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SUMMARY

Variation in the unit leaf rate in trees, i.e. the weight of wood increment per
unit of leaf area, arises from disproportionate changes in their rates of net photo-
synthesis and in the allocation of carbohydrates. Changes in unit leaf rate in
response to variations in canopy density were investigated in a thinning experi-
ment established in a 36 year-old Douglas fir forest. Tree growth was estimated
from increment cores and leaf area by linear correlation with sapwood basal area.
Net assimilation and mean growth of individual trees expressed as basal area and
volume decreased in direct proportion to increase in canopy density from 3.6 to
12.0 m®*m ™2 of projected leaf area. These relationships were linear with multiple
correlation coefficients (r?) = 0.97.

Net stand increment, in contrast to unit leaf rate, culminated as projected leaf
area approached 6 m?m~? and decreased at the higher canopy densities due to
mortality. The approach developed in this paper could be applicable in predicting
growth in response to various silvicultural treatments.

INTRODUCTION

It is well known that trees released by thinning tend to grow faster and that
total wood production often equals or may exceed that observed in unthinned
siands. Open-grown trees intercept more sunlight, produce more carbohydrates
and allocate proportionally more assimilates to stemwood than trees in shaded
canopies. (Mooney 1972; Rangnekar and Forward 1973). As a measure of the
efficiency of production of tree crown several authors have estimated increment
in terms of stemwood production per unit of leaf weight (e.g. Van Laar 1973,
Tadaki 1966, Larson and Isebrands 1972, Halle, Oldeman and Tomlinson 1978).
This approach is similar to the traditional techniques developed in agricultural
research (Gregory 1918, Briggs, Kidd and West 1920) but although readily applied
to tree seedlings (see Hunt 1978, Sestik ef al 1971) the application of growth
analysis techniques in forestry has been delayed by the difficulty of accurately
estimating changes in the leaf canopy of large trees. The recognition that the basal
area of conducting tissue in a given tree species has a linear relationship with foliage
weight or leaf area has partly removed this difficulty (Dixon 1971, Grier and
Waring 1974, Waring et al 1978, Whitehead 1978, Rogers and Hinckley 1979).

Stemwood increment is usually estimated from changes in basal area, using local
volume tables, so it appears logical to estimate net assimilation rate (kgm2y™)
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from the ratio of current growth in basal area to total sapwood basal area (Waring,
Thies and Muscato 1980). From a limited comparison of four stands with different
canopy densities, they reported nearly proportional relationships between net
assimilation rate and canopy leaf area. In their study, volume growth and sapwood
basal area were measured from stem analysis on 122 trees of varying sizes and
dominance classes.

To test more rigorously and widely how the competing canopy might affect net
assimilation rate, a uniform forest previously thinned at different intensities was
selected. From an analysis of wood core samples from different treatments and
from knowledge of stand density and other stand characteristics, this paper develops
an approach for predicting growth responses over a wide range of thinning intensity.

STUDY AREA

The study area is located near Hoskins, Oregon (longitude 123°28', latitude
44°41") on the west side of the Coast Range at 300 m elevation. The climate is

wet and mild; temperatures rarely fall below freezing and rainfall exceeds 2000 mm
annually. Soils are well drained Haplumbrepts (Western Brown Forest Soils) derived
from Tyee sandstone.

The naturally established forest of Douglas-fir (Pseudotsuga menziesii (Mirb )
Franco), 36 years-old at the time of our study, had been selected in 1963 for
experimental thinning to nine stand densities (Bell and Berg 1972). Each treat-
ment was replicated three times on 809 m? (1/5 acre) plots in a completely ran-
domized design. Stand density has since been maintained by successive thinning
in 1966, 1970, 1973 and 1975.

Data for the study were collected after the last thinning from five of the stand
densities, including the unthinned control. Stand characteristics after the last
measurements in 1978 are given in Table 1.

METHODS

For each density, stand and individual-tree characteristics were assessed. From an
annual survey, the number of trees living on each plot and the extent of mortality
were known. Height estimates were made by interpolation from measurements of
30 trees from each density in 1975 and in 1978,

Characteristics of individual trees were assessed from 30 trees randomly selected
in each stocking density. On each sampled tree, diameter at breast height, 1.37 m,
was recorded. Annual increment in 1978 and sapwood thickness were determined
from two cores extracted at 180°. From these data, mean tree basal area, diameter,
sapwood basal area, and growth in basal area and volume were derived. Stemwood
volumes were calculated from an allometric relationship between diameter and bio-
mass established by Gholz et al (1979) and to convert from biomass to volume, a
wood density of 400 kg m ™ was assumed.

Stand characteristics were derived as the product of the number of trees and
mean values for all trees. The leaf area index, expressed as square metres of projected



TABLE 1. Stand Characteristics for five stocking levels after the 1978 growing season.
Values are means + standard error :

Measurement Treatment 1 Treatment 2 Treatment 3 Treatment 4 i Control
Diameter breast height, cm 359+ 0.8 342+ 1.0 289+ 1.2 © 298+ 08 183+ 1.2
Height, m 255+ 0.3 256+ 0.3 255+ 04 25,5+ 0.3 240+ 0S5
Trees, ha™ ' 173.0+ 0 304.0 + 29 477.0+ 18 593.0+ 19 1977.0 + 147
Basal area, m? ha™ 175+ 08 279+ 1.6 33z 286 413+ 22 525+ 6.9
Sapwood basal area, m* ha™' 83+ 04 137+ 47T 16.3+ 1.1 195+ 09 C 2714+ 40
'Stemwood volume, m® ha™! © 2247+ 1322 348.1 + 19.7 3528 + 38.0 475.0+ 331 4513+ 768

! Stemwood volumes were estimated from a local volume table (Gholz et al. 1979) which did not take into account possible differences in taper
related to treatment. Professor Allen Berg, however considers that trees of similar size differ less than 10 per cent in volume in this particular
experiment (personal communication).

TABLE 2. Characteristics of tree growth and stand growth in relation to leaf area of a stand.
Means are presented with standard errors

- Average tree growth Average stand growth Stand Wood production
Treatment Basal area Volume - Height Basal arca Volume "~ leaf area  per unit leaf area
mz y'l m?‘ Y—'I m '}‘,—l m:l hawl Y—-l m3 ha—l y-vl m: m—i gm—‘l
1 0.0075 + 0.0003 ~ 0.124 + 0.003 1.00 1.30 + 0.05 214105 36102 235:¢: 5
2 0.0058 + 0.0003 0.092 + 0.005 0.97 . 1.77 £ 0.09 28.1 + 1.7 6.0+0.3 185 +2
3 0.0041 £ 0.0004 0.059 + 0.007 1.01 1.95 +0.20 28.1+1.3 7.2+0.5 157+ 6
4 0.0033 + 0.0003 0.049 + 0.005 1.01 1.69 + 0.27 256 1.3 8.6+04 135+ 7

Control 0.0009 + 0.0002 0.010 £ 0.003 0.80 —1.02 £ 0.76 —4.0+24 120+ 1.8 66+ 3
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leaf area per square metre of ground surface, was obtained by multiplying sapwood
basal area of the stand by 0.44 (Gholz, 1981; Grier and Waring 1974) and then
dividing by 10000, the number of square metres in a hectare. Net assimilation rate,
expressed as increment in stemwood production per square metre of leaf area, was
determined for quadratic mean trees in each treatment from changes in diameter,
using allometric equations (Gholz et al 1979) and correlations with sapwood basal

area and leaf area.
RESULTS

Characteristics of tree and stand growth for each stocking level are summarized in
Table 2. Mean basal area growth of trees in the most heavily thinned stands was

15 . 15
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Fig. 1. Mean growth in basal area and volume of individual trees in relation to stand leaf area

(L). Error estimates around means are given in Table 2. Sy-x is the standard error of the mean
for the regression.
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more than eight times that of those in the control stand while volume growth was
twelve times and net assimilation rate nearly four times greater.

Three linear relationships between stand leaf area and tree growth characteristics
(Figs. 1 and 2) demonstrate that growth in basal area, volume, and net assimilation
rate decrease predictably (r? = 0.97) as the competing canopy increases in density
from 3.6 to 120 m?m~2,
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Fig. 2. Net assimilation rate, expressed as stemwood production per unit of leaf area, decreases
linearly for Douglas-fir trees as leaf area (LAI) of the canopy increases. Values are means of 30
trees; error estimates are given in Table 2. Sy-x is the standard error of the mean for the regression.

Stand growth, in contrast to tree growth, appears to increase until canopy den-
sity reaches nearly half the maximum projected leaf area and then to plateau
before decreasing rapidly at the highest stocking level (Fig.3). The abrupt growth
decrease in the unthinned stands may be attributed to the 1978 mortality of 111
trees ha™ . The gross basal area production was 1.80 = 0.40 m?y™ | not significantly
different from all but the most heavily thinned stands. The only other recorded
mortality was ‘in stands of Treatment 4, which lost four trees ha™ in 1978

DISCUSSION

The relationship shown in Figures 1 and 2, although linear, should not be extra-
polated beyond the range of data. We would expect, for example, that when stand
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Fig. 3. Net stand growth in basal area and volume reached a peak at canopy leaf areas of
6.0 m*m-? of projected surface. Leaf areas of 7.2 and 8.6 m*m~? show no significant decrease
inyield (Table 2). However, annual mortality was 111 trees ha™' at the highest observed canopy

density. 12.0 m*m~? leaf area index; so net production, but not gross production, falls to zero
or below (—1.02 + 0.76 m? ha™'y™").

leaf areas are between 0.5 and 1.0 m®>m™2, competition would be reduced suffi-
ciently that growth would reach a plateau. Extrapolating net assimilation rates
toward zero may also be inaccurate. We have some evidence that growth stagnation
at extremely high levels of competition may slightly reduce the stand leaf area.
With these qualifications, the linear relationships support our hypothesis that
growth of individual trees and net assimilation rate decrease in direct proportion to
canopy leaf area, in a given environment,

The stands sampled in this experiment were unusually uniform as evidenced by
the small range of variation in diameters and height (Table 1). In unmanaged forests
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the range in size classes is normally much greater, often varying two to three fold
(Waring er a/ 1980). In such cases the average basal area or volume growth per tree
varies considerably. Although trees may vary in size, their net assimilation rates
may be similar except for those which are diseased or completely suppressed
(Waring et al 1980).

Comparable studies of tree growth efficiency are rare because few thinning
experiments include estimates of leaf area. From data from a three-level spacing
study on Populus clones (Larson, Dickson and Isebrands, 1976), we derived a
similar linear relationship with net assimilation rate for stand leaf areas ranging
from 3.5 t0 20.0 m*m~2,

Recently, Oren (1980), assessing net assimilation in heterogeneous Douglas fir
stands by subsampling small homogeneous areas, reported that some natural stands
showed linear relationships but that one with extensive root rot did not; only a
few trees reached their potential rates across a range of canopy densities. Past
stand condition may thus limit the possible response to thinning, at least over a
period of a few years.

An obvious question is how these relationships change as stands age. Tadaki
(1977) suggests that taller trees with more dispersed canopies permit sunlight to
be more efficiently absorbed, which may explain why old forests of tall trees
generally have greater leaf areas than young stands of the same species (Waring et al,
1978); Gholz, Fitz and Waring 1976).

As trees grow, the amount of respiring tissue continues to increase. If live
branches were pruned from most of the bole we would expect a decrease in assi-
milation rates because of a change in balance between producing foliage and
respiring tissue. Waring, Thies and Muscato (1980) reported that, except for
suppressed trees, different size classes with comparable crown to bole ratios demon-
strated similar net assimilation rates. '

Because the relationship appears linear over a wide range of canopy densities,
accurate estimates of mean tree growth at intermediate points should be possible.
Although a measure of tree net assimilation rate is obviously dependent upon the
number of trees as well as the total leaf area of a stand, stand net assimilation rates
(wood production per stand leaf area) in this study were comparable to those
averaged for 30 trees sampled from each stand across the range of canopy densities,
having a correlation with an r* of 0.92. _

Although canopy leaf area appears to have a direct impact upon tree growth,
other factors, such as competition for water, or nutrients, could be expected to
interact with the shading effect of the canopy. In our study, moisture was not
limiting,

By observing how tree growth responds to changes in canopy leaf area and how
various ameliorations further improve growth at a given leaf area, we should be able
to more precisely assess interactions and predict stand responses. With additional
knowledge of how rapidly the canopy is reestablished following thinning, the
essential structural relationships for a more biologically based model of stand
growth would be available.
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