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Canopy Light and the Distribution of Hemlock Dwarl Mistletoe
(Arceuthobium tsugense [Rosendahl] G.N. Jones subsp. tsugense)
Aerial Shoots in an Old-growth Douglas-f irruestern Hemlock Forest

Abstract
Hemispheric.rl photograph) *,as used to quanrify ihe relalionship between canopy light and rhe di\nihurion ofhcnrlock dwad

mislleroe (Ar.(&/rortrm rJlrfrr.r., (Rosendahl)G.N. Jones lubsp. rrrg.rr.) aerial shoots in an old growth Douglas_fir/$estern

hemlock lbrcst ro derermrne il acrial shoots only occurjn higher lighr en! irormcnts in the uppercanopy. Thc Wind Ri\'et Canop,"-

Crane prolidcd three-dimensional access bl lowering a gondola into gaps bctween trees and slopping at 5 m interlals und

sanrpling ttll lrccs around rhe g.rp al that height. Atoral oI89 dwarf misdetoe inlcctions in li\e branches scre sainpled on l'l trees

from l8 to 60 nr. Forry-one inlecrions had no rerial shoots whereas.l8 had aerial shoot\. All infeclions above 50 m had shoots.

!rhile all inlecrions belor' 30 m (excepl one) had none. Therc r\'ere no aerial shoots al infections exposed |o estimaled insolation

(]-carty insolrtion = djffuse light * indirect site factor + direcl light * difect site iitctor) of 1,000 MJ m rlrr. \lhilc all infections

above 3.200 NtJ m:yrr had aerial shoors. Hcight and light werc highl,v conelated but betwccn 30 and 50 ll1 the lighl en!ironment

bccame e\peciall,"- hclerogeneous, wilh a 50s; probability of aeial shoots occurring al't0 nr, or at 2.200 MJ m rlrr. A complex of

biotic and abioric lactors may accounl lor lhe coneiation ofhigh light and aerial shoot occunence in the l-ieldbccause laboralory

srudie\ ha!e sho$n dwarf mistletoe produces the most aerial shoots jn low lighl and high temperature. In this tall. multi-layered

canop]. the sourcc of the seed rain lion westem henlock dwarf misdetoe $:ts above the bulk of the weslcm henrlock foliage.

perhaps another explanation for lhe last spread and intensillcation of mistletoe in old growth foresr\

lntroduction

Dwarf mistletoes (Arceuthobiurn species.
Viscaceae) are t-lowering plants that parasitize
conifers. primarily members of the Pinaceac
(Hawkswofih and Wicns 1996). These perennial.
dioecious puasites are endophytic within bnnches
of the host tree. Infected branches often become
swollen and with age may become detbrmed and
highly branched. Aerial shoots appcar within 2-7
years of infection and the ttmale plant rnay pro
duce single seeded fruit, which cxplosively dis-
charges the seed (Smith 1971, Ha$ksworth and
Wiens 1996, Mathiasen 1996). Although dwarf
mistletoes are wcll studied. there is still much to
know about thetrcsponse to physical lactors such
as light, temperature. and humidity. These physi-
cal factors vary with height in forest stands and
individual tree crowns (Parter 1995) and may affect
several aspects of the lit'e cycle of the mistlcloe
plant including: seed dispersal, seed getminatton,
haustorium development. early growth ofthe en-
doph,yte, aerial shoot production, flowering, and
poll ination (Wagener 1961, Beckman 196:1,
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Scharpf 1970, 1972,Wicker 197,1. Knutson l9lJ4.
Hawksworth and Wiens 1996).

The influence oflight on dwad nistletoes has
attracrcd limited study. Because partial thinning
appears to favor rapid intensification of dwi:Lrf
mistletoc, Weir ( 1916) suggcsted that dwarf mistle-
toes benefit ftom high light levels. Wagener (1961)
has questioned this cot'tclusion and dcmonstrated
greater production under partial light than higher
levels. Dwarf mistletoes may depend on l ight for
seed gemrination (Wagener 1961, Beckman 1964,
Scharpf 1970, Knutson 1984, Hawkswo h and
Wiens 1996), early growth of the plant (Wagener
1961, Scharyf 1972. Knutson 1984), and aerial
shoot production (Knutson 1984) and light lev
els nay be too low in some pafts of the canopy
for successful completion of the plant l i te cycle.

Knutson (19134) conducted 2 greenhouse ex
periments on several species ofArceulftobirtx to
cxamine the influcnce of light and tcmperature
on aerial shoot production. Mistletoe infected
seedlings were exposed to various l ight and tem-
perature regimes, and the development of the aedal



shoots was observed under three levels of shad-
ing. The greatcst number of aerial shoots was
produced in low shade. but grcatest cumulative
length of aerial shoots *as produced at low to
medium shade. In r second experiment two light
levels and thrcc temperature regimes were used.
The best dcvclopment of aerial shoots was pro
duced under high temperature and the lower light
regime, leading Knutson to conclude that the ef
fect of light seems indirect.

ln a study at the Wind River Canopy Crane Re-
search Facility, southem Cascade Mountains of
Washington State, on adult sex ratio of hemlock
dwarf misdetoe (Arce uthobitmt tstrgense (Rosendahl)
G.N. Jones subsp. /su3arse) Mathiasen and Shaw
(1998) sanpled 239 branches for mistletoe in-
l'ections akrng the vefticalaxes ofsix westem hem
lock(Tsuga lrcteroph '-11i7 (Raf.) Sarg.) trees. Below
20 m in height. 537o ofthe infections did nothave
aerial shoots, while above,l5 m, only 3% did not
have aerial shoots. These data from Wind River
suggested that therc is a strong vertical gradient.
along which production of aerial shoots from dwarf
mistletoe inf'ections increased with height. This
suppofis obseNations by Smith (1969) that the
quantity and vigor of shoots increased with in-
creasing height in coastal $'estem hemlock for-
ests ofBritish Columbia, Canada. Smith suggested
that low light levels are rcsponsible for reducing
shoot production trom infections in the lower
canopy.

Plants higher in the canopy mlry not necessar'
i ly be receiving more l ight because light is het-
erogeneously distributed in timc and space. To
determine whether this is so, mcasurements or
estimates of the forest light cnvironment at each
plant are necessary. This requires a mcans tbr
reachjng each plant and for quantifying thc light
cnvironment in a meaningful way. Hemispheri-
cal photograph)' provides a method tbr rigorously
quantifying light environnents in complex fbr-
est canopies (Anderson 196:1, Rich 1990). From
a single photograph of an evcrgrccn forest, it is
possible to measure overall canopy opcnness and
openness along the sun ffack through thr: cntire
year. These measures of canopy stmcture can be
direcdy tlansfomrcd into relative amount of light.
or absolute amounts ifradiation data arc available.

Hemispherical photography has been used to
map fine scale horizontal vari t ion in fbrest l ight
environmenls (Bcckcr and Smith 1989, Clark et

al. 1996) but complete vedical access has proven
problernatic except in sho forcsts (Lerdau at al.
1992). The Wind River Canopy Crane, a 75 m
tall construction crane placed in an old-growth
forest reserve to function as a canopy observa-
tory, has been particularly useful in the study of
dwarf mistletoes (Mathiasen and Shaw 1998, Shaw
et al. 2000). The three-dimensional access pro-
vided by the Wind River Canopy Crane allows
lor sampling ofnumerous mistletoe inJections evcn
in the tops and outer canopy of 50 m tall trees.
This canopy acccss technology is particularly suited
tbr using hemispherical photography.

The objective of this study was to determine
whether the observed vertical occurrence of aerial
shoot production *as related to the l ight envi-
ronment associated with individual mistletoe in-
fections. Hemispherical photographs allow sev-
eral measures ofthe light environment in the forest
canopy to be used to build predictive models of
the presence/absence ofaerial shoots. The results
are then discussed with regard to the rclative ef'-
fectiveness of predictor variables, and some po-
tential mechanisms and conscquences of those
relationships.

Study Site

The study site is located at the Wind fu\'erCanopy
Crane Research Facility (Parker 1997) in the T.T.
Munger Research Natural Area (Franklin and
DeBell 1988). Wind River Experimental Forest,
southern Cascade Mountains. Washington State
(Latitude 45' 19' 13.76" Longirude l2l ' 57',
06.88") irt an elevation of 355 m. A weathcr sta-
l ion ua. lo(alcLl 2 km south ol the crrne \ite at
the now defunctWind Rivcr Ranger Station, mw
data was obtained trom National Climate Data
Center (199,1) for the period l93l-1977. Annual
precipitation was 2.,167 mm. and is strongly sea-
.ona l l y  d i . t r ibu led  \ \ i rh  .ummer  prec ip i ra r ion
avcraging -57a of the annual total. Averagc an-
nual snowfall was 180 crn. Mean annual daily
ninimum temperature was 0.5'C, while mean
annual maximum daily temperature was 12.3oC.

The fbrest is atall stature Douglas-fir (Pseiido-
tstrgu rnensiezii (Mirb.)Franco), western hen ock.
and westcm redcedar (Tltujct plicatuDonn.) domi-
nated stand with Douglas-fir rcaching 65 m
(average ht 52.2 m) and westem hemlock rcach-
ing 55m (avcrage ht 19.0 m). Stand densitv is 435
stems/ha with a basal area of 82 mr/ha (Halmon
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et al. 1998). Thc unde$tory \'egetation is domi
nated by vi ne maplc (A rcr . ircitl.ttvn Pursh), salal
(Guultheiu sfta11oz Pursh), and Oregon grape
(Berberi\ trcNos.tPursh), whjle the sitc is classi
fied on the bordcr of Western Hemlock/Oregon
grape Salal/Westem Hemlock/Salal Plant Asso-
cii i t ion complex and Pacific Silver Fir (ADle.t
arnabllls (Dougl) Forbes)/Salal PlantAssociations
(Meyer and Frcdricks 1993). Soils arc deep and
well drained, dedved tiomvolcanic ejecta (Flanklin
l972), and tentatively classified as mcdial, llresic
Entic Vitrands (J. Klopatek, personal communi
cahon).

The light cnvironment ofthis forcst has been
characterized by Parker (1997) and reflccts the
vertical sffucture ol thc forest, which is bottom
heavy. He divided thc canopy into three veftical
zones: l) a bright zonc above,l0 min height whcre
the light is 907. or more of available incoming
light. 2) a transition zone from 40 m to about 8 m
wbere available light drcps steeply to about 107.
of the incoming. 3) a dim zone below lJ m where
l igh t  i s  les .  th . . rn  I0 "  o l  lh<  rbo \e  \Jno l )  in -
coming. Western hcmlock dominates the lbliated
pofiion of the canopy from l5 to 35 m, whereas
westem hemlock and Douglas-fir codominate the
lbliated canopy f'rom 35 to 45 m, and Douglas-
fir dominates above 45 m, with 80% ofthe stand
tbliage below,10 m (Pnrker l997,Song l998.Van
Pelt and Nofih 1999).

Methods

nfec t ion  Sampl lng

lnfections were survcyed and sanpled on .1 and
5 June 1998. Completely randonr sampling was
nut  le r r : ib le  g  i r  cn  con\ t r i l i n l .  r ) r  ( r tne  oper i l t ion . .
A modified point-ccntered system was used. The
gondola was placed over r gap between infected
hemlock trees. At 5 n height inter!als, the near
est infection on each tfee was sampled. A total of
87 mistletoe infections on l4 trees were srmplcd.
and heights ranged fron l8 to 60 m. Sampling
was rcstricted to mistletoe inllctions on l ive
blanches. irnplying the plant associated $ ith the
infection would also sti l l  be tl ivc.

Mistletoe aerial shool status \\, as scored on a
0-3 scalc.0 neantno visible aeri;il shoots. I meant
small poorll developed shoots <l cm length, 2
meart nany shoots, and 3 meant numerous ro-
bust shoots. Fol analysis purposes in logistic re
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gression.0 I were considered "No Shoots", and
2-3 were considered "Shoots."

Hemlspher ica  Photography

Hemisphedcal photographs were taken with stan-
dard procedures described in Rich (1989, 1990).
Photos wcre taken through a Nikkor lJmm lens
attachcd to a selfleveling platfonn (gimbals) on
a monopod. KodakTriX PAN 400ASAblack and
vhite fi lm was used. The gondola was maneu
vered within reach ofthe chosen mistletoe infec-
tion and the camera assembly placed above the
branch within 0.3 ms ofthe infection. A self-timer
allowed the canera to steady at a level position.
and the photograph was taken. Crane azimuth,
hook height. andjib distance were recorded. Most
photos wcre taken under dawn and overcast con-
ditions, which allowed for acquisition of high
quality images in which sky and foliage were well
differentiated.

Photographs \!ere analyzed with the program
CANOPY 2.1 (Rich 1989), using standard pro-
cedures. Because the steel cage of the gondola
precluded accurate compass measurements to
orient the photos to true nofth, the azimuth ofthe
cranejib was used for orientation. Following od-
cntation of the negative to true nofth, the editing
capabilities of CANOPY were used to remove
the.jib, cables, and other components of the crane
and gondola. All photos were analyzed by one
person (SBW).

Determ nat ion  o f  the  L igh t  Env i ronment

Standard "site factors" wcre calculated. Indirect
Site Factor (lSF) is the proportion of sky visible
tiom the photo point, and measures the penetra-
tion ofdiffuse rudiation through the forest canopy.
Direct Site Factor (DSF) is the proportion of the
sunpath not obscured by fbliage, weighted by a
function of solar elevation angle to account for
atmospheric transmissivity. Both ISF and DSF
can be cosine corrccted to a horizontal surface.
In practice, cosine corrected and uncorrected site
factors are highly correlated. and both were used
in the initial analysis to find the best predictors
of nlistletoe shoot production.

S i te  l rc tL r r \  \  !n  hL 'conr  e r ted  in lo  un  er l imu le
of total yearly (or monthl)') radiation. if measures
ofdirect and diftuse insolation are available (Rich
et al. 1993). Shortwave insolation has been mea-
sured at Portland, Oregon, approximately 65 km



east southeast from the study sitc (National Re-
newable Energy Laboratory 1999). Insolation at
the study site may differ slightly fiom that in Porr
land. The mean insolation for the year was cal-
culated as a weightcd sum of ISF and DSF:

1) Insolation = Dif*lSF + Dir+DSF

Yearly direct and ditluse shoftwave insola-
tion on a horizontal surface at Portland were 1779
and 1783 MJ m'yr '. respectively, and daily mean
nomral beam radiation was ,1815 W m rd r. GIo-
bal site factor fbr a horizontal collector (GSFC),
thercforc, is an equal weighting ofISFC andDSFC,
while GSFU (uncorrected) is more heavily
weighted by DSFU.

Statistica Analysis

Presence/absence of aerial shoots (dcpcndent
variable) was analyzed using logistic regression
in JMP v. 3.0 (SAS Institute, 1995), with single
predictor variables (Height, ISFC, ISFU, DSFC.
DSFU, Mean yearly insolation) and goodness of
fit (r2) u'as used to compare the predictors. Lo-
gistic rcgrcssion is a widely used technique for
pred ic t ing  pr r \ence-ah\en(e , . l . t t . r  l i o tn  con l inu-
ous independent variables (terBraak and Looman
1995). Box plots were used firr graphical com-
parisons.

Results

Four hemispherical photoglaphs show key fea-
tures of the fbrest I ight environrnent (Figurc 1a-
d). North is indicated by the N. and all sunpaths
at this latitude arc in the southern poftion of the
sky. The cranejib is clearly visiblc in thc bottom
rhrec  ph , r tUr  lnd  pror ide .  rz imuth  or icn ta t ion .
Photo la is of a typically dark area below 30 m,
where tew plants producc shools. Photo 1b was
taken higher in the canopy on the nofih-side of a
largc trcc, bul DSF is relatively low because much
of the yearly sunpath is blocked by lbliage to the
south. Photo lc was t ken on the south sidc of a
large tree at 30 m, and shows a combination of
low height and high insolation, because of high
DSF Phob 1d was takcn at 46.7 m on the nofth
side of a large tree u'ith closely spaced tall neigh-
boring trees.

A total of89 infections were sampled: 4l had
no aedal shoots (score 0 or I ). and 48 had sub-
stantial numbers of shoots (scorc 2 or 3). Mistle-

toe shoot production was significantly related to
many predictor variables (Table l). Height alone
explained 42% of the variation in the logistic re-
gression, with higher inf'ections far more l ikely
to have shoots than lower infections. A11 mea
sures ofthe l ight environment from photographs
explained more variance than height alone. The
best single predictor was Insolation U (uncor
rec ted) .  uh ich  erp la jned 4q i  o l  the  \a r iu l ion  in
shoot status. No significantly better results were
obtained using multipie predictors such as monthly
DSFs. Uncorected site factors were slightly bet-
ter than corrected, so all analysgs and discussion
will from now on consider uncorrected values.

The box plots show the overall disfi ibution
ofheight, ISF, DSF, and Insolation for plants with
(score 2-3) and without (score 0-1) shoots (Fig-
ure 2). There is some overlap in all variables, but
the good separation that visually confirms the
results of the logistic regression (Table l).

The relationships between height, insolation
and mistletoe shoots are seen in detail in Figure
3. A11 infections above 50 m had shoots, and only
one infection had shoots belo\\, 30 m. On the in
solation scalc. all inftctions with annual insola-
tion above 3200 MJ m 2 yrr had shoots, and all
infections with annual insolation below 1000 MJ
m r yrr had none. From the logistic regression,
the 50c/r probability of shoots is at 40 m. or at
2200 MJ rn i yrr. Other probabil it ies are easily
read off the logistic regrcssion. In other forests.
it may be easier to rneasure ISF and DSF, rather
than using insolation data. Logistic regression
parameters for ISF and DSF are prescntcd in
Table l.

Discussion

Light is direcdy related to height in the canopy
crane research forest, although the standard de-
viation ofthe mean PAR transmittance is highest
between 15 30 m indicating the heterogeneity of
the mid canopy envirorunent (Parker l997). Height
and light are both good predictors of aerial shoot
occurrence in this forest. However. tolal insola-
tion, uncorrected 1br a horizontal surface, r'as the
best predictor variable for the occurrencc ofaerial
shoots. although the improvement in predictive
power was moderate (from rl = 0.42 for height to
0.,191br Insolation). Both ISF and DSF alone also
predicted shoot production slightly better than
height alone.
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He igh t  19m
l s F  0 . 1 0
D S F  0 , 1 5
lnsol 877
M  1 7 7
Shoots 0

He igh t  48 .5m
lsF  a  44
DSF 0 .29
lnso l  2190
M  1 7 3
Shoots 0

Height 33.6m
t s F  0 . 2 0
DSF 0 .48
lnsol 2654
M  1 1 9
Shools 2

Height 46 7m
tsF  0 .32
D S F  0 . 1 8
lnso l  1401
M  1 7 9
Shoots 2

Figurc L Four cxanrplcs ol phorographs showing the r nge of cond itions e ncou ntered i n the studt. N o h is
indicaFd b) the \rhite N". Note also thal east and $est are re|ersed on hcmisphcrical phc'ros laken
directl)- upward. Height, ISF, DSF, Mean Daily Insolation. Crane ATimuth (AZ) and misdetLre score
rre \ho$n next to each picture. See te{t for discussion ofcach pholograph.
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TAIILE l. Statistics ofn1islleloe predictor vdriable\, the dependent variable is prcscncc/absence ofaerial shoots.Intercep! (lnt).
rcgression coellicienl (Coefi). and rr lalues are from nominallogistic rcgrcssions. All logistic fegressions P< 0.0001.
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Figurc 2. Box plots of predictor vafiables at.18 non aerial shoor and ,11 aerial sboor prcducing misileloc infccrions. The square
repfesenis the mean. the rniddle line is ihc mcdian. the ouler lines ofthe box are the quartilcs. and the ouler bar\ afe the
1Oth and 90th percenr i les.
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Although ISF and DSF are highly correlated
(rr= 0.89), somc sitcs (thc nonh sidcs of ltrrge
trees at inrermediate heights (50-30 m) have high
ISF and low DSF (e.g. Figure 1b). Conversely,
DSFis higheron the south sides oftrees (i.e. Figure
1c). There is likely ahorizontal patteming ofshoot
production as one progresses fiom the north to
south-sides of trees, and this pattern should be
strongcst at hcights around 40 m in this forest
where the overlap of shoots/no shoots is stron
gcst (Figs 2c and 3).

Thcrc appears to bc a paradox in rcfcrencc to
acrial shoot occurrence in thc uppcr canopy. Our
rcsults supponWcir's (1916), Gil l 's (1935). Smith's
(1969) and Hawksworth and Wicns'(1996) ob-
servations Lhxl ArceuthobiLull "shoots sccm to
respond in vigor and abundance directly to the
amount of I ight" (Cil l 1935, page 216). However,
c r p c r i m e n t a l  g r c e n h o u . e  . t u d i c .  o n  r r r i o u :
An-'eut hobiun species, includingA. lsrigense, show
that some light is necessary for aerial shoot dc-
velopment, but high light lcvcls arc not (Wagener
1961. Scharpf 1910. 1912, Tocher et al. 1984,
Knutson 1984). Wagener (1961) states that. "if

high light intensity is beneficial to dwarf mistle
toe it must be exe(ed indirectly through its et-
fect on the host tree." Why then, do aerial shoots
occur mostly in thc highcr l ighL levcls of the tran-
sit ion and bright l ight zones of this fbrest?

A cornpler ol biotic and abiotic l irctors usso-
ciated with the vertical structure of fbrest cano-
pies must be interacting to result in thc obscrvcd
pattems of mistletoe aerial shoot production that
correlates with light and height. Knutson (198.1)
has determined, in greenhouse studies, that a high
temperature and Io\\' light treatment resulted in
greatest aerial shoot production. Because the high
est temperatures are attained in the mid and up-
per canopy (Geigcr 1965, Fitzjarrald and Moore
1995, Parker 1995), this region ofthe canopy may
have the most optimal microenvironments for aerial
shoot production.

Host plant physiology, cspccially thc produc-
tivity ofthe foliage on the infected bmnches, may
also play an important role in aerial shoot occur-
rence because of the nutdent and carbohydrate
demands of mistlebe shoot growth. The tbliage
in the upper canopy has highcr photosynthetic
capacity and nitrogen content than foliage in thc
lower  canopy (Ho lbrook  and Lund 1995,

Kozlowski and Pallardy 1997). Thcrctbre, the
occurrence of aerial shoots in the mid and upper
canopy may be related to the capacity ofthebranch
to "fccd" the parasite. Finally, the evolutionary
adaptations associated with fl owering. pollination
and seed dispersal in open and therelbre sunny
micro-environments may lead to the occurence
of aerial shoots in the upper canopy of this tall
stature dd-gro$th fbrest.

lmp l ica t ion  fo r  Spread and n tens i f  ca t ion

Dwad mistletoe reproduccs by explosively dis-
chrged seed. Therefore, the composition and struc-
ture of the canopy in the immediate vicinity of
the femalc plant has a controlling intluence on
the distance seed is dispersed, and whether the
sccd strikes host tbliage or twigs (Scharpf and
Parmeter 1976. Mathiasen l996). Hemlock dwarl
mistletoe aerial shoots occur mostly in the well-
lit middle and upper canopy. above 30 m, with ;i
501 prohahil it l  ol 'rerial rhoots occuringr on a
mistlctoc infcction at a height of 40 m, or at an
annual insolation of2.200 MJ m':yr r. The source
of the seed rain fiom dwarf mistletoe plants is
above the bulk of the hemlock foliagc in a rela-
tively open podion of the canopy. and this im
plies an ability to rapidly sprcad and intensity.

Dwarf mistletoe is known to spread and in-
tensify most rapidly in multistoried canopies
(Methiasen 1996). and hemlock dwad mistletoe
is thought to spread rapidly in old-gro$,th hem-
lock fbrests tbrthisreason (Sheaand Stewan 1972).
The additional evidence that the sccd source is
primarily from the more open and well lit mid
and upper canop), strcngthens the conclusion that
hemlock dwadmistletoe is well adapted to com-
plex structuredold-growthcanopyenvironments.
Further research on the causes and consequences
of the vertical organization of aerial shoot pro-
duction in dwad mistlefoes will aid our under-
standing of mistletoe intensification and spread,
espccially in managed stands with long rotations
or uneven-aged silviculture.
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