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The effect of light availability and basal area on
cone production in Abies balsamea and Picea
glauca

David F. Greene, Christian Messier, Hugo Asselin, and Marie-Josée Fortin

Abstract: Mean annual seed production is assumed to be proportional to basal area for canopy trees, but it is not
known if subcanopy trees produce fewer seeds than expected (given their size) because of low light availability. Ovu
late cone production was examined for balsam Aibies balsamedL.) Mill.) and white spruce PRicea glauca

(Moench) Voss) in 1998 and for balsam fir in 2000 in western Quebec using subcanopy stems, near or far from forest
edges, or (at one site) planted white spruce trees in fully open conditions. A very simple light model for transmission
through mature trembling aspeRdpulus tremuloided/ichx.) crowns and through boles near forest edges was devel
oped to account for the effect of light receipt on cone production. The enhanced light near forest edges (e.g., recent
clearcuts) leads to about a doubling of cone production for subcanopy stems. The minimum subcanopy height for cone
production far from an edge is about 10 m for balsam fir and 14 m for white spruce, with these minima decreasing
near edges. By contrast, the minimum height for white spruce in a plantation (full light) is about 3 m. Accounting for
light receipt leads to an increase in the explained variance.

Key words balsam fir, cone production, light model, regressions, subcanopy stems, white spruce.

Résumé: La production annuelle moyenne de graines est proportionnelle a la surface terriére pour les arbres compo-
sant la canopée. Cependant, il reste a démontrer que des individus croissant sous couvert produisent moins de graines
que prévu (en fonction de leur taille) en raison de la faible disponibilité de lumiere. La production de cones a été exa-
minée pour le sapin baumieAfies balsamedl.) Mill.) et I'épinette blanche Picea glauca(Moench) Voss) en 1998

et pour le sapin baumier en 2000 dans I'ouest du Québec. Les arbres étudiés poussaient sous couvert, prés ou loin de
la bordure forestiére, ou (pour un site) faisaient partie d’'une plantation. Un modeéle trés simple de transmission de la
lumiére a travers la canopée de peuplier faux-tremBtg@lus tremuloided/ichx.) et a travers les troncs en bordure

de la forét a été développé afin de quantifier I'effet de la disponibilité de lumiere sur la production de cones.
L'augmentation de disponibilité de lumiére prés d’une bordure (par exemple une coupe forestiére récente) entraine un
doublement de la production de cdnes chez les arbres croissant sous couvert. La hauteur minimale pour la production
de cbnes chez des arbres croissant sous couvert et loin de la bordure forestiere est d’environ 10 m pour le-sapin bau
mier et 14 m pour I'épinette blanche, ces valeurs diminuant prés de la bordure. En comparaison, la hauteur minimale
pour la production de cones pour les épinettes blanches d’'une plantation (lumiére = 100%) est d’environ 3 m. Une
augmentation de la variance expliquée est obtenue en tenant compte de la disponibilité de lumiére.

Mots clés: sapin baumier, production de cénes, modéle de transmission de la lumiére, régressions, arbres sous couvert,
épinette blanche.

Introduction

Following fire in mixedwood stands in the boreal forest,
Received 5 October 2001. Published on the NRC Research White spruce Ricea glauca(Moench) Voss.) and balsam fir
Press Web site at http://canjbot.nrc.ca on 12 April 2002. (Abies balsamed._.) Mill.) often colonize the burn in the first
few years (Bergeron 2000), especially within 100 m of the
interuniversitaire (GREFi), Department of Geography and burn edge gr residual stand edg.e (MacArthur 1964; Gallpeau_
Department of Biology, Concordia University, 1455 boulevard €t al. 1997; Stewart et al. 1998; Greene and Johnson 2000;
de Maisonneuve Ouest, Montréal, QC H3G 1M8, Canada. ~ Asselin et al. 2001). However, they invariably grow more
C. Messier. GREFi, Département des sciences biologiques, Slowly, initially, than the asexually reproduced trembling as
Université du Québec a Montréal, C.P. 8888, succursale pen Populus tremuloideMichx.) (Bergeron 2000) and, thus,
Centre-Ville, Montréal, QC H3C 3P8, Canada. are relegated to the understory for many decades. There is
H. Asselin.* Centre d'études nordiques, Département de now increased interest in mixedwood management with the
biologie, Université Laval, Québec, QC G1K 7P4, Canada.  gypcanopy spruce and fir regarded as a second crop following
!\r/lé-rg'nfoo%nl\'l aggaggse”égfngggogy’ University of Toronto, 5 careful harvesting system where parts or all of the overstory
‘ ‘ ' of trembling aspen is removed (e.g., Lieffers et al. 1996).
ICorresponding author (e-mail: asselinh@globetrotter.net).  Consideration of natural regeneration options such as
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understory scarification (Lees 1963) or recruitment on The main objective of this study is to examine the effects

skidpaths (Greene et al. 2000) prompts the question: to whaif both light and basal area on cone production in balsam fir

degree can subcanopy white spruce and balsam fir act as seadd white spruce. A young plantation and short edge trees

sources either before or after careful logging? were sampled, as well as canopy and subcanopy stems deep
To our knowledge, the only study of seed or ovulate condn forest interiors. Given that light is exceedingly cumber

production in relation to canopy position (i.e., relative treesome to measure for taller stems (indeed, below, measure

height) was by Fowells and Schubert (1956) for three Califor ments were made at only one stand), a secondary objective

nia conifers. Recording crop size in relation to canopy {osiis to assess distance from forest edge and canopy position as

tion and vigour classes, they found that the suppressed clagsoxy measures of light availability.

accounted for only 0.2% of the total cone productiorPafus

ponderosaDougl. ex. P. Laws. & C. Laws. andPinus .

lambertiana Dougl. and 3.2% for the more toleradtbies ~Materials and methods

grandis(Dougl.) Lindl.. However, their data do not permitre Ovulate cone production by balsam fir and white spruce

f&g}%bﬂ:ﬁne o?r%igglogre(gregg)éahosesui'??:nr?gty kr;%\?vut’ if“%r?éwas examined at four aspen-dominated natural stands and a
Y, ’ hite spruce plantation in western Quebec. All cone counts

subcanopy basal area represented equally low proportions é\fere made between August 1 and September 15, 1998, or in

the total basal area for the three species. While the Iiteraturﬁ1e first week of August 2000. In all cases, measurements on
does not permit the dissociation of canopy position from treg : ’ .
size, nonetheless the bulk of the anecdotal reports are-unanl, 'v- 1 area and height, and the height of the aspen canopy.
mous that light plays a role. It appears that small trees witk,:Or trees less tha3 m in,height, basal area was measured )

ample I_|ght (e.g., plantations) can produce more §eeds tha(S]l m above the root collar; for taller trees, it was measured
equal-sized shaded trees (cf. the largely anecdotal Ilterature.gti breast height. For small trees, the total cone number (all

Burns and Honkala (1990)) and that edge trees produce OII%ides) was tallied, while for larger trees we estimated cone

proportionately more seeds than interior trees (Gf. the ANCG mber on the forest edge side only via binoculars and then

dotal reports mentioned In the reviews of Owens and BlakeI’nultiplied by 1.5 (Franklin 1968). Tree height was measured

(1985) and Puritch (1972)). : . _
Greene and Johnson (1994) argued that the mean ann \}/étgsa tape for smaller trees and with a clinometer for taller

seed production of trees was inversely proportional to see
size (small-seeded species produce more seeds) and direc ¥ .

tional to tree size (basal H their data ortudy Sites
proportional to tree size ( asa area). However, their 2ao All sites were aspen dominated (except the white spruce
the role of basal area was limited almost solely to studies of P P P

canopy trees of intolerant species by Downs and McQuilkerpl2ntation), and "li” wgre on flat or g_(ejntle sllopes. At all sites,
(1944: Quercusspecies), Carvall and Korstian (195Grio-  (ransects were placed so as to avoid very large canopy gaps.

dendron tulipiferal.), and Fowells and Schubert (1956; 1ansects were at right angles to the edge and were always
Pinus species). Further, these data sets were comprised south- or west-facing edges. The first three sites were near
different stands lumped together. Since then, Greene angP¢ Duparquet, Quebec, ca. 555 km northwest of Montréal.
Johnson (1999) have shown that, feicea mariana(Mill.) t Dup1-98 a transect about 150 m long and 50 m wide was
BSP andPinus banksiana.amb., the magnitude of their ae €Xténded through an aspen-dominated forest (averaging

rial seedbanks was indeed directly proportional to basal are&P0ut 25 m tall) that abutted a 4-year-old clearing. (All-sub
but again, they purposefully limited the sampling to only sequent transects at other sites were only 50 m long as this
canopy trees. first exercise made clear that there was no edge effect be

Given that the original equation of Greene and Johnsoﬁ(ond about 50 m.) The nearby aspen stumps in the clearing

(1994), adapted by Greene et al. (1999) for a seed pmduéndicated a s_tand age of about 90 years. Both white spruce
tion ye’ar and rephrased below for cone productiog) (was and balsam fir were present at this stand, although few stems

primarily for stems receiving a large amount of light (i.e., °f eirt]hfer _spec:jes were found within the first 10 m of the
dominants and codominants), one might, speculatively,—modSOUt -facing edge. . .
ify the equation by simply multiplying by. (the proportion The second and third sites, Dup2-00 and Dup3-00, were

of full light): sampled in 2000 and were aspen forests about 85 years old
' and averaging 22 and 23 m in height, respectively. The forests
[1] Q. = (KR)Mo-58BL adjoined 2-year-old clearcuts. Four transects (50 m long and

30 m wide) were extended into the aspen forest at a west-
where Q, is the mean annual cone production of a tree withfacing edge at both sites. There were very few subcanopy
basal areaB (m?), and seed sizan (in grams), ancR is the  white spruce, and so at these two sites, measurements were
number of filled seeds per cone. Of courses D< 1. If L=1  only made on balsam fir. (Indeed, although white spruce, like
(the terminal leader is at the top of the canopy) in eq. 1, thebalsam fir, had good seed production in 2000, we could not
this is simply the original argument of Greene et al. (1999)/find a site that contained adequate amounts of subcanepy in
where it is assumed th&t= 3067 (an empirical value from dividuals near a recent clearcut.)
regression) in a mean year. Note that the exponenB faas The fourth site (McW-98) was along Highway 11 near
0.92 in the Greene et al. (1999) paper. However, an exponemcWatters, 65 km southeast of the Duparquet sites, in an as
of 1 is used here for simplicity. Note also that eq. 1 makegen forest with a sparse component of spruce, and with the
the intuitive leap that sexual production is linearly propor canopy height about 26 m. Three parallel transects (30 m
tional to available light as measured at the terminal leaderwide) were extended from the south-facing forest edge 50 m
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into the forest. Coring a few aspens indicated the stand wasites in western Quebec. Granting that 1 at the top of the

about 85 years old. canopy ¢), then a very simple one-parameter estimatelfpr
The final site (Lyt-98) was near Lytton, Que., aboutis a negative exponential decline in light with height:

200 km southeast of McWatters, where an 11-year-old WhitﬁZ] L =01e2%/2

spruce plantation was sampled in 1998. There was ne se v

ous shrub or hardwood competition. Stems that were at leagjherez is the height of a conifer tree. The coefficients 0.1

40 m fr_om the_ adjacent aspen-dommated forest were- sanjnd 2.3 are required to obtaln = 1 at the canopy top (as

pled using a single 10 m wide transect. sumed 25 m) antl, = 0.15 at 4 m. Clearly, a one-parameter
In all sites except the plantation, the white spruce and balgistribution is too simple: a more likely function would-al

sam fir were primarily subcanopy and, more rarely, codominanfow for a steep decline in light receipt within the aspen

stems in otherwise pure aspen stands. All the Duparquefrown layer, with a more gentle subsequent decline to the

sites were located on proglacial lacustrine clay, while theop of the shrub layer. Nonetheless, further elaboration of

McWatters and Lytton sites were on fluvioglacial sands.  the relationship seems pointless given that no measure was
Direct estimates of light availability at 3 dré m height  taken of the tremendous small-scale variation in light receipt

as a function of distance from the edge were made at DupZat equivalent heights because of small gaps, recent branch

00. Sampling was done every 10 m starting at the edge for kss, etc.

distance of 50 m along a series of perpendicular transects for The increased light accruing to subcanopy stems near

a total of 146 measurements. The percentage of full sunlightdges ) must be taken into account. The value toris

was measured using a pair of hand-held LAI-2000 sensorgbtained by multiplyingp,, the fraction of the sky where

Open-sky readings were taken in a nearby opening with onfight reaches a subcanopy terminal leader unimpeded by the

LAI-2000 linked to a LI-1000 datalogger (LI-COR, Inc., aspen canopy, bg, an attenuation factor. Letting be the

Lincoln, Neb.). The datalogger took measurements every 5 gistance from the forest edge into the forgstjs, using ra

and stored 1-min averages. The light measurements wegians, forx > 0:

taken under clear or variable sky conditions using a 180° .

view restrictor that was placed over each sensor to block dif3) = 1" {[(zz -9 - 2]/ ¥

rect sunlight. Two LAI-2000 readings were taken in opposite T

directions and at different times during the day for each

sampled point. Paired values taken at exactly the same timihere z is reduced b 5 m (the expected aspen canopy
with sensors oriented in the same direction from understoryfickness). At the simplest level of analysis let us ignore the
and open conditions were used to convert all understor _ffect of branches and leaves, and model the attenuation of

readings to percentage of full sunlight (see Gendron et atight from the edge as being due solely to interception by
(1998) for more information on this method). boles. This attenuation factag, due to boles is then a sim-

Also at Dup2-00, percentage of full sunlight right above P/€ Négative exponential term:
the terminal leader of 27 subcanopy balsam fir ranging ir¥4] g = exb
height from 3 to 16 m was estimated using the same ligh
method as described above. An experienced climber wagith the assumption that boles are randomly distributed (a
hired to climb adjacent dominant aspen trees to obtain lighteasonable assumption for a scale exceeding, say, 10 m), and
measurements above all 27 subcanopy balsam fir. To ouhus, the constant probability of interceptiop,() per unit
knowledge, this is the first time that such a technique isdistance is given by the product of tree diameter and the
used, allowing light measurements at heights considerablgquare root of the tree densitig; trees/m). However, we
higher than the top of the shrub layer. will rephrase the argument using the more familiar forestry

measure, basal area densiBy( summed basal areafjn

Modelling the light environment N P°
Equation 1 requires, the proportion of full light, to be [5] Pint = @4337'3@0
defined for each white spruce and balsam fir. The dominant n

aspen canopy can be viewesl @ 5 mthick layer for canopy

trees on the order of 25 m in height (D’Astous 2000). Thus2"d

the aspen canopy layer extends from the top of the aspel% 1_
dominants,z,, down toz. — 5 m. Even though decreased ] T =10 - Py

lower branch abscission near edges could result in slightly

thicker canopies compared with those of the forest interiors\We note that this simple equation makes no allowance for
edges were created only recently (4 years maximum) in théhe taper of the boles with height. For the nonplantation
present study. We thus reasonably assume that the aspetands, the producBpNp averaged around 0.000 23, and
canopy depth is constant all over the stands. thus,b = 58 m. That is, 63% of the edge light fractiop.)

For simplicity, the available light can be divided into two has been intercepted by boles at that distance. (This distance
components: the light arriving vertically from abovg, and  of 58 m ought to be fairly typical for rotation-age aspen. For
the light arriving perpendicularly from an edde). According  example, 100-year-old aspen on productive sites are ex
to D’Astous (2000) the light availability at the top of the shrub pected to have about 650 aspen trees/ha and 3Mam
layer (roughly around 4 m) is approximately 15% of that avail (Greene and Johnson 1999), and thus; 63 m.)
able at the top of the aspen canopy= 0.15) when sampling The final equation fol, the fraction of available light at
is done far from any edge. This holds for both clay and sandyhe terminal leader, becomes for a tree:
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Fig. 1. Observed (3 and 6 m; bars, presented in continuity with Fig. 2. Observed I(,,J versus predicted lightL{.) as a function
out distinction) and predicted (4.5 m; the mean of our two mea of height and distance from edge at Dup2-00. The linear regres
surement heights; solid circles) light as a function of distance  sion result wad o5 = —0.05 + 0.94¢4 (r* = 0.35,p < 0.05).

from clearing edge at Dup2-00.
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[7] L= Ped + ((1 - pe)l-v)
The light environment

While the light modelling provided here is admittedly a simpli- ~ Results of the light measurements at Dup2-00 (3 and 6 m
fication (and further, it makes the untenable assumption thateight) are shown in Fig. 1. While the model (eq. 7) tended
only the light interception at the terminal leader will affect to overpredict somewhat in the interval> 30 m from the
cone production), it does provide us with two expectations€dge (indeed light is already at the expected value of 0.15 by
First, note that botly and p, decline rapidly with distance into X = 50 m), nonetheless the predicted rapid decline in light
the forest; thus, the edge light contribution, & pg) is ex-  receipt with distance from edge is apparent. _

pected to decline abruptly within the first 20 m, and the total Figure 2 shows predicted (eq. 7) and observed light at the
light receipt () will arrive asymptotically at the value dictated terminal leaders for 27 subcanopy balsam fir varying in
by L, alone (eq. 2) by about 50 m. Thus, we expect a stron@elght from 3to _16 m and in distance from 0 to'50 m. The
decline in cone production within a very short distance from gorrelation was significanr{ = 0.35,p < 0.05); the intercept
clearing. Second, the exponential decline in light with treevas not significantly different from zero nor was the slope
height should likewise produce a strong effect on cone producsignificantly different from one. In short, the model for light
tion after the role of basal area has been removed. Thus, w€ceipt is a rough guide to the light environment for, at least,
might expect that the scal@J/B (cone production divided by this circumscribed range of tree heights (3 to 16 m).

basal area) will be proportional to height. That is, given the .

allometry of height with basal area, we might expect that condalsam fir o ) )
production is proportional to basal area raised to a power of Basal area was a significant predictor of cone production
around 1.5 for a very shade-tolerant species (Niklas 1993fplus one) (Table 1), explaining from 34 to 42% of the vari
Such a value would be far higher than that predicted by Green@nce using power-law regressions. Interestingly, the 1998 in
et al. (1999), where they relied primarily on specie@sand tercept and slope (Table 1) were not significantly different
Quercus that had no marked shade tolerance and where -theréom those obtained in 200@ {ests,p < 0.05), indicating no

fore, the observations were almost entirely of canopy trees. dramatic differences in the size of these two mast crops.
The exponents on basal area in the power law regressions

ranged from 1.47 to 1.88 (Table 1), with all three signifi

Statistical analyses cantly larger than the value of around unity proposed by

Cone crops from both study years (1998 and 2000), as olGreene and Johnson (1994) (eq. 1) but not significantly dif
tained by power-law regressions of cone production on basderent from the value of 1.5 expected when considering that
area, were compared usingests (Sokal and Rohlf 1995). height is allometrically well related to basal area (Niklas
Cone production near an edge and deep in the forest-interl993). Not surprisingly, therefore, semi-log regressions of
ors was also compared usihtests. Partial correlations were the scalar Q. + 1)/B (cone production divided by basal area)
used to assess the relative importance of basal area and light tree height all yielded significant results (Table 1) with
availability in the explanation of cone production (Sokal andbetween 9 and 15% of the variance explained. (An example
Rohlf 1995). from Dup2-00 is shown in Fig.8) The observed slopes are
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Table 1. Regressions for white spruce and balsam fir.

Regressiof N r? a (95% limits) b or b; (95% limits) b, (95% limits)
Fir sites
Dup1-98 Q. = ak’ 94  0.413* 3463.00 (812, 14 765) 1.47 (1.16, 1.79) —

Q./B = aeb@/2) 0.153*  88.00 (41, 189) 2.66 (1.36, 3.96) —

QJ/Bf(z/z;) = ae™ 0.041  0.63 0.42 —

Q. = aB™ L 0.510*  466.00 (52, 4188) 0.66 (—0.09, 1.41) 1.74 (0.28, 3.20)
Dup2-00 Q. = ak’ 99  0.341* 4359.00 (699, 27 447) 1.48 (1.07, 1.90) —

Q./B= ae"@/z) 0.087*  148.00 (62, 354) 2.78 (0.96, 4.60) —

QJBf(z/z) = ae™ 0.006  1.22 -0.0083 —

Q. = aB™ L 0.358*  3463.00 (561, 21 590) 1.17 (0.66, 1.68) 1.24 (0.02, 2.46)
Dup3-00 Q. = ak’ 199 0.421* 24588.00 (6974, 86 682) 1.88 (1.57, 2.00) —

Q./B = aeb@/2) 0.102*  151.00 (77, 292) 2.94 (1.71, 4.16) —

QJBf(z/z) = ae™ 0.101* 1.73 (1.3, 2.3) -0.043 (-0.061, —0.025) —

Q. = aB™ L 0.448* 26 903.00 (7863, 92 041)  1.64 (1.30, 1.97) 1.32 (0.56, 2.09)
Spruce sites
Dup1-98 Q. = ak’ 122 0.513* 74.00 (36, 148) 0.81 (0.66, 0.95) —

Q./B= aeh@/z) 0.014 228.00 -0.43 —

QJ/Bf(z/z) = ae™ 0.001  0.80 0.001 —

Q. = aB™ L 0.552*  32.00 (14, 73) 0.14 (-0.25, 0.53) 1.67 (0.75, 2.6)
McW-98 Q. = ak’ 42 0.650* 804.00 (268, 2368) 1.02 (0.78, 1.26) —

Q./B= aeh@/z) 0.028  496.00 0.72 —

QJ/Bf(z/z) = ae™ 0.068  1.86 -0.024 —

Q. = aB™ L 0.722*  483.00 (173, 1338) 0.52 (0.15, 0.88) 2.07 (0.86, 3.27)
Lyt-98 (plantation) Q. = aB® 52  0.220  138.00 (13, 1480) 0.66 (0.31, 1.01)

Note: For the effect of canopy position, we use an exponential regression (as in eq. 2). Likewise, for the effect of distance from the clearing edge, we
use an exponential regression (as in eq. 4). For the plantation, we do not of course evaluate the role of canopy position or edge distance. For the
regressiorQ, = aB™ 1”2 , the adjusted? was used to account for the removal of one degree of freedom (due to the addition of one independent
variable).N, number of stems in the sample.

3Q,, cone production (always done s + 1); B, tree basal area @ z, tree heightz, aspen canopy height; expected light receipt at the terminal
leader (from eq. 6)x, distance from forest edge (m).

*Significant correlation | < 0.05).

all higher than the expected value of 2.3 (eq. 2), but not sigone at Dup3-00. Partial correlation analysis showed that
nificantly so. UsingBL as a predictor of). resulted in an in-  light was a less important predictor of cone production than
crease in the?, relative to merely using, for all three sites basal area at two of three sites.

(Table 1). This is further illustrated by the observed mini

mum height for the production of at least one cone. In veryyhite spruce

deep shade (as in Fig. 1, for distances greater than 35 m), Results for white spruce are presented in Tables 1 and 2.
the values ranged from 9.5 m (Dup1-98) to 10.5 m (Dup3-power-law regressions of), + 1) (cones per tree plus one)
00). By contrast, fox < 35 m, the minimum height for cone , B (basal area) were significant at all three sites. The ex
production was 6.5-8.6 m. ponents were much lower than for balsam fir, ranging from
The effect of distance from edge on cone production i90.66 to 1.02 (none of these are significantly different from
much weaker than that of height. Semi-log regressions of the.0). Semi-log regressions of the scal@; ¢+ 1)/B on tree
scalar Q. + 1)/Bf(z/z,) (wheref(z/z;) is the result of the re  height yielded insignificant? values (the largest was’ =
gression of Q. + 1)/B on z in Table 1) were significant only 0.028 at McW-98). As with balsam fir, the produBL was a
for Dup3-00 (2 = 0.101; Table 1; the example of Dup2-00 is better predictor of cone production th&alone (Table 1).
given in Fig. 4). Nonetheless, as can be seen in Figs. 1 andlinimum cone production required a height of 14 m (Dup1-
4, we expect the dramatic differences in light receipt te oc 98) atx > 35 m (deep shade) but gnB m atx < 35 m
cur in the first 10 m from an edge. There is a discernable ef(McW-98). By contrast, at the plantation (Lyt-98), the mini
fect of distance from edge on cone production at Dup2-0Gnum observed sjze for one cone was only 3.1 m. For the re
and Dup3-00 (we cannot perform this analysis with Dup1-98gression Q, = aB* 1%, the exponent on light was not
as there was only one stem within the first 10 m) as we exsignificantly different from one at either McW-98 or Dup1-
amine the summed scalaQJ/ZB (Table 2). In both cases 98. Light had a slightly higher partial correlation than basal
there are more cones per basal area near the edge than farea at both Dup1-98 and McW-98.
ther away { test,p < 0.05). There were no significant correlations for semi-log regres
Table 1 also shows results for a regression of the fornsions of Q. + 1)/Bf(z/z;) on distance from edge (Table 1; the
Q. = aB* L*. The exponent on light was significant in all grouped data for Dupl-98 and McW-98 are presented in
three cases and was not significantly different from one. ByFig. 3b). As with balsam fir, comparison of summed cones
contrast, the exponent on basal area was significant only fquer basal area (Table 2) for distances less than or greater than
two sites (not Dupl1-98) and was significantly greater thanl0 m from an edge showed higher values for the nearer trees
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Fig. 3. (a) The scalar cone production/basal area as a function ofig. 4. The scalar cone production/basal afgalative height) as

relative height (height/aspen canopy height) af i§alsam fir at a function of distance to edge for balsam fir at Dup2-fieela
Dup2-00 and l§) white spruce (grouped data from Dupl1-98 and tive height) is taken from Table 1. Note th@ is used here
McW-98). Note thatQ, is used here rather tha@. + 1. rather thanQ, + 1.
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60004 n Table 2. The effect of proximity to an edge for white spruce and
balsam fir.
0 Site X<10m X>10m
o Dup1-98 (fir) — 905
O 4000+ - Dup2-00 (fir) 2789 1447
Dup3-00 (fir) 1944 1182
- Dup1-98 (spruce) — 356
20004 n - McW-98 (Spruce) 2428 1703
. ., Lyt-98 (spruce plantation) 1246 —
e o= Note: Values are calculated usirQ/=B, whereQ, is cone production
nm - " u andB is basal area (AL x, distance from an edge. We have arbitrarily
04__'._...-*_1.._'*;..-_‘ included the plantation site in the column for< 10 m. For Dup1-98
there was only one fir and three spruces within the first 10 m from the
0.0 0.2 0.4 0.6 0.8 1.0 edge.
Zt/ZC

tained 0.92). The work presented here corroborates the con

at McW-98 p < 0.05;t test; note that we could not do this for clusion that tree size is crucial. Nonetheless, basal area ex

Dup1-98 as there were only three trees within the first 10 m).plains only about half the variation in cone production.
Indeed, Greene and Johnson (1999) resorted to using basal

area class means to obtain significant regressions for the ae
rial seed banks of two conifer species in Saskatchewasn. Ini
The simple light model presented here constitutes the firstially, we had hoped that light would account for much of
attempt to estimate the light accruing to subcanopy stems ughne unexplained variation in the relationship between basal
to 16 m tall and from the edge to 50 m inside a stand, and iarea and cone production. However, as we saw, the explana
proved to be a reasonable predictor of the measured light. Faory power of basal area is increased only between 5 and
short stems (3—6 m), there should be little added light fron23% by including our proxy data for light receipt. Nonethe
the edge by about 30 m. This conclusion agrees tolerably welkess, partial correlations for basal area and light were about
with the empirical results of Matlack and Litvaitis (1999) who equal (light availability was slightly more important in three
showed that the effect of light from the edge disappeared bgases and basal area in two).
around 15-30 m. The attenuation ought to depend on stem Interpretation of the results presented here needs to take
height. According to eq. 7, the attenuation with distance willinto account that, all else being equal, and given the large
be more rapid for the taller subcanopy stems. amount of unexplained variance, then it follows that which
Greene et al. (1999) argued from a relatively small dateever predictor variable has the biggest gradient for observa
set that cone or seed production was proportional to basdions will have the highest® value. Now, for both balsam fir
area raised to a power somewhat less than 1.00 (they oland white spruce there is about a 100-fold difference in the

Discussion
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basal areas examined. By contrast, given this range of basfdr trees suddenly exposed to enhanced light. Dup2-00 and
areas (and thus heights), the largest range of vertical light reDup3-00 were adjacent to 2-year-old clearings and Dup1-98
ceipt values we might see, far from any edge, would be aboub a 4-year-old clearing. Corroboration of these results is
sevenfold (0.15< L < 1.0). Finally, the expected range of provided by a 6-year record of seed production (via seed
light at an edge would be (as in Fig. 1) around fourfoldtraps) of paired shelterwood (25% removal) and control
(0.60/0.15). Thus, the hierarchy ir? values is probably stands in eastern Quebec (Raymond 1998). Within 2 years,
mostly an artefact of the gradient of possible observed valuesspruce reproductive output increased by 70% (relative to

Likewise, ther? values for balsam fir tended to be higher controls) in response to the greater light availability while fir
than those for white spruce when we performed the semi-lo§howed a more modest 25% increase.
regressions using relative height/f.) and distance from  The speculative leap th&; was proportional to the pred
edge as predictors. However, balsam fir is more shade-tolet/Ct BL is supported by the results presented here. For all five
ant than white spruce (Messier et al. 1999) and will be foundbites (we ignore the plantation), the exponent on light was
under a larger gradient of light values than white sprucenot significantly different from one. However, contrary to
Also, it can produce cones at a smaller minimum basal aregreene et al. (1999), we have no evidence that basal area has
than white spruce, so that again we have a larger gradient ia typical exponent on the order of one when the role of light
basal area values. In consequence, we might expect higheris factored out. Including the plantation, then for our six
values for balsam fir than for white spruce. Nonetheless, it i$ites the exponent on basal area was significantly greater
noteworthy that the minimum height for cone productionthan one (one site), less than one (one site), the same as one
was less for balsam fir than white spruce (about 10 vs. 14 n{two sites), or not significant at all (two sites).
respectively, forx > 35 m). The difference in cone produc We see two implications here. First, the contention of
tion at low light between white spruce and balsam fir mayGreene et al. (1999) that basal area per area, easily obtained
be related to their markedly different crown adaptation toffom inventories, can be used as a predictor of mean annual
low light. In very shaded conditions, balsam fir tend to Seed production was based on the thinnest empirical underpin
abscise their lower branches and reduce their height growtRing. The data presented here for these two species bolster that
much more than white spruce (Messier et al. 1999). Thigssertion. For intolerant species, differential light receipt is not
characteristic of balsam fir may permit it to maintain enough@n issue, but clearly for very tolerant and mildly tolerant spe-
carbon at low light to produce small numbers of cones.  cies, prediction of seed supply based on basal area can overes-

The degree to which the remaining unexplained variatiorfMmate if the great majority of stems are subcanopy trees. A

(typical of canopy trees, e.g., Sork et al. (1993), as well adelated problem involves stand dynamics simulators, such as

subcanopy trees) is due to genetic differences within a stant]0S€ of Ribbens et al. (1994), Clark et al. (1999), or LePage et
I. (2000), where it is assumed that reproductive potential is

is not understood. The variation cannot be primarily due td? ional 1o basal ised 10 th Clearly thi
asynchrony in masting, as this is a weather-cued regiondjfoPortional to basal area raised to the power one. Clearly this

phenomenon (e.g., Alexander et al. 1982; Sork et al. 19930l lead to simulation results where tolerant, slow-growing,

Koenig and Knops 1998), although this will bear some shareaded species, initially composed of subcanopy trees, can in-
of it. Furthermore, intra- and inter-specific competition prob- cr€ase their abundances faster than would really be the case.

ably had different effects from tree to tree. There is a IqegaThat is, the rate at which shade-tolerant species come to-domi

tive relationship between radial growth increment and condidte a stand will .be gxaggeratgd. .
production in some species (Eis et al. 1965; Mart'yanov and A second application is the issue of advance regeneration
Batalov 1990; El-Kassaby and Barclay 1992), and this icadding to the seed supply near the edges of recent cuts. In
also expected to vary between individuals. There is also 41€ "'ﬁ’t 15 years, aspen hashbecome commercially valu:;ble,
possibility that there were light differences our proxy mea and there are many sites such as Dup2-00 or Dup1-98 where
sures could not include or that a measure at the termind[1€ Conifers are present almost entirely as advance regenera
leader does not describe satisfactorily the overall light conditlon by the time the overtopping aspen have reached rotation
tions reaching the crown of an understory tree. Crown fornf:9€: Seed dispersal into clearcuts is greatly constrained by
(the ratio of crown height to crown width) was not taken into '0W horizontal wind speeds deep within the forest, and thus,

account here, nor were the roles of sunflecks (see the goc{ﬁost of the seeds arriving in the clearing are from trees near

review by Chazdon (1988)) and seasonal light variability!'® €d9€ (Greene and Johnson 1996). Thus, Table 2 offers a

(Gendron et al. 2001). Subcanopy conifers can benefit fromioUgh guide to the expected enhancement due to increased

the higher light availability prevailing in late spring and I|ghg one Tan eé(pt?ft somewhat Ies; than a douplint%] of thed
early fall (while aspens do not bear leaves) to fix substantiaf€€ dSUth) y 3\?h.|' us, al%og]e?pbon 'Pg mcreasc;;] mt e sz;:e
amounts of carbon (Constabel and Lieffers 1996). This prob Ing density. lie even Of basal aréa per heclare o

ably lowers the part of the variability in cone production ex _s;ubcanopy conifers cannot be expected to achieve full stock

plained by the light-availability gradient. While the goal of ing, nonetheless this enhancement adds to the arguments for

the present study was to determine the effect of both mig@"Y Cutling regime that increases the ratio of edge to har
growing season light availability and basal area on cone pro/€Sted area, especially options such as parallel strip-cuts
duction inAbies balsameandPicea glauca further studies with quite narrow residual strips of seed sources.
are needed that would quantify other variables to include
them in the regrgssmn and mcregse the' e>.<pla|ned ,Va”?‘t'or}\cknowledgements
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