrest lloor had little effect on light artenuation.
The median height ofPAR-absorbing naterial in
this stand is at about 16 m (Figure 7a).

Discussion

Measurements were taken only under the clearcst
conditions; observations that were obviously in-
tluenced by clouds or the shadow ofthe cranejib
were deleted. However, occasional uispy clouds
and haziness could have diminished the values
of incident light and aft'ected the calculation of
transmittances. The small effcct olsuch cloudiness
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is suggested by the variability in transmittance at
hei-qhts abovc thc canopy (Figure 2).

Observations $,erc taken in openings between
crowns where the sensor platform could be in
serted. Many. but not all, were gaps caused by
the death of overstory trees. It was not possible
to sample in the near bole region with the sensor
platfonn. This rcstriction to more open areas lreans
that the profiles prcsented are biased to the bdghter
regions ofthis canopy. The mean proti le is l ikely
somcwhat brighter than would be found in an
unrestncted survey.

The calculation of the layerradiation balances
assumes that the upwelling and downweJling
measurements account for all the light exchanges
with a given layer, that lateral l ight is negligible
a l  lh i5 .c l le .  Houerer .  me ln  l ransmi t l rnces  c rn
sometimes increase with depth (e.9., in this study
the forest floor was brighter in PAR than thc level
just above it). It is more likely that the reverses

in the mean profile reflect inadequate sampling,
since an additional sourcc of l ight is question-
able in extensive forests. With more samples the
mean transmittance pattern would likely become
monotonic. However since upwelling fluxes were
rc ry  .mr l l .  lhc  :epara l iun  o f  r rd ia l i t ,n  .o rnn .F
nents is apparent fiom the transmittance profile:
transmittance is mosdy the light downwelling tnrm
a layer: absorbance is essentially the change in
downwelling l ight: and. rellectancc is negligible.

Three distinct functional zones ofradiation may
be recognized in this stand by considering the
vertical pattern of the mean and r.ariability of trans
mittance of both wavebands (Figure 8). In the
outer canopy. more than 40 m above the ground.
is a zone of consistendy bright light (thc "bright

zone") and in the lower canopy, below l2 m, is a
zone of reliably dark conditions (the "dim zone").
Between these limits is a region wherc the mean
light levels diminish rapidly with depth. with

OId growth Canopy LighL 267



E
-i

f

I
o)
o
o
(o
-c

o)
E

E
d

.gt

0.00 0.25 0.50 0 .75  1 .00  0 0.05  0 .1  0 .15

L,(z) Per 2m levelcumulative top-down L, (z)

Figure l. Ihe vefiic.rl prolilc of rclarile leaf area (L (z) ). as inlcrcd tiom rhe bu lk rbsofbance. lh. norrn al iTed extinct ion coeffi -

cient (k,). and (hc mcan profile of trrn snittance. Thc lcfrpanel(A) gives the cumulalilc dowrward L,(7);the righr (B)

gi\es L (r) b) lln laler.

ZONE

DIM ZONE

0 0 .2  0 .4  0 .6  03  I

transmitlance, fraction

Figure 8. A proposed organiz ti(nl o1 lhc caropy Ight en!i-

ronment attheWRCCR| bascd orr the a|efage and

variability in rhe !e ical |ransnjttance ofPAR and

UVB frdirrion.

268 Parker

extremely high horizontal variation (the "transi-

tion zone"). The abrupt transitions from bright
light to deep shade (the lumicline). suggest that
the transition zone (Figure 8) is wherc two ex-
trene light regimes (bright and dim) are mixed
in varying proportions. Light in the bright zone
is mostly direct and, in the dim zone, predomi-
nanr ly  d i l l i r {e :  l igh t  in  thc  l rans i l ion  zone i .  i r
mixture olthese. The limits ofthese zones prob-
ably vary over daily and annual cycles but those
given are probably applicable wher the sun is
highcst above the horizon and radiation income
is greatest. At least onc-fiith of the annual light
input at this latitude is received in the range of
sun angles observed in this study.

It is surprising that the nean pattem ol trans-
mittance is so smooth. given the abrupl shapes of
the individual profiles. the small number of pro-
I i le .  a \e raged.  rnd  the  ' t ruc tu ru l  he ter , )Sene i l )
of the stand. Because the lumicline is not a fea-
ture of the mean light environment. an individual

BRIGIITZONE



transmittance profi le in this strnd is l ikoly not to
be represcntative of the average. The shape of
proliles in the WRCCRF canopy dil'fers from
pattcrns reported in other. nol]-coniterous fbrests
where individual protiles are oficn smoother (e.9..
Yoda 1978. Parker et al. 1996). The abrupt tran-
sitions from lightto dark along the venical transects
are a consequence of moving into the shadc of
individual crowns. Conical crowned trees with
needle-leaf fbliage can have a verv high foliage
densitl and be efficient absorbers of lateral light.

The pattern of UVB radiation was smoother
in vefiical attenuation. with less sptrtial variation
in both uprvell ing and downwelling components
lhJn  \  J .  lhe  pa l lem lo r  PAR.  Th i .  i .  c , 'n r i . ten l
with Brown et al. ( 199,1) who lbund UVB varied
less abruptly in space than PAR in a variety of
fbrest light environmcnts, probably because UVB
dcrives from diffuse (sky) radiation and not pri-
marily tiom the direct beam of thc sun (as for
PAR),

The interence of veftical structure fuom the
p. r l le rn  , , l  r rd i r l  i , ,n  rc l i c \ ,  ' n  :c \  e r i r l  a . .u  mpt ions .
lt requircs a monotonic transmittance protiJe (tbr
snall data sets. where increases in light with depth
could be observed, snroothing might be neces
sary'). It also assumes that thc cxlinction coeffi
cient inlened trom groundlevel transmittance (the
bulkextinction coelicient) may bc applied drough
out the canopy. Horvevcr, such alumped descriptor
may not apply where the foliage characterjstics
r  t i ' .ue  n takeup.  'pec ie .  comp, ) . i l i , ,n .  ,  ' r ien l . r l  i r \n
angles. clurnping) are not ilverage. This problem
applies whether using a conventional extinction
coeflicient (k) or the nornrtrlized version (k.) pre
sented here. Note also that since the sanpling
\ \ i l \  \onreuhr r  h r r .cJ  to  b r igh tercanop5 reg ions .
the lenical distdbulion ofPAR absorbing surlhces
$il l be shifted to higher elevations than is esti-
nated here (Figure 7). The extcnt ofthis shift is
probably srnal1.

It has been assumed that most ofthc radialion
absorption was by lblia-qc, however this was not
detenniled in this study. Other sorts of canopy
components (epiphytes of various sofis, repro
ductive tissues, twigs, branches. and stems) un-
doubtedly absorb sone light. But foliage prob-
ably dominates absorption: it has the greatest arca
of canopy components and is positioncd to inter-
cept l ight. Howcvcr. unti l direct measurements
of L(z) are available. the relative protile (L,(z))

provided by the nomalizing method can seNe
as a hypothesis on the mean veftical structure of
the WRCCRF canopy.

The prop . r .eL l  \en i ( r l  . l ru ( lu re  i .  r ' r rn . i s ten t
with that expected foracollection ofconical crowns
having a smooth and declining diameter distri-
bution. The height of the maximum, however,
depends on the distribution ofPAR-absorbing arca
within crowns. By aggregating idealiTed crowns
van Pclt and North ( 1996) estinated the vertical
distribution of crown volume in this stand had a
singlc pcak at 30 m above ground. The disparity
between their estimate of the height of canopy
maximun and that of the present study (= 12 m)
is probably bccause the density of PAR-absorb-
ing natedal is not colstant within a volume of
crown.

The canopy structure infened in this work dif:
lers tiom others reported tbr old-growth or coni-
fer forests: the distribution of PAR-absorbing
material has amaximum at a relatively low height
above ground - i:Lround one qua(er of the total
canopy height - a "botlom-heav)" canop.v distd
bution. In the more commonly reported prttern
the majority ofcanopy area is nealer the top ("top
hea\')''' structure). However. the novelty ol this
finding may reflect the choice of stands usually
studied: many canopy studies intentionally tbcus
on stands of simple structure (such as conifer plan-
tations) which alrost always have top-heavy
canopy structure (e.g.. Stephens j969, Ford and
Novbould 197I. Kellomiiki and Oker-Blom l983).
Older forests examined tbr canopy structure have
bccn broadleaved stands, where the vertical snuc-
ture may be even (e.g., Aber 1979, Brown and
Parker 199.1) or complex (Parker 1995). Addi-
tional obscrvations ofcanopy structure ale needed
in older. non plantation, coniler tbrests.
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