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Crown structure and growth efficiency of red
spruce in uneven-aged, mixed-species stands in
Maine

Douglas A. Maguire, John C. Brissette, and Lianhong Gu

assess vigor of individual trees and to investigate the rel
tionship between tree growth and stand structure (Waring

variation in this index, commonly referred to as growth effi-
ciency (GE), is relatively well understood in even-aged

Abstract: Several hypotheses about the relationships among individual tree growth, tree leaf area, and relative tree size
or position were tested with red sprudei¢ea rubensSarg.) growing in uneven-aged, mixed-species forests of
south-central Maine, U.S.A. Based on data from 65 sample trees, predictive models were developedtimdte the

amount of foliage held by individual trees from sapwood cross-sectional aredian@fine the relationship between

stem volume growth and three variables: total foliage area, relative position in the stand, and the degree of past
suppression. A model that included variables representing tree size (or relative social position) and degree of past
suppression (live branch whorls per unit crown length) indicated that stem volume growth first increased but later
decreased over leaf area when other variables were held constant. Growth efficiency declined with increasing tree leaf
area, although greater height and diameter enhanced growth efficiency and greater past suppression diminished growth
efficiency. The decline in growth efficiency with greater leaf area likely is attributable to one or several of the factors
previously identified as contributing to growth declines in mature, even-aged stands.

Résumé: Plusieurs hypothéses concernant les relations entre la croissance d’'un arbre individuel, sa surface foliaire et
I'étage qu'il occupe, ou sa dimension relative, ont été testées chez des épinettes RicgagybensSarg.) croissant

dans les foréts mélangées et inéquiennes du Centre-Sud du Maine, aux Etats-Unis. Des modéles de prédiction ont été
développés a partir de données provenant de 65 arbres-échantillons dans le but : 1) d’estimer la quantité de feuillage
dans un arbre a partir de la surface de bois d’aubier dans une section radiale; et 2) de définir la relation entre la
croissance en volume de la tige et trois variables : la surface totale du feuillage, la position relative dans le peuplement
et le degré de suppression antérieure. Un modele qui comporte des variables relatives a la dimension d'un arbre (ou sa
position sociale relative) et au degré de suppression antérieure (nombre de verticilles avec des branches vivantes par
unité de longueur du houppier) indique que la croissance en volume de la tige augmente et plus tard diminue par
rapport a la surface foliaire lorsque les autres variables sont gardées constantes. Lefficacité de la croissance diminue
avec l'augmentation de la surface foliaire, malgré le fait qu’'une hauteur et un diametre plus grands augmentent
I'efficacité de la croissance et une plus forte suppression antérieure diminue I'efficacité de la croissance. La diminution
de l'efficacité de la croissance avec I'augmentation de la surface foliaire est probablement due a un ou plusieurs des
facteurs déja identifiés pour leur contribution a la diminution de la croissance dans les peuplements équiennes matures.

[Traduit par la Rédaction]

Introduction stand structures follows a decreasing trend with increasing
. ., .size, typically measured by total tree leaf area (Kaufmann

Stem volume growth per unit leaf area has been applied tg 4 Ryan 1986; Smith and Long 1989). In relatively shade-

ztfglerant species, this trend is modified slightly by the persis-

} ! X X nce of suppressed stems that are growing more poorly

al. 1980; Smith and Long 1989; Long and Smith 1990). The,jo\yer GE) than trees of greater relative height within the

stand (Roberts and Long 1992, Roberts et al. 1993).

In uneven-aged stands the expected general trends in

stands of a single species. Briefly stated, GE in these Simpl&rowth efficiency are complicated by at least two factors:

(i) the stands consist of two or more cohorts that typically
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Table 1. Sample stand attributes based on nested 0.08- and Kaufmann 1996); in fact, there is some evidence in
0.02-ha plots associated with sample trees. O’Hara’s (1996) data that a different model form for de-
scribing the increase in tree increment with increasing leaf

Attribute Minimum Mean SD Maximum  5rea would have detected the beginning of an apparent slow-
Basal area (ttha) 3.12 1551 6.83  34.00 down in growth for ponderosa pine trees with larger leaf ar-
Trees/ha 234 3437 2917 15326 eas. Regardless, the data for ponderosa pine suggest that a
Quadratic mean DBH (cm) considerable range of increasing GE prevails as smaller trees
All species 3.94 9.39 405 2113 emerge from lower canopy levels; hence, the presumed
Picea rubens 2.03 22.32 10.65 43.53 eventual decline in GE is delayed until surprisingly large
Tsuga canadensis 1.75 10.78 9.06 42.67 leaf areas are attained.
Abies balsamea  1.52 499 205 13.29 A question arises as to the generality of increasing GE
Acer rubrum 2.30 9.16 557 2581 with increasing tree size for uneven-aged stands. Would the
Betula papyrifera  1.27 1428 11.22 38.10 same trends be observed for more shade-tolerant and (or)
Species composition by basal area more mesic species? If so, would these trends be enhanced
Picea rubens 0 273 206 724 or dampened? Can the positive influence of improved social
Tsuga canadensis 0 306 250 837 position on stem volume growth be separated from the nega-
Abies balsamea 0 176 139 605 tive effects normally associated with greater tree size? Does
Pinus strobus 0 64 155 882 the degree of past suppression affect GE, all else being
Thuja occidentalis 0 5.2 89 502 equal? The objective of the present study was to test the fol-
Acer rubrum 0 7.6 76 322 lowing hypotheses for red sprucBi¢ea rubenssarg.) grow-
Betula papyrifera 0 2.4 3.3 13.3 ing in uneven-aged, mixed-species stands in the northeastern

United States:
(1) GE peaks over the range of observed tree leaf area;

including: increasing respiration load associated with live(2) for a tree of given leaf area, GE increases with relative
cells in the sapwood of stems or branches (Ryan 1989; Ryan height in the stand; and

and Waring 1992; Roberts and Long 1992), relative alloca{3) for a tree of given leaf area and relative height, GE de-
tion to stemwood production (Kuuluvainen 1988), plant wa-  creases with increasing past suppression (measured by
ter relations (Ryan and Yoder 1997), and tissue maturation number of branch whorls per unit crown length).
(Greenwood and Hutchinson 1993). The increase in GE
reported by O’Hara for ponderosa pine stands may be attrib-
utable to a combination of factors that are unique to un-
even-aged stands or to this particular species: relative shade )
intolerance; longevity and large attainable size; and correla>tudy site

: : AR The study site is part of a silvicultural experiment within the
gﬁgsinzig]nos?t%/ g(;tﬁittlaergfaﬁgaiigﬁrtlcal position in the StandPenobscot Experimental Forest (PEF), located in the towns of

Bradley and Eddington, in southern Penobscot County, Maine,
. Robertslet al. (19.93) have su.ggested a model that recofy g . (approximately 44°8R, 68°38W). Under a recent ecologi-
ciles the difference in GE behavior between shade-intoleranty| jand classification, the PEF is located in the Central Maine
species (lodgepole pine) and shade-tolerant species (subalpiggastal and Interior Section of the Laurentian Mixed Forest Prov-
fir, Abies lasiocarpa(Hook.) Nutt.) growing in even-aged ince (McNab and Avers 1994). Forest composition is consistent
stands. The peaking behavior of GE in the latter species iwith Rowe’s (1972) Acadian Forest Region. The 30-year (1951—
attributed to the tendency of this shade-tolerant species t4980) normal (i.e., mean annual) temperature for nearby Bangor,
develop greater vertical stratification. Greater leaf area of inMaine, is 6.6°C. The warmest month is July with a normal temper-
dividual fir trees is initially associated with improved verti- ature of 20.0°C; this is higher than the 18°C mean July isotherm
cal position in the stand and, hence, with interception oflhat Kuusela (1990) used to define the southern boundary of the

. L oreal coniferous forest. The coldest month in Bangor is January
more intense solar radiation (Roberts and Long 1992). I:(?\?/ith a normal temperature of —7.7°C. Normal precipitation is

trees W'thm the main canopy, h_owe\_/er, grea_ter leaf aréa 1$960 mm per year, with 48% falling from May through October.
associated less with improved light interception per unit of Gacia) till is the principal soil parent material on the PEF. Soil
foliage and more with the above-mentioned factors leadingypes vary from well-drained loams and sandy loams on glacial till
to the decline in stemwood growth per unit leaf. ridges to poorly and very poorly drained loams and silt loams in
Because uneven-aged stands are likewise characterized byt areas between these low-profile ridges. In general, the northern
extreme vertical stratification relative to even-aged stands, itonifer sites from which many of the trees were sampled in this
stands to reason that an increase in tree leaf area would Iséudy are underlain by poorly to very poorly drained loams and silt
associated with a superior social position and improved lightoams. o o ) ) ]
environment. In fact, it is quite possible that the increase in The forest canopy within the silviculture experiment is domi-
GE associated with increase in tree size over the small enffted by a mixture of species, primarily red spruce, balsam fir
of the size range would extend over an even greater range gq{)'es balsameg(L.) Mill), and eastern hemlockTéuga cana-

t leaf f d stands: that is. th K nsis(L.) Carr.), with lesser amounts of white sprucBidea
ree leal area lor uneven-agead stands, that is, theé peak wou uca(Moench) Voss), black spruc®icea marianaMill.) BSP),

be shifted to the right or to larger leaf areas. Although NOleastern white cedarThuja occidentalisL.), white pine Pinus
indicated by O’Hara’s (1996) ponderosa pine data, the GE 0ftrobus L.), red maple Acer rubrumL.), paper birch Betula
ponderosa pine in any given stand presumably would havpapyrifera Marsh.), and gray birchBetula populifolia Marsh.)
to reach a peak and begin declining (Yoder et al. 1994(Table 1). Red spruce, white spruce, and balsam fir dominate the

ethods
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relatively low-lying sites of poorer drainage, but the proportion of rated. The sample was then redried at 70°C for at least another
eastern hemlock and white pine increases as drainage improves24 h and the foliage was weighed to the nearest 0.01 g.
A subsample of 100 needles was randomly drawn from the

. frozen fresh sample collected on each branch, and total projected
Field procedures leaf area was determined with an AgVision image processing sys-

The long-term silviculture experiment was implemented on thetem. These 100 needles were then placed in a small envelope, dried
PEF by the USDA Forest Service between 1952 and 1957, primarat 70°C for at least 24 h, and weighed to the nearest 0.0001 g. Spe-
ily to investigate the effect of silvicultural treatment on growth, cific leaf area was computed as the ratio of projected foliage area
yield, and regeneration (Frank and Blum 1978, Brissette 1996)(cn?) to dry weight (g). The needles remaining from the frozen
The 10-ha selection system units forming the basis of this studfresh sample were dried and their weight was combined with the
have been managed with goals defined by species compositioRest of the full branch sample.
density, and diameter-class distribution. Maximum diameter at
breast height (DBH) was set at 51 cm, the post-harvest basal are,@nalysis
goal was 23 riha, the target diminution quotient (see Nyland
1996) for 2.54-cm DBH classes was 1.4, dideaspecies were to
be favored over all other trees. In practice, cutting has emphasize
capturing mortality and improving stand quality and species comy,
position over .St”(.:t adhergnce to residual basal area, Maximujjisate estimation of branch foliage area from branch diameter and
DBH, and diminution quotient goals. position in the crown:

Sixty-five red spruce trees were sampled in July 1994 from units
6, 10, 12, 13, and 25, all of which were scheduled for some type of1] In (BLA) = a5 + a; In (BD) + a, In (RDINC)
partial harvesting. Sample trees were selected uniformly across the
diameter range (11-48 cm) and in association with nested perma- + agRDINC
nent plots (0.08 ha and 0.02 acre (1 acre = 0.405 ha)) that are lo- . . .
catedp in ((aach unit on an appr(oximate 100-m S|)o)acing. Thé(vhere BLA is branch projected leaf area @pBD is branch basal

; ; i d RDINC is relative depth into crown (RDINC =
following measurements were taken on the standing sample tre uameter (mmy, an -
DBH (nearest 0.1 cm); total height (nearest 0.1 m): height to tree height — branch height)/crown length). The branch-level fo-

crown base (nearest 0.1 m), and crown radii in the four cardinal dil/29¢ area equation was applied to each of the 16 crown-sample

rections (nearest 0.1 m). trees on which all primary branches were measured, allpwing an
Each sample tree was then felled at a 0.15-m stump and diskestlmate of the total foliage area for each tree. The following mod-

were cut at breast height (1.37 m), at the érown base. and at at§_|s were then develo_ped for estimating tree-level foliage area frc_Jm

f ) : 21 L %apwood cross- sectional area at either crown base or breast height:

proximately 2.5-m intervals to the tip of the tree, but avoiding stem

swellings associated with large branches and branch whorls. Orp] TLA = clSACBbZ

the stump cut and on disks from the upper stem, two axes were

marked with a pen:i] the longest axis; andif the axis perpendic- [3] TLA =cSABH®

ular to the longest. Diameter inside bark (DIB) and diameter ) ) ]

outside bark (DOB) were recorded (nearest 1 mm) on each axigvhere TLA s predicted tree leaf areanSABH is sapwood area

and all disks were then transported to the laboratory for furthe@t breast height (cf), and SACB is sapwood area at crown base

analysis. (cm?). Stem volume growth for each sample tree was computed as
On 40 of the 65 sample trees, a green branch was randomi{'® difference bet\(veen th_e in_itial and ending stem volumes for the

sampled by selecting the branch nearest to a random height on thsy€ar growth period ending in late summer 1993. Each stem sec-

bole between crown base and tree tip. This branch was cut flusHon Was assumed to conform to the frustrum of a paraboloid as im-

with the bole, and its height on the bole at point of insertion wasP!i€d in Smalian's formula for log volumes, except for the tip of

recorded (nearest 0.01 m). Diameter of the branch (nearest 1 mnijj€ rée, which was assumed to be a cone. The past 5-year height

was measured just above any basal swelling. A subsample of fregfOWth of the conical tip section was assumed to maintain the

foliage was picked from each sample branch by selecting age@Me base-to-helght proportion in the previous conical tip section

classes in approximate proportion to their representation on th@S Was observed in the current tip section. ,

whole branch. This fresh sample was then immediately placed in a L€af area of the remaining 49 sample trees was estimated from

cooler and transported to the laboratory for freezing at the end ofd- 2, @d GE was computed as the ratio of periodic stem volume

the day. The remainder of the branch was clipped and packed int8oWth () to current total foliage area (infor the tree. To allow
a large paper bag for drying. comparison of the growth relationships for red spruce to results

- . documented by Roberts and Long (1992) for subalpine fir and
Sixteen of the 65 sample trees were also measured for their pr iimore and Seymour (1996) for balsam fir, the following regres-

mary branching structure. This process involved measuring heigh ion model was fitted to the data:
(nearest 0.01 m) and basal diameter (nearest 1 mm) of each livé )

branch on the tree. (4] dV = d, TLA% L exp [-(d, TLA )% ]

Total projected foliage area for each of the 40 sample branches
as estimated by multiplying its foliage dry weight by its specific
af area. The following linear regression model, selected on the
asis of Furnival's (1961) index of fit, was fitted to the data to fa-

where d/ is 5-year stem volume growth @nand TLA is total pro-

Laboratory procedures jected leaf area for the tree @n This model had the flexibility to

Two radial growth rates (nearest 0.5 mm) were measured omccommodate both the exponential growth potential of small trees
each axis of each disk for the 5-year growth period ending in 1993that is, trees with low leaf area) and the later deceleration and pos-
(that is, the current growing season was disregarded). In additiorsible decline of stem volume growth with increasing leaf area. This
breast height and crown base disks were analyzed for crosgasic model was then analyzed for two aspects of red spruce
sectional sapwood area by staining with methyl orange, delineatingrowth behavior: i) GE, computed as the ratio of predicted stem
the transition between sapwood and heartwood, and determiningolume growth to total tree leaf area; arig) fmarginal growth effi-
areas with a Java image analysis system. ciency, MGE, computed as the predicted marginal change in

Full branch samples were dried at 70°C for at least 1 month, afstemwood volume growth per unit increase in leaf area (that is, the
ter which the foliage and wood + bark fractions were hand sepafirst derivative of eq. 4 with respect to TLA).
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Because TLA was expected to be correlated with other influen
tial variables such as relative height or size of the tree, eq. 1 w
expanded to distinguish the effects of increasing leaf area from the

Can. J. For. Res. Vol. 28, 1998

Table 2. Attributes of sample trees(= 65) and sample branches € 40).

Attribute Minimum Mean SD Maximum

Sample trees
DBH (cm) 11.0 28.0 9.8 48.3
Height (m) 9.45 17.91 3.39 23.68
Crown length (m) 3.12 9.60 3.30 17.24
Crown ratio 0.23 0.53 0.14 0.80
Crown diameter (m) 1.98 4.57 1.65 8.34
Crown projection area (f 3.08 18.49 12.74 54.71
Crown volume (m) 3.7 69.0 63.3 273.0
Sapwood area at crown base @m 25.2 139.1 99.5 410.0
Leaf area () 23.8 133.6 85.7 401.7
Stem volume growth () 0.004 0.052 0.035 0.168

Sample branches
Diameter (mm) 5 31 13 53
Depth into crown (m) 0.25 5.16 4.01 14.49
Relative depth into crown 0.02 0.54 0.32 1.00
Leaf mass (g) 7.7 345.7 272.1 1161.0
Projected leaf area (& 357 15532 13175 65 814

Table 3. Parameter estimates and standard errors for

branch, crown, and tree growth models.

Standard
error

Estimated
value

Parameter
estimate

Model (eq. 1) for estimating branch leaf area from
branch diameter and depth into crown

ag 4.452 9 0.766 8
ay 1.740 6 0.168 7
a 0.532 03 0.188 8
as -1.024 1 0.549 3

Model (eq. 2) for estimating tree leaf area from
sapwood area at crown base
b, 0.524 46 0.277 97
b, 1.088 4 0.050 97
Model (eq. 3) for estimating tree leaf area from
sapwood area at breast height
0.595 01 0.21515
0.987 08 0.069 58
Model (eq. 4) for predicting stem volume growth
from tree leaf area

C1

d; 0.000 592 20 0.000 194 06
d, 0.001 667 0 0.000 520 0
ds 1.9700 0.074 4

Model (eq. 5) for estimating stem volume growth
from tree leaf area, size, and past suppression

o 0.000 790 76 0.000 323 25
9 0.001 967 5 0.000 506 0
s 1.820 66 0.094 2

% 0.010 750 0.002 976

s ~0.037 426 0.017 396

effects of increasing relative position, yielding the following
model:

[3]

dV = g TLA% 1 exp [-(g, TLA )% | D%HESUPP%)

1

a

whereD is the tree diameter at breast height (cid)js the total
tree height (m), SUPP is the index of past suppression (number of
live branch whorls/crown length), and dV and TLA are as defined
above.

Analysis of this model as described above for eq. 4 provided in-
sight into the behavior of GE and MGE relative to TLA, and rela-
tive to social position of the tree and degree of past suppression.

Results

Despite the fact that the five units were all similarly man-
aged under a selection system, stand structure varied consid-
erably among the plots with which the sample trees were
associated (Table 1). By basal area, species composition var-
ied from O to 72% red spruce, from 0 to 84% eastern hem-
lock, and from 0 to 32% red maple (Table 1). Individual
sample trees ranged from 11 to 48 cm in DBH and from 9.5
to 23.7 m in height (Table 2). This size range corresponded
to an age range of approximately 55-160 years at breast
height. Crown ratios averaged 53%, but variation in this at-
tribute (23-80%) can be considered a result of both variation
in local stand density and irregularity in past harvesting in-
tensity. Sample branches also covered a wide size interval
because of the represented range in crown size and relative
position in the crown (Table 2).

Parameter estimates for eqs. 1-5 were all significant at
o = 0.05, with the exception of;, which had ap value of
0.07. The branch-level foliage area equation (eq. 1) ex-
plained 87% of the variation in branch leaf area and yielded
an MSE of 0.0048. After including a simple log bias correc-
tion (Flewelling and Pienaar 1981), the implied prediction
equation can be expressed as

BLA = 86.0862BDt-740 607 x RD|NC0.532 027

x exp (~1.024 050 RDINC)

Estimated leaf areas of the 16 individual crown trees
ranged from 26 to 378 fn and these trees covered the
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Fig. 1. Regression relationship between stem volume growth and total tree leaf area (eq. 4).
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Fig. 2. Growth efficiencies (GE) implied by eq. 4 (heavy line) superimposed on observed growth efficiencies. Light line shows the
marginal growth in stem volume per unit increase in leaf area (MGE), as implied by eq. 4.
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conditions represented by the full set of 65 sample trees (sedarchand (1984), a similar degree of departure from the lat-
Table 2 for the latter). ter was found for balsam fir in Maine (Gilmore et al. 1996).

To correct for increasing variance, eq. 2 was weighted by The inference drawn from eq. 4 was that stem volume
SACB=. This nonlinear model accounted for 92% of the growth tended to increase with increasing leaf area but at a
variation in weighted total leaf area for the 16 crown treesdecreasing rate across the full range of observed total leaf
and yielded a weighted MSE of 0.000 162 3. The impliedareas (Table 3, Fig. 1). Analysis of the relationship described
range in estimated leaf area for the full set of 65 sampléyy eq. 4 revealed that average GE decreased monotonically
trees was 24—-402 InThe model for estimating tree leaf area over the range of the observed data (Fig. 2). Likewise, the
from sapwood area at breast height accounted for 89% of thiastantaneous rate of change in stemwood growth per unit
variation in weighted total leaf area and yielded a weightedncrease in leaf area, or MGE, decreased monotonically over
MSE of 0.01849. Because eq. 3 was weighted by SABH the same range, but did not drop below zero (Fig. 2). In
rather than by SACE as in eq. 2, the MSEs are not directly short, neither GE nor MGE exhibited the hypothesized early
comparable; however, Furnival's (1961) index was 15.9 andncrease and later decrease over increasing leaf area.

23.3 for eq. 2 and 3, respectively, indicating that eq. 2 was In contrast to the results from eq. 4, the expanded model
superior. Although both eqgs. 2 and 3 yielded much highereq. 5) contained effects of both tree size and degree of past
leaf area/sapwood area ratios than those reported bsuppression (Table 3). Stem volume growth continued to
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Fig. 3. Growth efficiencies (GE) implied by eq. 5 (heavy line) superimposed on observed growth efficiencies. Light line shows the
marginal growth in stem volume per unit increase in leaf area (MGE), as implied by eq. 5.
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increase with increasing leaf area up to 328and then be- It should also be noted that the expected increase in GE with
gan to decline. Consistent with expectations, as tree sizéncreasing leaf area as documented for well-stratified shade-
and hence, social position, in the stand increased, volumwmlerant species (Roberts and Long 1992) and as might be
growth tended to increase (Table 3). In contrast, volumeexpected for uneven-aged stands relies on the strong correla-
growth declined with an increasing number of branch whorlgion between total leaf area and relative height in a stand; if
per unit of crown length (Table 3). The net result of ac-this correlation is weak or nonexistent, then GE would be
counting for the effect of relative tree position and degree ofexpected to increase with relative height but not necessarily
past suppression was that, in addition to the monotonic dewith total leaf area.

cline in both GE and MGE that was observed in eq. 4 across |t js important to consider the possibility that the increase

leaf area, MGE dropped below zero (Fig. 3). This latter re-in |eaf area at the low end of the diameter distribution ob-
sult reflected the peak in vglume growth observed at a lea§gpyed by Roberts et al. (1993) and Gilmore and Seymour
areas of approxmately 328m (1996) may have been missed because of the 11-cm mini-
mum DBH in the red spruce analysis. However, it was also
expected that the peak in GE would be shifted to larger trees
in these highly stratified uneven-aged stands. One alternative
The trend in GE over total tree leaf area observed foexplanation for the lack of a GE peak may be the effects of
these uneven-aged stands of red spruce departed from tR@st suppression on the smaller red spruce trees. The rela-
behavior that would be predicted from previous results intively advanced ages of even the smallest treg$ (years)
both even-aged stands of stratified shade tolerants (Robergsiggests that they must have been suppressed understory
et al. 1993; Gilmore and Seymour 1996) and in uneven-agetiees at time of treatment initiation (ca. 1952). It remains to
stands of stratified shade intolerants (O’Hara 1996). Rathelpe seen whether younger cohorts representing seedlings es-
than exhibiting a peak over leaf area, GE declined monotablished since 1952, or advance regeneration released rela-
tonically, as has been observed in even-aged stands of lodgévely soon after establishment, will lead to structures and
pole pine (Roberts et al. 1993). As discussed previously, agrowth dynamics that are more consistent with past observa-
increase in tree leaf area is accompanied by a gain in reldions in highly stratified stands. It is conceivable that these
tive height and, hence, by improved light conditions. For in-more recent cohorts growing in the lower layers of stands
dividual tree crowns, greater availability of light generally undergoing conversion to an uneven-aged condition would
results in a greater net photosynthetic rate (Fuchs et abe more vigorous and more capable of response to improved
1977) and greater tree growth (Chen et al. 1996). This trentight conditions. On the other hand, red spruce is well
is supported by the strong performance of variables repreknown for its remarkable ability to release after years of per-
senting relative tree position in growth models; for example sistence in the seedling pool as advance regeneration (Sey-
tree growth is negatively correlated with the amount of standnour 1994), and the index of suppression introduced into
basal area in trees that are larger than the subject trebe full model should have accounted for the effect of past
(Wykoff 1990). In the PEF red spruce stands, there does nauppression. This index could be interpreted in a number of
seem to be a sufficient improvement in light or other condi-different ways, however, so it is plausible that several causal
tions associated with increasing leaf area for the stemwoothechanisms were in operation. For example, since red
production per unit leaf area to be enhanced. Rather, othapruce forms annual whorls of branches, the number of
factors that contribute to growth decline with advancing agevhorls per unit crown length is essentially the reciprocal of
apparently offset the benefits of improved light environment.height growth averaged over a varying number of years prior
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to 1994. Hence, as an index of past height growth and, to sariables. The general behavior of GE in uneven-aged stands
certain extent, of past stemwood growth, it is logical to ex-does not appear to follow a general and consistent pattern
pect this measure to be correlated with stemwood growtlbut rather may depend on the silvics of the species involved
during the previous 5-year growth period. Alternatively, and the specific stand structures and stand histories sampled.
Kuuluvainen (1988) has hypothesized that trees of given lealhn many respects, this apparent inconsistency would be ex-
area, diameter, and height have a poorer growth rate if thpected in light of the wide variety of stand structures de-
foliage is packed into a smaller vertical distance, because dafcribed as uneven aged.
less favorable within-crown light distribution, impeded gas
exchange, or both.
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