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Growth of planted tree seedlings in response to
ambient light levels in northwestern interior
cedar-hemlock forests of British Columbia

K. Dave Coates and Philip J. Burton

Abstract: Insights into field-planted conifer seedling growth were gained by fitting height and diameter growth to
relative irradiance over the growing season using Michaelis—Menten functions. There was little difference among tree
species Abies lasiocarpaHook.) Nutt., Picea glauca(Moench) Voss xPicea sitchensigBong.) Carr.,Pinus contorta

Dougl. ex Loud.,Thuja plicataDonn ex D. Don,Tsuga heterophyllgRaf.) Sarg.) in response to ambient light. No
significant differences in whole-plant compensation points were observed among species but the ranking of species’
compensation points was consistent with their shade-tolerance ranking. Five years after planting, total size and recent
growth rates varied little among species from low to high light, implying an absence of trade-offs in low- and high-
light growth strategiesThuja plicatahad the greatest response to increased light under deep shade (<20% relative
irradiance). All species increased growth above 40% relative irradiance, with no clear whole-plant light saturation point
evident under field conditions. Growth rates at high light were broadly overlapping and varied considerably within
species. As expecte®inus contortagrowth exceeded that of other species above 70% relative irradiance, but it also
exhibited high growth rates at low light. Greatest variability among species was at intermediate light levels (30—-70%
relative irradiance) where careful matching of tree species to light environment can maximize growth rates.

Résumé: La croissance des semis de coniféres plantés au champ a été mieux comprise en mettant en relation
I'accroissement en hauteur et en diamétre avec l'irradiation relative durant la saison de croissance a l'aide des
fonctions de Michaelis—Menten. Il y avait peu de différence quant a la réponse a la lumiére ambiante entre les espéces
arborescentes suivante#\bies lasiocarpaHook.) Nutt., Picea glauca(Moench) Voss xPicea sitchensigBong.) Carr.,

Pinus contortaDougl. ex Loud.,Thuja plicataDonn ex D. Don, eflsuga heterophyllgRaf.) Sarg. On n’a pas

observé, non plus, de différences significatives dans les points de compensation du plant entier entre les espéces.
Cependant, I'ordination des points de compensation était en accord avec I'ordination de leur tolérance a I'ombre. Cing
ans aprés la plantation, la dimension totale et les taux d’accroissement récent variaient peu entre les espéces de la
lumiére faible a la lumiére forte, ce qui impliquait qu’il n’y avait pas de substitution entre les stratégies de croissance

a la lumiére faible et a la lumiere forte. LEhuja plicataa eu la plus forte réponse a 'accroissement de la lumiere,

dans un milieu fortement ombragé (< 20% d’irradiation relative). Au champ, toutes les espéces ont augmenté leur
croissance au-dessus de 40% d'irradiation relative, sans qu’on observe de points précis de saturation a la lumiere pour
le plant entier. Les taux d’accroissement, a la lumiere forte, se chevauchaient largement et variaient considérablement
au nieau de I'espece. Tel qu'attendu, I'accroissemenPithus contortadépassait celui des autres espéeces au-dessus

de 70% d'irradiation relative; mais il montrait aussi des taux d’accroissement élevés a la lumiére faible. La plus grande
variabilité entre les espéeces existait aux niveaux intermédiaires de lumiere (30—70% d’irradiation relative) ou

un appariement attentif des especes arborescentes avec I'environnement lumineux peut maximiser les taux
d’accroissement.

[Traduit par la Rédaction]

Introduction tropical, temperate, and boreal forest biomes (Denslow and
dicti he eff f | f Eartshorn 1994; Pacala et al. 1996; Lieffers et al. 1999) and
Predicting the effects of management on long-term foresiy oo ainly the factor most directly manipulated by forest-

d);]namlcst_lr;vol\{fs a c?mplex suite ci')f fazjcttc;]rst, efpec'a”Ymanagement actions. Therefore, understanding the response
when partial cutting systems are employed that rétain-varly i, qjyidual seedlings and saplings to variation in light is

able levels of canopy trees in time and space. Light is argunjamental to predicting the effects of partial cutting on fu
ably the most important factor influencing tree growth in ture forest composition and growth (Marks 1975: Shugart
1984; Carter and Klinka 1992).
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- ) ) shown that individual tree species have characteristic photo
K.D. Coates: British Columbia Forest Service, Research synthetic responses to variation in incident light (e.g., Gross
Section, Bag 5000, Smithers, BC V0J 2NO, Canada. nickle and Arnott 1992; Sipe and Bazzaz 1994; Burton

gé%ngrr?i?H esrgmggs\/gfsze'\?éct&inlzgztoration, P.O. Box and Bazzaz 1995; Mitchell and Arnott 1995; Barker et
' ’ ' ' al. 1997). Under field conditions, these differences in leaf-
ICorresponding author. e-mail: Dave.Coates@gems7.gov.bc.céevel responses are not necessarily reflected in whole-plant
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a_boveground_ growth rates. Part of the _explanation for thi_sMethods

discrepancy is tree age and crown architecture (leaf density o

and age, within-crown differences in leaf structure and ori  The research was a component of the Date Creek silvicultural
entation, and self-shading within the crown). Tree age an@YStems study (Coates et al. 1997), located near Hazelton, B.C.,
crown architecture critically influence how effectively light c?:anada(55° 22N, 127 50W, 370-665 m elevation). The study

. . area lies within the moist cold subzone of the Interior Cedar—
energy is absorbed by the whole plant (e.g., Field 1983 emlock biogeoclimatic zone (ICHmc) (Pojar et al. 1987; Banner

1988; Givnish 1988). Soil resources (water and nutrients) 51 1993), a transitional area between the coastal and interior for
also interact with ambient light levels to affect whole treeests of northwestern B.C.

carbon balance (Klinka et al. 1992; Walters et al. 1993; Mature forests in the study area originated from a fire in 1855.
Canham et al. 1996; Chen et al. 1996; Walters and Reiclthey are dominated by western hemlock but are intimately mixed
1997). With growing public demands for silvicultural akker with western redcedar, subalpine fir, lodgepole pine, hybrid spruce,
natives to clear-cutting, it is important for forest scientistspaper birch Betula papyriferaMarsh.), trembling asperPppulus
to understand the whole-plant response of young trees téiemuloidesMichx.), and black cottonwoodPopulus balsamifera
a wide range of light levels when growing under field ssp.trlchocarpa_'l_'orr_. &_Gray). S_u_balplne fir is commonly fe
conditions. placed_ by amabl_lls flr/{\ble_s amabllldDougI. ex Forbes) at higher

o . . . ., ,elevations. Detailed descriptions of these ICH forests can be found

For British Columbia (B.C.) tree species, aval_lable fieldi, Banner et al. (1993).

data on aboveground whole-plant growth rates in response te repjicated treatments applied in the Date Creek silvicultural

to ambient light levels are derived mostly from retrospectivesystems study created a range of overstory canopy structure that
studies of natural-origin trees. The studies, which generallyncluded undisturbed forest, two levels of partial cutting, and
utilized either clearcut edges or prior natural disturbances telearcut forests (Coates et al. 1997). In the light partial-cutting
provide a range of light levels, had little control over leca treatment, approximately 30% of the stand volume was removed
tion, tree age, or growth history (Carter and Klinka 1992;by cutting either single stems or small groups (3-10 trees). In the
Klinka et al. 1992; Chen et al. 1996; Kayahara et al. 199671€avy partial-cutting treatment, approximately 60% of stand vol
Wright et al. 1998). Use of planted seedlings can help Ume was removed via large gaps (0.1-0.5 ha in size) eveny dis
miminize the confounding effects of site, age, and crown griributed across the treatment units and either single tree or small

. L9 : .gaps in the forest matrix between the large gaps.
chitecture when determining growth responses to light envi Within this experimental framework, seedlings of five species

ronment in the field (Wang et al. _19_94’ Chen 1997, 1998)'_(western redcedar, western hemlock, subalpine fir, hybrid spruce,
The Date Creek study, a large silvicultural systems experiand lodgepole pine) were planted in early May 1993. All planting
ment in northwestern B.C. (Coates et al. 1997), has createsiock was PSB 1+0 415 (1-year-old container stock, the root plug
ideal conditions for determining seedling growth responsesneasuring 4 cm across and 15 cm long) except for subalpine fir
to a wide range of ambient light levels after forest canopyseedlings which were PSB 1+0 313 (wi8 x 13 cmroot plugs).
manipulation. At Date Creek, the distribution of light envi- Stock was grown in peat- and perlite-filled styroblocks in green-
ronments changes dramatically from small single-tree operfl0uses and open compounds at Kalamalka Nursery in the summer
ings to openings of 110-120 m diameter (0.8—1.1 ha), aftepf 19|9§ andt st)ored at -5°C °V.e{ W{”t?trh.'n'“a'hs'zes .(he'%ht and
; A - - s . asal diameter) were very consistent within each species; however,
}/\S/hrfgr;hsn?;cs;glntl);tmgho{gggtteesn;ggan;(ratrcl)tr? ng;ts;];r)] C_)rpheen:cggi suba_lpin((aniL Iwelur)e shorter and redcedar taller than the other three
: . . : : ” . e species (Table 1).
imum diversity of ambient light conditions is found in gaps Seedlings were planted in the understory of each of the four un
of 0.05-0.4 ha (Coates and Burton 1997). An understandingisturbed forest treatment units, into 110 canopy gaps ranging in
of how tree species differ in their growth responses to the disjze from 20 to 5000 fdistributed within the partially cut treat
verse light environments created after partial cutting is eSment units, and in each of the four clearcut treatment units. In
sential for prescribing species composition and predictinglearcuts, seedlings were planted at least three tree heighsn()
growth and yield in forests where alternatives to clear-from the forest edge. In canopy gaps, seedlings were planted in
cutting are being practiced. five single-species rows oriented north—south; planting rows were
This study was designed to characterize variation ‘q&aﬁgg‘?gfar;sazirstta@ist{eﬁzrﬂgTi::Qses%ovrvfaecf}pfgggiels'swrgrgp;ga 'gs
Poerlq[maafri]vde r;dol":![ %roomolr?l;epigtr)]?;g f&g@gfg;g%ﬂt rl}%\;?r: ablished. Tree species were randomly gssigned to plantin_g lines.
P e Where conditions allowed, up to10 seedlings were planted in each
western B.C.: lodgepole pinePius contortavar latifolia  cardinal direction from the edge of the gap into the understory of
Dougl. ex Loud.), hybrid spruceP{cea glauca(Moench) the forest matrix.
Voss x Picea sitchensigBong.) Carr.), western hemlock  To determine tree seedling growth responses to light environ
(Tsuga heterophyllgRaf.) Sarg.), western redcedarhiyja  ment, planted sample trees were selected in the undisturbed forest,
plicata Donn ex D. Don), and subalpine firAbies lasio within the partially cut forest matrix adjacent to gaps, in small to
carpa (Hook.) Nutt.). This research addresses four gueslarge gaps (and at different positions within those gaps) and in the
tions. ) How do both the magnitude of seedling response tdull open (clearcuts). Approximately 75-95 planted seedlings per
light, and the shapes of the light-response curves (i.e., thePecies were selected (Table 1). At each sampling location (e.g.,
functional forms of light response), vary among the individ SOuth end of a large gap), sample seedlings of each of the five spe
ual tree species under field conditions?) Are there trade- cies were selected (in most cases). At each location, the best grow

ff ies in ab d h | ing individual was selected if there was a choice among seedlings
offs among tree species in aboveground growth at oW Verq¢ihe same species. Thus, the growth data represent the best per

sus high light?i(i) Is ambient light level a good predictor of formance that can be expected at any given light level.
whole-tree growth in the field2) Which species are best  seedling growth is a function of light environment and so# re
suited to different gap sizes or gap positions based on thedources (Latham 1992; Canham et al. 1996; Walters and Reich
light response characteristics? 1996). To minimize the effect of soil resource variability, all sample
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Table 1. Provenance descriptions of planted seedlings, seedling size at outplanting, and seedling sample sizes
by general canopy conditions that formed the light gradient from closed canopies to full sunlight.

Western Western Subalpine  Hybrid Lodgepole

redcedar hemlock fir spruce pine
Provenance description
Seedlot No. 35033 03437 35005 14577 27792
Subzone ICHmc ICHmc ICHvC ICHmc ICHmMc
Location Date Creek Suskwa River Bell 11 Calvin Creek Kitseguecla River
Latitude (N) 55°27 55°17 56°45 55°30 55°06
Longitude (W) 127°50 127°17 129°50 128°483 127°50
Elevation (m) 370 500 700 610 650
Characteristics at planting®
Height (cm) 41.2+0.8 24.5+0.8 13.4+0.4 27.4+0.6 21.8+0.8
Diameter (mm) 3.310.1 3.310.1 3.910.1 3.740.1 4.2+0.1
Sample size
Under closed canopies 28 20 8 22 12
In gaps <300 rh 24 17 32 30 28
In gaps 301-1500 fn 18 19 11 15 19
In gaps 1501-5000 fn 12 11 11 13 12
In full open conditions 12 12 12 12 12
Total 94 79 74 92 83

#Forty-five trees randomly selected per species prior to outplanting. All seedlings were planted in spring 1993. Values are

mean + SE.

locations were on mesic, hemlock — step moss ecosystemsponse variables were selected: fifth-year height, fifth-year basal
(ICHmc2, site series 01; see Banner et al. 1993). Soils on mesidiameter, and mean annual height and radial increments over years
sites are typically Eluviated or Orthic Dystric Brunisols (Agricul- 3, 4, and 5. Our analysis used absolute size and growth rates for
ture Canada Expert Committee on Soil Survey 1987) that have desach tree species rather than fifth-year size relative to initial plant-
veloped on morainal parent materials, ranging in texture froming size or relative growth rates. Initial height and basal diameter
loamy sand to clay loam (Coates et al. 1997). They exhibit no prowithin species was very uniform, and our data exhibited no size-
nounced limitations to plant growth. dependent relationships. Transformations of the data were not re-
One hemispherical photograph was taken of the canopy directlguired to stabilizevariances. Residuals for all growth variables were
above each planted sample tree to quantify the light environmenwell balanced.
experienced by that seedling. Photographs were taken in late sum- We selected the Michaelis—Menten function to model the growth
mer 1996 at the end of the fourth growing season. All photographyariables. This equation has been used in previous studies examin
were taken with a tripod-mounted Nikon camera equipped with a@ng growth responses of tree seedlings and saplings to light envi
Nikkor 8-mm true fisheye lens and Fujichrome Sensia 400 ASAronment (Pacala et al. 1996; Wright et al. 189Bobe 1999). The
colour slide film. The camera was levelled and was equipped withMichaelis—Menten equation provided consistently reliable fits for
coloured light emitting diodes mounted within the frame of the cir the four growth variables, its parameters are easily interpreted, and
cular image to orient the image on an east-west axis. The prathe parameter values allow statistical testing of interspecific differ
cessed slides were scanned in colour with a Polaroid Sprintscan 331ces in growth response at high and low light. We used two forms
slide scanner. The digitized images were then analyzed using GLI/Of the Michaelis—-Menten equation:
software following Canham (1988) to derive an index of growing
season light availability. The index, in units of percent full sunlight [1] Y ={(al/[(d »+ M} +U
for a predefined growing season (from April 15 to September 15)
and latitude (55.37°N), is calculated by combining the relative- con [2] Y={{4dL-W[( &a)sH L-)§ +0O
tribution of diffuse and direct radiation at a given microsite. All ) ) )
planted sample trees were free of overtopping shrubs or herbs ar¥hereY is a measured growth variable,ands are the estimated
had no evidence of nearby windthrow that might have recently afparameter valued, is the percentage of full sunlight determined
fected light levels. Because the camera lens was always orientdiom the hemispherical photograph for each seedling, and the error
perfectly vertically, any slight topographic shading or exposureterm, [ is assumed to be normally distributed. The parameter
was treated by the GLI/C model in a manner that increased or devaluea is the asymptote of the growth function at high light. The
creased beam irradiance accordingly. parameter can be considered a measure of the amplitude of-poten
Seedlings selected for this study were measured for height intial growth at high light. Species with higa values are generally
crement and total height at the end of the first growing season, anghade-intolerant species that perform well in open conditions. The
basal diameter and total height at the end of the second, third, fourt§, Parameter is a measure of the slope of the relationship at low
and fifth growing seasons. Canopy crown filling into openings islight levels. Shade-tolerant species are generally thought to have
very slow in these forests (D. Coates, personal observation) and w4gh s values compared with shade-intolerant species. The trade-

not thought to have significantly altered light levels over the 5 yearsOff bétween asymptotic growth at high light versus the slope of the
growth response at low light can be thought of a measure of a tree

species shade tolerance (see Wright et al. ap¥Bquation 2 allows

Data analysis for tests of nonzero intercepts, whex@nds are as previously de
Nonlinear regression was used to model growth as a function o$cribed andc is the light level at which measured growth equals
light environment for each of the five tree species. Four growth re zero. This whole-plant aboveground growth light compensation
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Table 2. Parameter estimates for fifth-year height (cm) and diameter (mm) using the eqWatiqal)/[(a/s) + L]
wherelL is the growing season percent full sunlight estimated from hemispherical photographs above each sample

seedling.

a parameter s parameter

Estimate SE 95% CL Estimate SE 95% CL R? N
Fifth-year height
Western redcedar 198.5 12.1 24.0 11.92 1.62 3.21 0.60 93
Western hemlock 260.6 23.3 46.3 7.56 1.04 2.07 0.68 77
Subalpine fir 125.7 16.0 31.9 2.77 0.44 0.87 0.55 72
Hybrid spruce 279.0 28.6 56.9 4.39 0.42 0.83 0.76 91
Lodgepole pine 506.8 71.1 141.5 455 0.37 0.73 0.81 80
Fifth-year diameter
Western redcedar 50.4 6.3 12.5 0.89 0.11 0.22 0.69 93
Western hemlock 80.6 20.2 40.3 0.65 0.09 0.18 0.70 77
Subalpine fir 30.9 3.6 7.1 0.60 0.08 0.16 0.64 72
Hybrid spruce 107.3 20.0 39.7 0.57 0.04 0.08 0.89 90
Lodgepole pine 930.8 1390.9 2769.7 0.57 0.04 0.08 0.88 79

Note: The P values of all regression models were <0.008%nds, parameters of model; 95% CL, 95% confidence limits; SE,
standard error of estimated parameter values.

Table 3. Parameter estimates for (A) height (cm) and (B) diameter (mm) growth rates (average growth increment per year in years 3,
4, and 5 after outplanting) using the equatiér= a(L — c)/[(a/s) + (L — c)], whereL is the growing season percent full sunlight
estimated from hemispherical photographs above each sample seedling.

(A) Average height increment (cm).

a parameter s parameter C parameter

Estimate SE 95% CL Estimate SE 95% CL Estimate SE 95% CIR? N
Western redcedar 39.9 5.4 10.8 1.48 0.39 0.78 4.9 1.75 3.47 0.57 93
Western hemlock 64.7 10.0 10.0 1.56 0.37 0.74 6.5 2.09 4.16 0.68 76
Subalpine fir 27.8 5.8 11.6 0.69 0.23 0.47 10.7 2.94 5.86 0.57 72
Hybrid spruce 111.8 38.1 75.7 0.70 0.12 0.24 7.4 2.06 4.09 0.82 91
Lodgepole pine 132.8 34.8 69.4 1.16 0.21 0.43 8.8 2.53 5.04 0.82 79
(B) Average diameter increment (mm).

a parameter s parameter C parameter

Estimate SE 95% CL Estimate SE 95% CL Estimate SE 95% CIR? N
Western redcedar 14.2 4.2 8.4 0.162 0.04 0.08 3.2 3.16 6.27 0.63 93
Western hemlock 38.0 30.6 61.1 0.136 0.04 0.07 5.1 4.17 8.31 0.72 75
Subalpine fir 6.2 1.7 35 0.118 0.05 0.09 8.7 4.27 8.51 0.53 72
Hybrid spruce 35.0 17.6 35.0 0.124 0.02 411 6.6 2.07 411 0.87 90
Lodgepole pine 49.9 24.1 48.0 0.200 0.03 0.06 13.2 2.03 4.04 0.85 79

Note: The P values of all regression models were <0.0085s, andc, parameters of model; 95% CL, 95% confidence limits; SE, 1 standard error of
estimated parameter values.

point is analogous to the leaf-level compensation point and couldf the 95% confidence limits for two species did not overlap then
be more simply called a “field compensation point.” We usedthe parameter estimates were deemed significantly different.
eg. 1, which is forced through the origin, to develop functions for
fifth-year height and basal diameter. Functions for recent growt
rates (average height and radial growth increments in years 3, 4,
and 5) were tested with egs. 1 and 2. ~ Ambient light levels proved to be a good predictor of tree
A Mﬁ‘éel\'lfm ameterd’ﬂ( S, 0) \év\e(rSeTeAg,rtlmatgd foé gachhSPsC'e,S Usl'“g size and growth rates under field conditions. Goodness-of-fit
the procedure In version 6.0 with the simplex (R2y of the eq. 1 regression functions for fifth-year height
estimation method to minimize the loss function (SYSTAT, Inc. S . . "

o ' - , and basal diameter of seedlings in the field ranged from 0.55
1996). The 95% confidence limits for derived valuesaofnd s 0.89 (Table 2). Equation 2 provided better functions for

were used as a basis for conservative pairwise comparisons amortu%_ e
species at high and low light, respectively. We also used the 95¢height and radial increments averaged over years 3, 4, and 5

confidence limits to test for nonzero growth intercepts (thea=  than eq. 1. There was evidence among the tree species of
rameter) for each species and to make pairwise comparisons b8onzero intercepts for whole-plant aboveground growth
tween species to test for differences in field compensation pointstates ¢ parameter). The 95% confidence limits for growth

esults
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Fig. 1. Observed values and fitted regression lines of seedling Fig. 2. Observed values and fitted regression lines of seedling
height 5 years after planting versus percent of full sunlight for diameter 5 years after planting versus percent of full sunlight for

the tree species using using eq. 1 and parameter values in the tree species using eq. 1 and parameter values in Table 2.
Table 2 W
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measurements at very low light levels may have artificially

rates overlapped with zero in only two cases, for westernncreased the parameter estimates for this species.
redcedar and western hemlock diameter growth (Table 3). In The shape of each species’ light response curve (Figs. 1—
all other cases, the whole-plant aboveground growth lightt) was generally consistent with expectations based on-phys
compensation points were significantly greater than zeroiological studies and the shade tolerance ranking of the spe
The goodness-of-fit for eq. 2 regression functions were alsaies, with a few notable exceptions. First, total size and
good for field data R? = 0.53-0.87; Table 3). growth rates of all species in the field increased with in

The whole-plant aboveground growth light compensatiorcreasing irradiance to full sunlight, unlike expectations from
points, or field compensation points (parameten Table 3), leaf-level physiological studies that suggest saturation points
were consistent with the shade-tolerance ranking of the treaell below full sunlight. Hence, no clear growth “field satu
species. Western redcedar and western hemlock, the masition points” were observed for the study species. Second,
shade tolerant of the five species (Krajina 1969; Krajina ethere were no clear trade-offs in low versus high light
al. 1982; Kobe and Coates 1997), had no detectable fieldrowth among the species as might be expected based on
compensation point; that is, their parameter values were shade-tolerance rankings. The slope of the relationship as
not significantly different from zero. Field compensation light levels increase above 0% full sunlight parameter
points of the three less shade-tolerant species were signifvalue) did not correlate well with traditional shade tolerance
cantly greater than zero. Pairwise comparisons of field-comrankings. The most shade-tolerant species (western redcedar
pensation points among all species revealed no significarand western hemlock) did have the greatest increase in
differences for either height or diameter growth suggestindieight growth at low light; however, lodgepole pine, the
that, under field conditions, there is no meaningful variationmost shade intolerant of the species (Krajina 1969; Kobe
in the light level at which growth ceases among the species.and Coates 1997), was next in rank order (Table 3). At low

Subalpine fir seedlings were not planted in the undis light, lodgepole pine had the greatest increase in diameter
turbed forest understory because of stock shortages. Trgrowth of all five species. The 95% pairwise comparisons at
field compensation point estimates for subalpine fir were delow light indicated no significant differences between any of
rived from data that did not include trees planted under-comthe species pairs (Table 3). At high light, lodgepole pine out
pletely closed canopies. However, extra care was taken tgrew all other species, as expected based on shade tolerance
sample subalpine fir in the understory off the shady souti{Table 3, Fig. 5).
end of gaps to obtain data at low light levels. Although we Subalpine fir performed the poorest of the five species
do not think it to be the case, the absence of subalpine fiacross the light gradient. This result may reflect poor planting
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Fig. 3. Observed values and fitted regression lines of height Fig. 4. Observed values and fitted regression lines of diameter
growth rates (cm, average increment per year for years 3, 4, andyrowth rates (mm, average increment per year for years 3, 4,
5 after outplanting) versus percentage of full sunlight for the fiveand 5 after outplanting) versus percentage of full sunlight for the
tree species using eq. 2 and parameter values in Table 3. five tree species using eq. 2 and parameter values in Table 3.
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Subalpine fir

80 80

60f {1 o}
401 1 40}

. e

20f cele oo e A4 20|
s . o e

ot & . o

o T . DA%

5f . P
o t@ et

oot =

% . .

Height growth (cm/year)

0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Diameter growth (mm/year)

w© Lodgepole pine Lodgepole pine

60 o i 15} °

0 20 40 60 80 100
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stock quality rather than an inherent characteristic of theacross light gradients (Sipe 1990; Barker et al. 1997).
species. At planting, subalpine fir was the smallest of theStudies that have examined growth as a function of light en-
five species (Table 1). This species has a history of poovironment in the field often have had different results than
outplanting performance. After planting, terminal buds oftenleaf-level studies, especially at low light (Kitajima 1994;
do not flush, resulting in poor apical dominance for thePacala et al. 1994; Barker et al. 1997; Wright et al. 2998
first few years (Pinkerton 1994), a phenomenon observetiut see Burton and Bazzaz 1995).

in this experiment. Many of the stock problems with subal Our field study was designed to test whether tree seed
pine fir have recently been resolved (G. Pinkerton, persondings established across a light gradient created by partial

communication). cutting respond in a manner consistent with expectations
based on leaf-level light response studies. We found no
Discussion meaningful variation in whole-plant, aboveground-growth,

light-compensation points (or field compensation points)
Partial cutting of forests presents new problems for ferestamong the five tree species. Nor were tree species growth
ers selecting tree species to plant after logging. In the operates at low light what we expected based on shade-
conditions of clearcuts, concern centred around stock-quatolerance ranking. Low-light diameter growth of lodgepole
ity, site preparation, and vegetation-management techniqugsne was similar to or better than that of the other species,
to enhance early survival and promote rapid growth rates afwhich contrasts with expectations that shade-intolerant spe
ter outplanting (Walstad and Kuch 1987; Lavender et alcies grow at a slower rate than tolerant species at low light.
1990). Because all trees were planted in open conditions, litLeaf-level experiments for our study species indicate that
tle attention was paid to a species’ light response charactemaximum photosynthesis (the light saturation point) is
istics. Until recently, information on tree species light reached at 30-40% of full sunlight (Dykstra 1974; Bassman
response came from leaf-level, controlled environment-stud1985; Smith 1985; Lavender 1990; Major 1990; Grossnhickle
ies where light levels were manipulated alone or in combinaand Arnott 1992; Koppenaal et al. 1995; Mitchell and Arnott
tion with other resources or abiotic conditions. Basing1995). This was not the case for measures of field saturation
species selection criteria on physiological data assumes thpbint. Diameter and height growth continued to increase
the relationships between leaf-level responses and wholesteadily with increasing irradiance all the way to full sun
plant growth are strong and consistent. In fact, there are verljght, especially for the two most shade-intolerant species,
few data comparing leaf-level and whole-plant responsetodgepole pine and hybrid spruce. Contrary to expectations
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Fig. 5. Fitted regression lines for fifth-year heighd)( height growth rateshy, fifth-year diameter ¢), and diameter growth ratesl)(in
response to percent full sunlight.
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from leaf-level studies, growth responses among the speciesngle-day measurement technique used by others (e.g.,
varied considerably above 40% full sunlight. Carter and Klinka 1992).

Following partial cutting, we found ambient light levels to  In general, our study confirms the expectation that tree
be a good predictor of total seedling size and current growtlspecies traditionally classified as shade tolerant have the
rates, even though other resources such as soil moistuggeatest response to an increase in light at low light levels
(Wright et al. 1998; M.B. Walters and K.D. Coates, unpub (i.e., highs parameter values) but have relatively low growth
lished data), nutrients (M.B. Walters and K.D. Coates,rates at high light (i.e., lova parameter values) (e.g., Klinka
unpublished data), and abiotic conditions such as soil temet al. 1992; Walters et al. 1993; Pacala et al. 1994; Walters
perature (Coates 1998) also varied with the levels of canopgnd Reich 1996). The two species traditionally classified as
retention applied in this study. more shade intolerant (hybrid spruce and lodgepole pine)

The growth functions derived from our study are in gen had the greatest growth rates at high light levels. There was
eral agreement with those of other field studies that have exone exception to the low light versus high light trade-offs.
amined growth responses to variation in light of our studyThis was the very good growth of lodgepole pine at low
species (Carter and Klinka 1992; Klinka et al. 1992; Wanglight. Other recent studies have also reported high growth
et al. 1994; Chen et al. 1996; Kayahara et al. 1996; Cherates of shade-intolerant species at low light (e.g., Walters
1997; Wright et al. 1998); however, our goodness-of-fit for and Reich 1996).
the regression functions were often much higher than those Comparing absolute growth rates among tree species at
previously reported. There are two likely reasons for thislow light may not be a good method for quantifying shade
outcome. First, our planting stock was very uniform, thustolerance. A better characteristic for quantifying shade toler
minimizing the influences of differences in tree age andance is the probability of survival at a given growth rate
crown architecture (Field 1983, 1988; Givnish 1988) on(Kobe et al. 1995; Kobe and Coates 1997). At a radial
growth response to light environment. Use of planting stockgrowth rate of 0.5 mm per year (a growth rate similar to that
improved our goodness-of-fits for height growth by 15-35%observed for all species at low light), approximately 38% of
(except for redcedar, 5%) compared with natural origin treesodgepole pine seedlings are expected to die over a 3-year
in a companion study that used the same method to quantifyeriod compared with 1.3 and 0.2% for western hemlock
light environment (Wright et al. 1928. Second, hemispher and western redcedar, respectively (Kobe and Coates 1997).
ical photographs provide a better estimation of growing-Although lodgepole pine growth at low light was similar to
season light environment in partial canopy forests than théhe other more shade-tolerant species it may not be equally
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acceptable for regeneration of partially cut forests. Light lev Burton, P.J., and Bazzaz, F.A. 1995. Ecophysiological responses of
els of 20-40% full sunlight may be required to achieve ra tree seedlings invading different patches of old-field vegetation.
dial growth rates above 2-2.5 mm per year, rates at which J. Ecol.83 99-112. . .
the mortality risk for all interior cedar—hemlock tree species,Canham, C.D. 1988. An index for understory light levels in and
including lodgepole pine, are quite low (Kobe and Coates around canopy gaps. Ecolog§9: 1634-1638.
1997). Canham, C.D., Berkowitz, A.R., Kelly, V.R., Lovett, G.M, Ol

Growth of the interior cedar—hemlock tree species in linger, S.V., and Schnurr, J. 1996. Biomass allocation and multi
crease even at very high light levels, albeit slowly for the 1521-1530. _ S
most shade-tolerant species. Although the five tree specids?rter, R.E., and Klinka, K. 1992. Variation in shade tolerance of
are commonly thought to have a wide range of shade-toler Dqgglas fir, We_stern hemlock, and western redcedar in coastal
ances, their growth rates were broadly overlapping from low_ British Columbia. For. Ecol. Managés: 87-105. _
to high light. The greatest variability in growth rates was atC"en. H.Y.H. 1997. Interspecific response of planted seedlings to
intermediate light levels (30—70% full sunlight) where care light ava}llablllty in interior Brl'_u_sh Columbia: survival, growth,
ful matching of tree species to light environment can maxi ?gcér;_e{gggattems, and specific leaf area. Can. J. For. Bes.
mize growth rates. ’ .

. . T Chen, H.Y.H. 1998. Survival, growth, and allometry of planted

. Lloggl(rjl%_dlstgrbfancet altce)rs retS(()jurce ?ya”a?r']“t%/ and F;%S Larix occidentalisseedlings in relation to light availability. For.
e o el one e, ol anagei0n 160-75
. A h H.Y.H., Klinka, K. Kayah J.1 . Eff f ligh
light availability (Denslow and Hartshorn 1994; Pacala et al. en. : Klinka, K., and Kayahara, G.J. 1996 Effects of light

o o .*on growth, crown architecture, and specific leaf area for natu
1996; Lieffers et al. 1999), and it is the one resource that sil rally establishedPinus contortavar. latifolia and Pseudotsuga

viculturists can easily manipulate through the spatial and nenziesiivar. glaucasaplings. Can. J. For. Re26: 1149-1157.
tempo_ral e_xtent Of. canopy Free r_emoval. Tree responses t@oates, K.D. 1998. Tree species response to gap formation4n par
changing light environment is of interest to forest managers  jaiy-cut interior cedar—hemlock forests of northwestern British
concerned with future growth rates after partial cutting and - cojumbia. Ph.D. thesis, Faculty of Forestry, University of Brit-
to those trying to better understand community dynamics ish Columbia, Vancouver.

and succession following disturbance. Our study has showgoates, K.D., and Burton, P. J. 1997. A gap-based approach for de-
that whole-plant aboveground growth rates in the field are velopment of silvicultural systems to address ecosystem man-
not consistent with expectations from leaf-level physiologi- agement objectives. For. Ecol. Mana§®: 337—354.
cal studies. Physiological studies should be viewed withcoates, K.D., Banner, A., Steventon, J.D., LePage, P., and
caution as a basis for predicting community dynamics, suc- Bartemucci, P. 1997. The Date Creek silvicultural systems study
cession, and growth rates in the field. in the Interior Cedar—-Hemlock forests of northwestern British
Columbia: overview and treatment summaries. B.C. Ministry of
Forests, Victoria. Land Manage. Handb. No. 38.
Denslow, J.S., and Hartshorn, G.S. 1994. Tree-fall gap environ-
Paula Bartemucci assisted in the field and with data syn ments and forest dynamic processksla Selva: ecology and
thesis. We thank Elaine Wright and Charlie Canham fer as natural history of a neotropical rain foreskdited by L.A.
sistance with the study and comments on an earlier draft. Al McDade, K.S. Bawa, H.A. Hespenheide, and G.S. Hartshorn.
Mitchell and an anonymous review provided excellent-sug University of Chicago Press, Chicago, Ill. pp. 120-127.
gestions to improve the paper. These studies were partia||9yk8tl’a, G.F. 1974. Photosynthesis and carbon dioxide transfer re
supported by the silvicultural systems program of the Minis sistance of lodgepole pine seedlings in relation to irradiance,

try of Forests, Silviculture Practices Branch, Victoria, B.C. _ temperature and water potential. Can. J. For. Re£01-206.
Field, C.B. 1983. Allocating leaf nitrogen for maximization of car

bon gain: leaf age as a control on allocation program.
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