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Conversion Factors 

1 stem per acre 

1 cubic foot per acre 

1 ton per acre 

1 square foot per acre 

2.47 stems per hectare 

= 0.070 cubic meters per hectare 

= 2242 kilograms per hectare 

0.230 square meters per hectare 

Dry-.Matter Production 
In Immature Balsam Fir Stands 

BY 
G. L. BASKERVILLE 

Abstract. A study of forest stand production was carried out in natural 40-year-old 
balsam fir-white spruce-white birch stands of 700, 1000, 1500, 2000, 3000, and SOOD 
stems per acre in northwestern New Brunswick. A total of 101 fir, 14 spruce, 24 birch and 
a pin cherry were felled and analyzed to determine the distribution of dry matter among 
foliage, cones, stem wood, stem bark, branch wood and branch bark. The standing crop 
and annual increment per acre were found to increase with increasing stand density 
throughout the density range examined, 

Introduction 

There are two principal theories dealing 
with the correlation of forest production 
to stand density. The one put forward by 
E. Assmann (1950, 1953 and 1961) 
states that growth per unit area increases 
with increased stocking until optimum 
production is reached at some definable 
density. Beyond this point, production 
decreases. Assmann used basal area ex
pressed as a percent of the basal area of a 
fully stocked stand as his measure of 
density. His hypothesis was developed 
largely from an analysis of classical 
European yield tables and from obser
vation of European thinning experiments. 
Assmann held that optimum production 
occurred within a very narrow range of 
densities and only on exceptionally good 
sites would the curve have a broad top 
indicating roughly equivalent produc
tion across a wide range of densities. 

The second general hypothesis is that 
put forward by C. M. Moller (1946, 1947, 
and 1954; and Moller et al. 1954a and 
1954b). He postulated that production 
increases with increased stocking up to 
the point where full occupancy of the site 

is achieved. Beyond this point increased 
density does not affect the amount of 
growth but only its distribution-on a 
small number of relatively large trees at 
low densities and a large number of 
smaller trees at high densities. Only at 
extremely high density where crowding 
becomes a limiting factor would produc
tion fall off. Moller derived this hypothe
sis from a theoretical consideration of 
the relationship between photosynthesis 
and respiration in forest stands. He 
observed that the amount of foliage 
appeared to be constant across a range of 

The author is Research Officer, Department 
of Forestry of Canada, Maritime Regional Office, 
Fredericton, N. B. 

The paper is based on a thesis submitted to the 
Graduate School of Yale University in partial 
fulfillment of the requirements for the PhD. 
degree. The author respectfully acknowledges 
the guidance and counse of Prof. D. M. Smith 
of the Yale School of Forestry. Special thanks go 
to B. J. Akerley and B. T. Goldrup for their 
perseverance during the fieldwork and compila
tions; and to the New Brunswick Department 
of Lands and Mines, and Fraser Companies 
Ltd. for their support of the study. 
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densities hence production should be 
equivalent provided the balance of non
photosynthetic area to photosynthetic 
area did not exceed critical limits. 
Respiration would become limiting only 
in very high density stands where the 
surface area of boles and branches ( the 
nonphotosynthetic respiring area) in
creases greatly. Moller tested his hypoth
esis using Danish thinning practice in 
Norway spruce and beech and found it 
was upheld. 

The two hypotheses are seen to vary 
only in respect to the range of densities 
across which production is optimum. Of 
critical importance therefore is the para
meter of density. There is a need for a 
measure of sto~king which is related to 
fu!.l occupancy (carrying capacity in the 
sense of population dynamics) in abso
lute terms. One would expect that for a 
given soil there must be a maximum rate 
at which nutrients and water can be made 
available to plants and that rate deter
mines the amount and nature of roots 
occupying that soil. Similarly the max
imum amount of foliage a given species, 
or combination of species, can effectively 
display to the sun determines the upper 
limit of intercepted and hence effective 
radiation. The interaction of these max
ima would produce the greatest dry
matter product; all other combinations 
would produce lesser amounts. It would 
be convenient to express this measure of 
stocking in terms of a common stand 
parameter such as basal area per acre. 

Before such an ideal density parameter 
can be established, however, a greater 
knowledge of the physio-ecological aspects 
of forest growth is needed. Significant 
steps to this end have been made by 
Ovington (1956, 1957. 1959) and his co
workers in England. Working with plan
tations of Pinus svlvestris of several 
ages and with severai other species these 
men have estimated total production for 
each species and age and have examined 
some of the physiologically important 
relationships involved in forest produc
tion. Madgwick (1962) has made a 
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similar examination of red pine stands in 
New Yark State. The work of Sa too 
et al. (1955, 1956), Senda et al. (1952), 
Kira (1953), Hirai (1955), Iwaki (1958), 
Kuroiwa (1960), and Monsi (1960) in 
Japan is particularly important in that 
their sampling of Chamaecyparis obtusa, 
Populus davidiana and Pinus strobus 
was much more extensive than that of 
the English workers. The literature 
relating to forest production, particularly 
that by the Japanese and English work
ers, and its application in support of the 
Moller hypothesis has been dealt with 
more fully by Baskerville (1962). 

The present paper presents the results 
of a production study in natural imma
ture fir-spruce-birch stands of varying 
density. Ideally such a study should be 
conducted in pure stands developed from 
seed of known provenance planted on the 
same site at various densities. Unfor
tunately such a series of plantations was 
not available to the author. 

The Study Area 

The study area is located at the northern 
end of the Green River Watershed in 
northwestern New Brunswick (Lat. 47° 
51' N, Long. 68° 20' W). The dominating 
climatic influences are abundant pre
cipitation, long cold winters, and short 
cool summers. The average annual frost
free period is 110 days and the mean 
annual temperature is 36° F. Annual 
precipitation amounts to 42 inches of 
which 18 inches falls between June and 
September. 

The Green River forest consists of 
balsam fir (Abies balsamea (L.) Mill.), 
black spruce (Picea mariana (Mill.) 
BSP.), white spruce (P. glauca (Moench.) 
Voss), white (paper) birch (Betula papy
ri/era Marsh), and yellow birch (B. 
alleghaniensis Britt.) with balsam fir 
predominating. The area lies in the 
Green River site district of the Gaspe
Cape Breton Ecoregion according to 
Loucks (1962) and is classified as section 
B.2 of the boreal forest by Rowe (1959). 

The study area is typical of the almost 

pure 40- to SO-year-old balsam fir stands 
which occupy about 25 percent of the 
Green River Watershed. These stands 
originated from advance growth released 
when the spruce budworm outbreak o(, 
1913-1919 destroyed the overmature bal
sam fir in the overstory (Swain and 
Craighead, 1924). The advance growth 
was about one foot in height in the 
period 1920-1923 when release occurred 
(Vincent 1962). Qbservation during and 
following the recent budworm outbreak 
in the same area (1951-1958) suggests 
that the amount of advance growth was 
determined by variation in structure and 
amount of the destroyed overstory. 
This in turn gave rise to stands of vari
able density, despite their uniform out-
ward appearance. . 

The study area is 1640 feet above sea 
level and the relative elevation is 30 feet 
above the valley bottom. The area lies on 
a gentle and even lower slope (5 percent) 
with a southwest aspect. 

The bedrock is a steeply dipping, 
highly fractured soft shale covered by a 
loose rubbly till. Drainage is unimpeded 
throughout. Preliminary examination in
dicated the soil to be uniformly of the 
Monquart series (Langmaid 1963) which 
is a strongly podzolized slightly stony 
silt-loam. More detailed examination1 

revealed some soils of the Glassville 
series which differs from the Monquart 
in that it is more stony. There was no 
pattern in the distribution of stand 
structure and density and they were 
unrelated to the Glassville soil. Both 
soils are rated Site II for balsam fir and 
white spruce (Langmaid 1963). 

Procedures and Results 

The data required for a meaningful 
estimate of dry-matter production were 
progressively built up through a com
bination of field sampling, laboratory 
techniques and office compilation. The 
interrelationship of these procedures was 

1 By K. Langmaid, Soil Research Officer, 
Canada Department of Agriculture. 

as follows: (1) Small sample plots were 
established in natural stands of various 
densities. (2) From these plots, sample 
trees were selected for analysis of the 
distribution of standing crop and incre
ment by tree component. (3) The infor
mation from the analyzed trees was 
applied to the remaining trees on each 
plot to obtain estimates of standing crop 
and increment on an area basis. 

Stand Sampling 

On the basis of soil profile, topographic 
position, estimated local climate, slope, 
aspect and drainage, an area imputed to 
be of constant site was delineated for 
purposes of this study. All sampling was 
carried out within this area. 

Plot establishment. The initial problem 
was to establish plots over as wide a 
range of densities as possible within the 
delineated area. Of the various measures 
of stocking (number of trees, basal area, 
volume, Reineke stand density index, 
and spacing), number of trees per acre 
proved the easiest to establish at set 
values. Therefore number of trees per 
acre was the criterion used to set out 
five plots in each of six densities. A plot 
was arbitrarily defined to contain a 
constant number of trees (about 24) 
regardless of the stand, hence plot area 
varied inversely with density. The centers 
of these plots were selected by trial and 
error and finally established· where an 
appropriate integral number of trees 
fell within the fixed radii. Bv this method 
700 and 5000 stems per ~ere were the 
extremes of density obtained. The radii 
and number of stems corresponding to 
the six densities are shown in the follow
ing tabulation. 

Stems Equivalent Stems Plot -"1 

per square per radius-Ill 

acre spacing (ft) plot (ft) '~ 

700 7.9X7.9 24 22 
1000 6.6 X 6.6 24 18 
1500 5.4 X 5.4 24 15 
2000 4.7 X 4.7 24 13 
3000 3.8 X 3.8 26 11 

5000 2.9 X 2.9 23 8 
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All plots were free from overstory and 
from evidence of cutting. There was no 
!lystematic spatial distribution of densi
ties. Each tree on a plot was labelled 
and the following data recorded: tree 
identification number (metal tag at 
breast height), species, diameter at breast 
height to the nearest .01-inch with vern
ier diameter tape, crown position (dom
inant, codominant, intermediate, sup
pressed), total height, crown length, 
height on the crown where closure with 
surrounding crowns occurred, the age at 
release (by examination of increment 
borings at ground level) and the height 
at release (by examination of the whorls 
and increment core). A stem position and 
crown projection map was prepared for 
each plot. The projection area of each 
crown was determined and from this the 
average crown width was calculated. 
The maps also provided estimates of 
percentage crown closure for each plot. 

Preliminarv information indicated that 
a few plots 'showed marked deviations 
from the average for a density. Two plots 
in particular, each with 700 stems per 
acre, were found to have a much greater 
average height at release and greater 
total age than other plots. Accordingly, 
limiting criteria of total and release age 
as well as height at release had to be set 
up and the number of plots in each 
density reduced from five to three by 
objective application of the criteria. All 
data presented in this paper refer to the 
three plots retained in each density. 

Description of the stand. Crown closure 
averaged 84 percent in the most open 
stands and 96 percent in the densest 
group. All stands had the outward 
appearance of being well stocked (Fig. 1). 
With the exception of a single bush in one 
of the plots containing 700 stems per 
acre shrubs were absent. Ground cover 

TABLE 1. Descriptive data, based on all species, for the 18 plots. 

Volume Stand Crown Percent of Percent of basal 
Plot No. trees Ave, BA per acre density closure No. per acre area per acre Total Release 
No. per acre spacing (sq ft) (cu ft) index (percent) age age 

Fir Spruce Birch Fir Spruce Birch 

700 stems/ acre 

13 744 7.65 124 2520 285 88 73. l 11. 6 15.3 74.2 21. 8 4.0 •19 42 
26 831 7.24 168 3660 376 80 96. 5 3.5 95.2 4.8 50 43 
27 659 8.13 154 3250 333 81 95.6 4.4 97.4 2.6 53 42 

1000 stems/acre 

5 1155 6.14 125 2340 316 92 66. 7 3. 7 29. 6 89.4 0.3 10.3 60 40 
21 1027 6.41 189 3750 428 92 95.8 4. 2 98. 9 1. 1 50 43 
28 1026 6.41 144 2885 345 76 91.8 8. 2 97. 2 2.8 44 41 

WOO stems/ acre 

2 1652 5.04 190 3630 477 77 96.2 3.8 98.4 1. 6 52 42 
9 1624 5.18 164 3315 421 3.q 73.4 a.s 22. 8 92.1 1. ~ 6. 1 46 43 

18 1784 4,84 222 4300 539 93 96.5 3 .. 5 99,r, 0.5 52 40 

&000 stenis/acre 

4 1969 4. 60 200 3330 510 84 91. 7 8. 3 98.5 I. 5 44 42 
6 1804 4.81 239 4570 575 00 86.4 4. 5 9.1 95.4 2.1 2.5 45 44 

15 2051 4.51 232 3985 584 86 92.0 4.0 4.0 98. 7 0.4 0. 9 45 42 

3000 stems/ acre 

3 3209 3.68 261 4740 684 96 92.8 3. 6 3. 6 90.0 8. 6 1.4 46 42 
8 3094 3. 75 252 4410 66,i 92 81.5 3. 7 14. 8 93. 6 0. 8 5. 6 43 43 

19 2980 3.82 236 4540 629 92 88.4 11.6 96.2 3.8 46 40 

5000 stems/ acre 

7 4083 2.96 248 4315 722 92 82. 6 4.4 13.0 00.3 0.8 8.9 52 ... 41 
12 5199 2,89 307 5585 879 95 100.0 100.0 44 41 
22 4983 2. 96 315 5530 882 99 82. 6 8. 7 8. 7 91,4 6. 7 1.9 45 43 
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consisted of a sparse moss-herb associa
tion throughout. The principal species 
were Oxalis montana and Calliergonella 
sclireberi with some Dryopteris spinulosa 
in small openings. 

Based on number of stems per acre 
the specific content of the stands in 
percent was as follows: balsam fir 88, 
white spruce 3 and white birch 9. The 
distribution did not vary with density 
(Table 1). The distribution of number 
of stems by diameter class showed a 
regular variation with density (Fig. 26). 
The distribution of basal area per acre 
and total volume per acre (Fig. 2a, b) also 
showed increasing proportions in larger 
diameters with decreasing density. The 
interaction of average size with number 
of stems is more clearly shown by a 
histogram where, for a given species, the 
dimensions of the bar are representative 
of the plot data as follows: width = 
average basal area; length = number of 
stems per acre; and area = basal per 
acre (Fig. 3). The smaller size and inter
mediate crown position of the birch 
relative to the conifers assume consider
able importance in this study. 

None of the felled birch showed 
symptoms of birch dieback. The balsam 
fir and spruce crowns were well differen
tiated in all densities . 

The relationship of total height to 
diameter at breast height was indepen
dent of stand density, hence trees of 
given diameter had the same height in 
all densities irrespective of the crown 
positions they occupied (Fig. 2a). As a 
result average height of the balsam fir 
stand decreased with increasing density 
as follows: 

No. stems Average Average 
per acre height (ft) diam, (inches) 

700 36 5.6 
1000 32 4.8 
1500 31 4.4 
2000 32 4.4 
3000 32 3.8 
5000 27 3.2 

The total age of fir and spruce was 
somewhat variable (43-60 years) but 

release age averaged 42 years with a 
range of 38 to 45 years. For balsam fir 
in this climate the age at release is the 
more critical expression (Morris 1948). 
White birch tended to be somewhat 
younger (36 years) than the softwoods 
indicating it came into the stand during 
and shortly after the death of the over
story. In all cases the average height of 
conifers at release was less than one 
foot. There was no correlation of tree age 
to size. 

The stand density parameters showed 
the following ranges of variation among 
plots: 

Total number of stems per acre .... 659 to 5199 

Average square spacing (ft) ...... 8. 13 to 2. 89 

Total basal area per acre (sq ft) ... 124 to 315 

Total volume per acre (cu ft) ..... 2340 to 5585 

Stand density index (Reineke SDI) 285 to 882 

Crown closure (percent) .......... 76 to 99 

There is a considerable degree of inter
correlation among these measures (Table 
1). 

Individual Tree Sampling 
~-
Selection and felling. In an attempt to 
have!the sample proportionate to tree 
weight, trees to be felled for detailed 
sampling were chosen on the basis of 
stem volume2• To obtain the sample for 
each density all trees for each species 
were arrayed in order of increasing 
volume, the cumulative volume distri
bution calculated, and quartile points of 
this distribution determined. Four bal
sam fir were randomly selected from each 
quartile of the volume distribution giving 
a total of 16 trees for each density. In 
no case were there more than six trees in 
the top volume quartile, hence the 
percentage sampled (number basis) was 
high in the largest trees and decreased 

2 The volume used here was obtained by 
double-interpolation in the Dominion Form 
Class Volume Tables (2nd ed.) for form class 65. 
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rapidly with decreasing size. In the actual 
sampling an additional five fir were felled 
so that the total sample consisted of 101 
trees. One white birch was randomly 
chosen from each quai-tile for felling, 
giving four per density and a total of 24 
for the species. The single pin cherry 
(Prunus pensylvanica L.f.) present was 
felled and treated like the birch. There 
were more than four white spruce present 
in only one density hence all had to be 
felled and sampled save one, giving a 
total of 14 for this species. The numbers 
of trees felled within each density were 
as follows: 

Stems 
per acre Fir 

700 18 
1000 16 
1500 18 
2000 16 
3000 17 
5000 16 

101 

Spruce 

4 

2 
2 
2 
3 

14 

Birch 

4 
4 
4 
4 
4 
4 

24 

Pin 
cherry 

Felling of fir was not started until the 
last week in June when about 50 percent 
of the shoot elongation was complete. 
The order of felling was staggered across 
the range of stands to further reduce the 
possibility of bias from current season 
growth. Birch samples were all collected 
in August after leaf expansion had been 
completed. 

Before a tree was felled a diagram was 
made of its crown to indicate any 
asymmetry and to show its position 
relative to neighboring crowns. After 
clearing debris from a suitable area into 
which the tree could be dropped, the 
felling cut was made at ground level. 
Dead branches were removed and weighed. 
A 3 x 6-inch beam was rigged between 
two standing trees to support a block 
and tackle for lifting the felled tree. 
The entire tree was then weighed using 
a dynamomete1· calibrated to the nearest 
five pounds. The total. height, crown 
length, and bole length were recorded as 
well as the length of every internode as 
far down the tree as they were <listing-

uishable. The diameter at breast height 
and at one-half the height above breast 
height were recorded. The branches were 
l'emoved from fir and spruce by whorls. 
For each branch total length, green 
length, green width, and diameter one 
inch from the base were recorded. All 
the branches from a whorl were then 
placed in a large wet-strength paper bag 
for transport to the drying building. 
Whorls of the larger trees took several 
bags. The branches of white birch were 
combined in one or several bags. Follow
ing the removal of the branches the boles 
were reweighed and those of fir and spruce 
were sectioned as follows: one disc from 
each of the 11 uppermost internodes, 
one disc from 1.5 feet below the 1l th 
in ternode, and a disc every three feet 
below that to the butt. The butt was 
sectioned at its mid point. A final block 
was cut from the stump or tree butt and 
taken to the office for a ring count under 
the miscroscope. White bii-ch boles were 
sectioned at three-foot intervals through
out their length. The blocks were trans
ported in polyethylene-lined canvas bags. 

Dry weight. The bags of .foliage and 
branches were brought to a 24 x 24 foot 
Quonset hut for drying. Initially the aim 
was to dry the foliage until it fell off the 
twigs. This was effective for spruce but 
not for fir and birch. Birch leaves were 
stripped by hand. To facilitate the drying 
of balsam fir foliage, three tiers of racks 
were built in the hut and the bags placed 
on these. An oil space heater maintained 
the temperature in the hut as high as 
possible, usually in excess of 100° F in 
daytime and about 80° F at night. To 
hasten desiccation of foliage, surplus 
atmospheric humidity was withdrawn 
by bags of calcium chloride hung from 
the rafters and a double squirrel-cage fan 
was used to circulate the air and exhaust 
it from the building periodically, The 
first foliage collected was clipped in an 
A111mate3 solution before going onto the 
racks in an effort: to speed the drying and 

3 "Ammate x" is a commercial preparation of 
ammonium snlphamate. 
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to prevent weight losses from prolonged 
respiration. When no discernible differ
ence was found in either speed of drying 
or leaf weight between dipped an.cl unclip
ped foliage this practice was discontinued. 

After several weeks of drying the 
needles and twigs for each whorl were 
separated. The material for each individ
ual whorl was placed in a large canvas 
bag and vigorously shaken or beaten 
until the needles, which were brittle by 
this time, had broken off. The twigs and 
foliage were then separated using one of 
two winnowing machines-an A. T. 
Ferrill Company"Clipper" and a Forano 
"No. 2". Similar slotted trays were used 
in both machines; the dimensions of the 
slot~ were ¼4 X ¾ inch in the top tray 
and 1/i2 X ½-inch in the bottom tray. 
By the combination of air fans and 
vibrating screens, both machines gave 
excellent separation of foliage from twigs. 
The process resulted in a bag of foliage 
and a bag of twigs for each whorl. 

To obtain the oven-dry weight of 
foliage and branches, sample whorls 
were oven-dried in metal containers for 
24 hours at 105° C. The relationship of 
oven-dry weight to air-dry weight was 
soon found to be a straight line and from 
then on only air-dry weight was recorded. 
A few whorls were oven-dried each day to 
verify that the drying procedure was 
still producing a constant dryness. No 
difficulties were encountered in this 
respect and the relationships in grams 
of oven-dry weight (o.d.wt.) to air-dry 
weight (a.d.wt.) are shown in the accom
panying tabulation. 

These relationships were used to convert 
the air-dry weights to oven-dry equiva
lents. 

The total oven-dry weights of foliage 
and branches on a tree were obtained 
by summing the values for all whorls. 
Total branch weight included wood and 
bark as separation of these two compon
ents was logistically unrealistic. 

It is apparent from the equations that 
oven drying reduced the foliage weight 
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Foliage 
Fir o.d.wt. = 1.11 + .903 a.cl.wt. 

(n = 89, r 2 = .9928) 

Spruce o.d.wt. = -1.21 + .932 a.cl.wt. 
(n = 20, r2 = .9997) 

Birch o.d.wt. = 5.35 + .842 a.cl.wt. 
(n = 14, r 2 = .9980) 

Twigs 
Fir o.d.wt. = 11.52 + .880 a.cl.wt. 

(n = 25, r 2 = .9169) 

Spruce o.d.wt. = .12 + .893 a.cl.wt. 
(n = 25, r 2 = .9997) 

Birch o.d.wt. = 10.47 + .842 a.cl.wt. 
(n = 8, r 2 = .9979) 

by about 10 percent. Clark 4 made a 
study of oven drying as compared to 
water removal by distillation techniques 
for obtaining dry weight of spruce and 
fir foliage. He found that oven drying 
gave roughly 30 percent greater weight 
loss than did distillation. The difference 
is presumably due to the fact that certain 
of the essential oils and other relatively 
volatile components are driven out of the 
foliage by oven drying but are retained 
by the distillation method. It may be 
inferred from this that the values given 
in the present study are underestimates of 
the water-free weight of foliage. However, 
since the literature primarily reports 
oven-dry weight values no attempt has 
been made to adjust the data. 

Total dry-weight of foliage and bran
ches was found to be closely correlated 
to stem diameter at breast height (Fig. 4; 
Tables 2, 3 and 4). This relationship has 
the characteristic exponential form for 
fir, spruce and birch and was found to be 
independent of stand density and crown 
position. Similar conclusions were reached 
by Kittredge (1944). A single equation 
was fitted to the data from all densities. 
For small diameters the weight of spruce 
crowns slightly exceeds that of fir but 
beyond 7.5 inches (dbh) fir crowns weigh 
more than spruce. In the size range of 

4 Clark, J. Unpublished data. 
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FIGURE 4. Oven-dry weiglit of some components of balsam fir, for all stands combined. The corresponding 
equations are given in Table 2. 
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TABLE 2. Equations for the weight, volume and su1jace area of components of balsam fir 
trees. 

Component 

Total fresh weight 

Total oven-dry weight 

Oven .. dry weig hi 

Standing crap 

stem wood 

stem bark 

branches (wood & bark) 

foliage 
cones (Dom. & Codom. only) 

dead branches 

Increment 

• stem wood 

stem wood 

stem bark 

stem bark 

branches 

branches 

foliage 

foliage 

Volume 

Standing crop 

stem wood 

, stem wood 

stem bark 

branch wood 

branch bark 

Increment 

stem woad 

stem wood 

branch wood 

branch wood 

1957-
1

61 

1952 - '56 

1957-'61 

1952 - '56 

1957 - '61 

1952 - '56 

1957 -'61 

1952 - '56 

o2 H: 0-400 

. D2H:401-

1957- '61 

1952- '56 

1957-'61 

1952 -'56 

E q·.;Gtior, 

log W = 0. 343 + 2.681ogD 

log W = 0.086 + 2.531ogD 

log W = 0.062 + 2.28 log D 

log W = -0.916 + 2.47 log D 

log W : · 1.294 + 3.22 log 0 

log W = -l.258 + 3.21 log 0 

log 100 W = - 0.625 + 3.20 log 0 

log IOW.=0.226 + 2.11 log D 

lw = -0.78+ 5.21 V 

lw : -0.50+ 4.48V 

log K)Q lw=-0.400+3.38 logO 

! cg 100 lw = -0.023 + 2_ 95 log D 

log 10 lw =-0.184+ 2.59 log D 

log 10 lw: -0.195 + 2.46 log D 

log 100 lw = 0.816 + 3_.28 log 0 

l_og 100 lw =0.777+ 3.14 log D 

V: 0.038 + .0024 o2H 

V: 0.254 + .0022 o2 H 

n 

98 ,99 

IOI .96 

101 .96 

101 ,95 

101 .95 

IOI .98 
35 ,70 

90 ,80 

101 .94 

101 .97 

10 I .96 

101 .97 

101 .95 

IOI .97 

101 .95 

101 .95 

18 .99 

83 .99 

range x ,011g"e Y 

I - 10 4. - 900 

1- 10 

I - 10 

I - 10 

I -10 

1-10 
4 -10 

I -10 

.05-11. 

.05-11. 

I - 10· 

I - 10 

I - 10 

I - 10 

I - 10 

I -10 

2 - 400 

I. - 250 

1.0- 40. 

.I - ! 15. 

.I - 90. 
,I - 6. 

.4 - 40, 

.4 - 68. 

• I - 57. 

.01- 8. 

.01 - 8. 

.02 · 30. 

.01 - 20. 

. I - 70. 

. I · 60. 

11-310 ,05-.70 

440-5000 1.14 - 11 . 

log 1600 V =0.653 +2.52 log O IOI ,98 I - 10 .01 - 1.5 

log IOOOV=0.230+2.61 logo IOI ,94 1-10 .01-1,5 

log IOQO V =0.250 + 2.42 log D IOI .95 I - 10 .01 - .8 

Iv =-0.061+ .272 V 

Iv : -0.044+ .235 V 

log 1000 Iv =0.127 + 2.18 log 0 

log 1000 Iv : 0.119 + 2.08 log D 

I 01 .96 .05 - 11. 

IOI .98 .05-11. 

IOI .93 1-10 

101 ,93 I - 10 

,01 - 2.5 

.01 -3.0 

,002- .4 

,001 - ,3 

Surface area 

bole D H ; 0 - 2 0 0 S A = 0: 6 I + , 17 DH 45 ,99 10 - 200 I. -32. 

branches 

0: d. b. h., inches 

W: weight, lbs 

DH: 201-

V: total volume, cu. ft. 

H : total height, ft. 

SA: surface area, sq.ft, 
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SA = 5.07 + 14 OH 56 .96 203-530 32. -81. 

log SA= -0.005 + 2.67 logo IOI ,94 I - 10 1.5 -700. 

TABLE 3. Equations for the weight, volume and suif ace area of components of wlute spruce 
trees. 

Component Equation n r range ~ range y 

Total fresh weight log w =0.415+ 2.64 log D 12 .99 I - 10 2. - 700, 

Total oven - dry weight log w =0.150+ 2.48 1011 0 13 .99 I - 10 3, - 400, 

Oven - dry weight 

Standino crop 

stem . woo_d log w =0.028 + 2, 36 log D 13 .99 I - 10 I, - 175. 

stem bark log 100 W: 0.885 t 2. 61 log D 14 .99 I -10 .07 - 20. 

br.onches ( wood 8 bark) log W = - 0.855 + 2,78 loo D 14 .97 I -10 • 5 - 50 . 

foliage log IOW =0.066 + 2.85 log D 14 .97 I -10 . 2 - 35 . 

dead branches IOIJ 10 W = -0.175 + 2.49 log D 13 .94 I -10 .2 - 15. 

Increment 

stem wood 1957-
1
61 lw = 0.57 + 96,64 BA 13 .93 .010 -.490 . 03- 38 . 

stem wood 1952-
1
56 lw = 0.16 + 81.50 BA 13 ,96 . 010 - .490 .50- 36 . 

stem bark 1957- '61 log 100 lw = - 0.193 + 3.18 lag D 13 ..96 I -10 . 02- 3 . 

stem bark 1952-
1
56 log 100 lw = 0, 327 + 2.44 lag D 13 98 I -10 .02- 3. 

branches 1957-
1
61 loo 10 lw =-0.033 + 2.59 log· D 14 .91 I -10 .1 - 20, 

branches 1952-
1
56 1(111 100 lw = 0.710 + 2.60 lag D 14 .95 I -10 .I - 8. 

foliage 1957- '61 log 10 lw: 0.295 + 2.86 log D 14 .97 I -10 .4 - 50. 
foliooe. 1952 - '56 log 10 lw=0.258 + 2.69 log D 14 ,96 I - 10 ;.2 - 40. 

Volume 

Standing crop 

stem wood V •-0,038 + ,0027 D2 H 13 ,99 21-4000 .07 • 8.7 

stem bark . IO',l IOOOV =0.659+ 2.57 log D 14 .98 I -10 .02 - I . 
branch wood loo IOOOV =0._618+ 2.16 loo D 14 .97 I -10 .01 - ,4 
branch bark loo 1000 V =0,614 + I ,97 loo D 14 ,98 I -10 .01 - • 3, 

Increment 

stem wood 1957 -
1
61 Iv = 0.027 t 0.277 V 14 .97 .05 -8.7 .004- 2.0 

stem wood 1952-
1
56 lv=0.010 + 0.230 V 14 .99 .05 -8.7 .02 - 2.0 

branch wood 1957-'61 loo 1000 Iv =0,515 + 1.82 log D 14 .94 I -10 . 004- .15 

bronc h wood 1952 -
1
56 lag IOOO Iv =0.249+2.06 log D 14 ,98 I -10 .002 - .15 

Surface area 

bole SA = 0.91 + ,16 DH 14 ,99 15 -410 3, - 65. 

branches log SA = - 0.005 t 2.67 log D IOI ,94 I -10 1.5 - 700. 
'. 

D d. b .. h., inches 

W weight,lbs. 

V total volume ,_cu. ft. 

H total height,ft. 

SA: surface area, sq.ft. 

BA : basal ore a ot b.h .. , sq. ft. 
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TABLE 4. Equations for the weight, volume and surf ace area of components of white birch 
trees. 

Component 

Totol fresh weight 

Total oven-dry weight 

Oven- dry weight 

Stonding crop 

stem wood 
stem bark 
bronches (wood Sbork) 

foliage 
dead branches 

Increment 

Volume 

stem wood 1957- 16 I 
stem wood 1952-

1
56 

stem bark 1957 -
1
6i 

stem bark 1952 • 
0

56 
branches 1957 -

0

61 

foliage 1957 • 
0
61 

foliage 1952 ·'5' 

Standing r.rop 

stem wood 

stem bark 
bronch wbod 
branch bark 

Increment 

Equotion n r ronge x ronc;ie y 

log W :; 0.736 + 2.17 log D 24 ,96 

log W = 0. 236 + 2.48 log O 24 .98 

loo W =0.132 + 2.36 log D 

log IOOW•l.32 + 2.35 log D 
log w = ·-1.006 + 3.30 loo o 
log 100 W =0.730 + 2.94 IOQ D 
log 100 W •0.679 + 3.30' log D 

24 .97 

24 .90 
24 .86 
25 ,90 
20 .68 

I - 3 

I - 3 

I • 3 

I • 3 
I - 3 

I - 3 
I • 3 

10. ·80. 

·2.·25. 

2.-25. 

.2 • 8. 

. 2 • 7. 
• I • 2.5 

,15 • 9, 

lw =0.12 + 4.91 V 

lw =-002 + 5.95 V 
24 

24 
24 
24 

24 

2,4 

24 

.87 .05 - .80 

. 92 .05 - .80 

,3- 5, 

.5- 5 . 
.03. - 6. 
,04 - 8. 

, I • 4. 

log 100 lw = 0.361 + 2.21 log D 

log 100 lw = 0,536+ 2.?9 log D 

log IOlw •-0.038+2.86 log D 

log 100 lw•l378+3.I2 log 0 
loglOlw:0.302+3.II log 0 

.77 
,76 

.87 

.92 

.91 

V : 0.036 + .0021 o2 H 24 ,97 

log IOOOV = 0.938 + 1.96 log O 24 .93 
log 1000 V =·Ql79 + 3.67 log D 24 .94 

log 1000V=-0.208+2.40109 0 24 ,93 

I - 3 

I - 3 

I - 3 

I • 3 
I - 3 

.2 - 8. 
,2 • 10. 

25 • 35C ,07 •,85 

I - 3 .01 • ,15 
I • 3 ,001 -,06 

I - 3 ,001 • ,015 

stem wood 1957 -
1
6 I log 1000 I~ ·= - 0.880 + 1.05 

log 1000 V 24 ,96 ,05 - ,80 .oz- 1.5 
stem wood 1952 - '56 109 1000 Iv = - 0.662 + 0.988 

branch wood 1957 •
1
61 

Surfac!I area 

bole 

branches 

D: d.b.h., inches 
w: wei11ht, lbs, 

V : totol volume, cu, ft .. 
H: total height,ft, 

SA : surface area, sq.ft .. 
BA : basal oreo at b,h., sq, ft .. 
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log 1000 V 24 
log 1000 Iv =-0.220+3.22 logO 24 

,94 .05 • .. 80 .02 - 2.0 
,89 I - 3 ,001 •,03 

SA : 0.23 + .15 DH 

SA =-0.060+ 145.7 BA 
24 ,92 21 - 115 4. • 17. 

24 ,92 ,010 -.070 I. • 10. 

birch trees examined their crowns weighed 
about one-half those of fir or spruce. 

The annual dry-weight increment of 
fir foliage was estimated by using the 
percentage that current needles form of 
total crown weight. This percentage was 
based on the dissection of a single 8-inch 
codominant tree. Every branch was 
clipped so that all ages of foliage were 
separated for each whorl. The percentages 
of the total oven-dry weight of crown 
from the present study (Baskerville) 
are compared with similar data from 
Clark (1961) in the following tabulation . 

Needle age 
(years) 

0 or current 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Baskerville 

26.2 
24.7 
20.7 
12.5 
7.2 
3.8 
2.3 
1.3 

.9 
.2 
.2 

Clark 

27.1 
19.9 
17.S 
13.4 
8.9 
6.9 
?.9 
1.9 

.4 

100.0 99.9 

Clark's data are based on length of 
foliated shoot of each age class for three 
average 40-year-old balsam fir,, trees. 
Current annual increment of foliage was 
estimated as 26 percent of crown weight 
assuming the above proportions to hold 
for all crown sizes. While the proportions 
may break down for small crowns they 
will apply for the greatest proportion of 
the total foliage per acre since this is on 
dominant and codominant trees. 

The annual increment of foliage for the 
period 1952-1956 was estimated by taking 
26 percent of the 1956 crown weight·. 
The 1956 crown weight was estimated 
from a logarithmic chart of crown weight 
ovel' diameter at breast height by reading 
from the plotted point for an individual 
tree in 1962 back to the diameter of the 
tree parallel to the regression line. 
Foliage increment for white spruce was 
similarly estimated using the 35 percent 

value for current foliage cited by Clark 
(1961) since time did not permit further 
analysis of crowns on a weight basis. 
Foliage increment of birch is equal to the 
standing crop since the species is decid
uous. The equations relating foliage 
increment to diameter at breast height 
are given in Tables 2, 3 and 4. 

An estimate of branch increment for 
fir and spruce:was obtained by calculating 
the mean annual increment by whorls 
(total weight of whorl divided by age of 
whorl) and summing for the tree. This 
should have had the effect of producing a 
slight but systematic underestimation . 
The relationship of branch incrernen t 
computed on this basis to dbh is given 
in Tables 2 and 3. White birch branch 
increment was estimated as the mean 
annual increment for the whole crown, 
i.e., by dividing total branch weight by 
the age at mid-crown. 

Since 1962 was a good seed year for 
balsam fir all cones were removed from 
each tree after felling and samples were 
oven-dried to obtain a fresh weight-dry 
weight correlation. Fresh weights were 
then converted to oven-dry weights. 
Considerable difficulty was experienced 
in establishing an equation for estimating 
cone crop on the standing trees. Cones 
were found only on .dominants and 
codominants over 4.5 inches in diameter 
but not on all of these. This partially 
explains the weak relationship given in 
Table 2. 

Standard procedures were followed in 
the determination of specific gravity of 
the stern. For each of the first 11 sections, 
the en tire disc taken from the felled tree 
was used (wood and bark separately.) 
Below the 11th section each disc was 
sub-sampled: two wedges were split from 
opposite sides and in addition two small 
blocks, consisting of the outer 11 rings, 
were cut from opposite sides of each disc 
and a sample of bark was taken. 

Volume was determined by the water 
immersion technique. Each sample block 
was soaked for at least 20 minutes then 
excess water was removed by blotting 
before immersion in the water container 
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on the balance pan. 'Nater at roorn tem
peratme was used. Blocks were oven-dried 
for 24 hours at 105° C. After 25 trees had 
been examined it was apparent that the 
number of specific gravity determinations 
per tree could be reduced. Accordingly, 
subsequent sampling was limited to every 
third section, except that the two bottom 
sections were invariably sampled. 

The conversion from volume to oven
dry weight was made by sections using 
the average specific gravity of the two 
wedges for total weight, and the average 
of the two 11-year blocks for the in
crement 1952-1956 and 1957-1961. Stem
bark weight was similarly computed. 
For the trees where only every third 
section was sampled for specific gravity 
the values were applied to the sections 
on either side as well. Total weight of 
wood, wood increment, and bark weight 
were obtained by summation for the tree. 
The relationships of weight of stem wood 
and stem bark to diameter are shown in 
Figure 4 and in Tables 2, 3 and 4. 

Increment of stem-bark weight was 
estimated by reading stem-bark weight 
for the diameter of each tree in 1956 and 
19 51 parallel to the regression line. The 
increment was estimated as the difference 
1961-1956 and 1956-1951. This assumes 
the relationship of bark weight,to diam
eter remained constant with age for at 
least five years. It also ignores sloughing 
of outer bark and should therefore be a 
slight underestimate. 

Average specific gravity for each stem 
was estimated by using the total dry 
weight as determined above and the 
total green volume. There was a tendency 
for specific gravity to increase with 
decreasing stem diameter for fir and 
spruce but it remained constant across 
the range of stand density for any given 
diamet·e1· (Fig. 5). The equations are: 
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Fir: log 10 SG = .628 - .166 log D 
(n = 101, r 2 = .5219) 

Spruce: log lO SG = .681 - .205 log D 
(n = 14, r 2 = .6510) 

There was no apparent correlation of 
specific gravity and stem size in white 
birch. 

The dead branches for each tree were 
weighed in the field and a sample was 
taken to the office for oven drying. On 
the basis of this sample total fresh weight 
was converted to oven-dry equivalent. 
The relationship of oven-dry weight of 
dead branches to stem diameter is shown 
in Tables 2, 3 and 4. 

Volume. Before sampling for specific 
gravity all disc sections from the stem 
were brought to the laboratory where 
the mean diameter of each was determined 
with a vernier diameter tape. Radial lines 
corresponding to the mean diameter 
were smoothed with a scalpel and micro
scopic measurements were made of total 
bark thickness and ring width for each of 
the outer 11 years (or as far back as age 
permitted in the upper sections). From 
these data, calculations were made of the 
diameter inside bark at the end of the 
1962, 1961, 1956 and 1951 growing 
seasons. Using these diameters and the 
section lengths, wood volume was compu
ted for each section for these four dates. 
Stem-wood volume increment was deter
mined by taking the difference of the 
computed volumes for 1961-1956, 1956-
1951. Stem-wood increment was related 
to stem volume (Tables 2, 3 and 4). 

An equation for total stem wood 
volume was developed for each species 
in the form: 

V = a+ b (D2 H). 

For balsam fir this equation was solved 
in two portions to avoid an overestimate 
in small trees. The equations are given 
in Tables 2, 3 and 4. Since the stern 
volume relationship proved to be inde
pendent of stand density a single equa
tion sufficed. 

Form quotient for balsam fir deter
mined as the ratio of diameter inside 
bark at one-half the height above breast 
height to diameter inside bark at breast 
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height was independent of stand density 
within a single diameter class but there 
was a significant tendency for form 
quotient (Ff!_,) to increase with decreas
ing diameter (D) in the form: 

Ff!_, = .666-.0093D 
(n = 101,r2 = .0918) 

On a basis of stand structure one would 
therefore expect the denser stands to 
have on the average a higher form class 
and this was found to be the case. 

To establish a basis for estimating the 
volume of branch, wood per tree 71 fir 
branches were selected systematically 
from various crown levels in trees of 
various sizes'tfrom all densities. These 
were dissected at each dichotomy and the 
length and mean diameter of each section 
determined with a vernier caliper. From 
these data the total volume for the 
branch was computed and, by reduction 
of the diameters by double-bark thickness, 
the volume of wood was calculated. The 
relationship of cubic-inch volume (V) 
to total branch length in feet (L) for 
total volume is as follows: 

log IOOV = -0.720 + 2.14 log L 
(n = 71, r2 = .9408) 

For wood volume the equation is: 

log 100 V = -1.157 + 2.26 log L 
(n = 71, r2 = .9315) 

These equations were solved for tenths 
of feet and tables developed for total 
volume, wood volume, and bark volume 
(by difference). The volume of wood and 
bark was calculated for each whorl of 
each felled tree by entering the tables 
with the total length of each branch. 
Branch volume increment for wood and 
bark was estimated by calculating the 
mean annual increment for each whorl 
(total volume divided by age of whorl) 
and summing all whorls for the incre~ 
men t of the tree. 
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Branch volume for spruce was deter
mined using the tables for balsam fir. 
For white birch, branch volume was 
calculated from the data recorded in the 
field assuming the central branch to be a 
cone. Branch wood and bark volume 
increment were estimated by dividing 
total volume by the age at mid-crown. 

Surface area. Time did not permit an 
estimate of foliage surface area during 
the study. Bole surface area was compu
ted from the data on the sectioned 
stems. These values were related to 
diameter and height in the form: 

SA= a+ b (DH) 

Two equations were used for fir, one for 
small and one for large trees, but for 
spruce and birch a single equation was 
sufficient. 

Branch surface area was estimated in 
a manner similar to that for branch 
volume. Data from the 71 dissected fir 
branches from various crown levels were 
recompiled to give their surface area in 
square inches (SA). This was related to 
length of green branch in feet (GL) to 
give: 

Log SA= -1.190 + 2.22 log GL 
(n = 71, r 2 = .9918) 

A table was prepared from this equation 
for even tenths of feet. For the felled 
trees surface areas per whorl were cal
culated by entering the table with green 
branch length and summing. Total branch 
surface area per tree was then regressed 
on diameter (Tables 2, 3 and 4). Branch 
surface area for spruce was determined 
using the tables for balsam fir. For 
white birch, branch surface area was 
calculated from the field data. 

Combining Plot and Single Tree Data 

A notable and consistent feature of the 
data for individual trees is that the 
various relationships for a given size 
class are independent of stand density. 

This feature was checked both by analysis 
of variance and graphical methods. In 
all cases where tests indicated significant 
or near significant differences in slope or 
they intercept; further examination showed 
the variation to result from a single density 
class. Most commonly the aberrant group 
was the 1000-stem per acre class which con
tained a large tree that did not conform 
to the general trends. 

In all cases a single equation was fitted 
to all densities. Thus five-inch dominants 
in a 5000-stem per acre stand appear to 
be identical to five-inch intermediate or 
suppressed trees in a 700-stem per acre 
stand. They have similar total height, stem 
form, stem volume, crown weight, specific 
gravity, stem weight, surface area and 
current growth. This is logical since the 
present size of a tree represents the 
integrated effects of all competition to 
this point in its life. Thus the five-inch 
trees in the two extremes of stand den
sity are expressions of equivalent total 
past competition. However, those in the 
5000-stem per acre stand are becoming 
progressively better established as dom-
inants and are increasing their growth 
against competition mainly from the side. 
In contrast the suppressed or intermed
iate five-inch trees in the 700-stem per 
acre stand are meeting competition 
from above as well as from the side and 
are consequently falling further behind 
their neighbors in growth rate. 

Data on height, diameter and volume 
growth of individuals for the two periods 
1952-1956 and 1957-1961 support this 
concept. Thus while current growth is 
the same because current competition 
is the same-in amount although not in 
nature-future growth cannot be regar
ded as equivalent since one tree is moving 
toward a poorer and the other toward a 
better competitive position in the stand. 

It is likely that at any given age all 
trees of a given diameter would be 
similar despite variation in stand density 
but, since there is a difierence in the 
nature of the competition they will 
encounter with increasing age, they can-

not be projected as a group. For the 
present study, therefore, it is simplest to 
estimate only the current annual incre
ment, or rather current periodic annual 
increment for the period 1957-1961. No 
attempt is made to project stand devel
opment. 

With the equations from Tables 2, 3 
and 4, and the data recorded on the 
ground for all trees, dry weight and 
volume of the various tree components 
were estimated for the 310 trees which 
were not felled. The total per acre 
estimate for a given tree component was 
then obtained by summing that compon
ent for all trees on the plot and multi
plying the total by the conversion 
factor appropriate to the plot size. 

In the following discussion of pro
duction on a stand per acre basis, number 
of stems is the parameter used to summar
ize density effects because the design is 
orthogonal with respect to number of 
stems. The relationships are similar 
regardless of the parameter chosen (see 
figures) and indeed, are stronger for such 
measures as basal area than they are for 
number of stems. 

Standing crop. The volume of all species 
combined in cubic feet per acre of stem 
wood, branch wood and total volume 
tends to increase with increasing density 
as is shown in the following tabulation. 

No. stems Stem Branch 
per acre wood wood Total 

700 3140 281 3421 
1000 2990 267 3257 
1500 3745 307 4052 
2000 3962 279 4241 
3000 4565 324 4889 
5000 5140 340 5480 

Data for individual plots are given in 
Table 5. The percentage that branch 
wood represents of the total volume 
decreased from 8.2 percent in the open 
stand to 6.2 percent at 5000 stems per 
acre. 

The oven dry weight in tons per acre 
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TABLE 5. Stern wood, branch wood and total volurne in 1962 by species and plots. The drop in weight from 700 to 1000 67.1 percent; dead branches 111crease; 
stems per acre is related to the percentage and cone crop is constant from 700 to 

'tern wood Branch wood T,,t:d that birch makes up of the total stems 3000 stems per acre, then falls off (Table 
Plot in these two groups of plots. This effect 6). 

Fir Spruce Birch All Fir Spruce Birch All Fir Spruce Birch All will be discussed in the section on incre- Any trends 111 the distribution of 
ment. spruce standing crop are masked because 

-------------(cubic/eet peracre:------------- The weights of the various components, of the small sample and the erratic 
expressed as percentages of the total distribution of stem sizes across the 

700 stems/ acre weight of balsam fir standing crop per range of densities. The discernible trends 
13 1960 500 55 2515 190 25 s 220 2150 525 60 2735 acre, show the following trends from the are, however, parallel to those just 
26 3475 15 3660 270 10 280 3745 195 3940 lowest density (700 stems per acre) to the described for balsam fir. The foliage of 
27 3185 65 3250 330 .5 335 3515 70 3585 

' 
highest density (5000 stems per acre): white birch remained a relatively con-

1000 stems/acre foliage decreases from 16.4 to 12.8 stant proportion of the standing crop for 

~ 
percent; branches decrease from 17.4 to the species across the range of densities. 

5 2160 65 115 2340 195 5 10 210 2355 70 125 2550 10.4; bole wood 111creases from 57.1 to Stem wood showed only a slight increase 
21 3730 20 3750 360 2 362 4090 22 4112 
28 2830 55 1 2885 230 3 233 3060 58 3118 

1500 steins/ acre TABLE 6. The distribution of standing crop by tree component J or each stand. 

2 3580 45 3625 285 2 287 3865 47 3912 
9 3150 45 120 3315 240 5 5 250 3390 so 125 3565 Number of stems per acre Number of stems per acre 

18 429, 10 4305 395 395 4690 10 4700 
Component 

700 1000 1500 2000 3000 5000 700 1000 1500 2000 3000 5000 

2000 stems/ acre 
---- - - - - -tons/acre- - - - - - - - - -- - - - - - -percent of total- - - - - - - - -

4 3295 35 3330 230 1 231 3525 36 3561 BALSAM ]'IR 

4420 65 85 4570 325 5 5 335 4745 70 90 4905 ~'o!iage 7.07 7.07 7.49 8.08 7. 77 8.23 16.4 16. l 15.4 14.4 13.3 12. 8 
15 3945 10 30 3985 300 2 302 4245 10 32 4287 Conas .25 .33 .26 .30 .28 .20 . 6 .8 . 5 .5 .5 .3 

Stem wood 24.63 24.92 29. 36 35. 25 37. 91 43.02 57.1 56.8 60.2 63.0 64.8 67.1 

3000 steins/ acre 
Stem bark 3.65 4.22 4.31 5.05 5. 76 6,04 8.5 9,6 8.8 9.0 9.8 9,4 

i I 
Branch wood 4.38 4,27 4.26 4, 14 3. 77 3. 76 10.2 9. 7 8. 7 7.4 6.4 5.8 
Branch bark 3.12 3.06 3.19 3.18 2.98 3.03 7.2 7.0 6.4 5. 7 5.2 4,6 

3 4245 455 40 4740 315 20 1 336 4560 475 41 5076 Total 43.10 43.87 48.87 55.95 58.47 64.28 100.0 100,0 100.0 100.0 100.0 100.0 
8 4235 20 155 4410 315 5 320 4550 20 160 4730 Dead branches 2.61 2.68 3.45 3.61 . 4.08 5.13 

19 4440 100 4540 315 5 320 4755 105 4860 WHITE SPRUCE 

5000 steins/ acre Foliage .66 .08 .04 ,04 .44 ,42 1,5. 6 19.0 12.5 9.1 16.4 10,6 
Cones 
Stem wood 2.48 ,25 .22 .31 l.67 1.28 58.8 59.6 68. 6 70.4 62.8 59.8 

7 4050 15 250 4315 65 10 275 4315 15 260 4590 Stem bark .28 ,02 .02 .04 .17 , 16 6. 6 4.8 6.3 9.2 6,3 7.5 

12 5585 5585 395 395 5980 5980 
Branch wood ,48 .04 ,02 .03 ,23 .16 11.4 9. 5 6. 3 6.8 8.5 7.5 
Branch bark .32 ,03 .02 .02 , 16 .12 7.6 7.1 6. 3 4.5 6.0 5.6 

22 5160 300 70 5530 325 20 5 350 5485 320 75 5880 Total 4.22 ,42 .32 .44 2. 67 2.14 100.0 100.0 100.0 100.0 100.0 100.0 

\ 
Dead branches .34 ,03 .01 .03 .05 .06 

I WHITE BIRCH I 1 Includes pin cheny. I 
I Foliage .02 .08 1 .05 .08 .09 .11 4.8 4.9 4.5 9. 2 4.8 5.0 I, 

Cones 
Stem wood .28 1.14 .81 .58 1.43 1.,56 66. 7 69 . .5 72.3 66. 7 75. 7 71.2 

of the total standing crop of living trees The dry weight 
Stem bark .04 , 17 .11 '10 .19 .25 9.5 10.4 9.8 11.5 10,0 11.4 

oven expressed as Branoh wood .06 .20 ,12 .08 ,14 .21 14.3 12.2 10. 7 9.2 7.4 9,6 

above ground also increases with increas- percent of total weight shown below. I Branch bark ,02 ,05 ,03 .03 ,04 .06 4. 7 3.0 2. 7 3.4 2.1 2.8 
JS 

ing stand density as is indicated below. Total .42 1. 641 1.12 .87 1.89 2, 19 100.0 100.0 100.0 100.0 100.0 100.0 
Dead branches .03 , 13 , 13 ,02 '10 .06 

No. stems \ ALL SPECIES 

No. steins per acre Fir Spruce Birch Total Foliage 7. 75 7.23 7.58 8. l,1 8.30 8. 76 16. 2 15. 7 15.1 14. 2 13. 2 12. 8 
per acre Fir Spruce Birch Total Cones .25 ,33 .26 .30 .28 .20 .5 . 7 ,5 .5 .4 .3 

700 43.1 4.2 .4 47.7 700 90.4 
Stem wood 27. 30 26.31 30,39 36.14 41.01 45.86 57.4 57 .3 60.4 63.1 65.0 66. 9 

8.8 .8 100 Stem bark 3. 97 4.41 4.44 5. 19 6.12 6.45 8.3 9.6 8.8 9.2 9. 7 9.4 
1000 43.9 .4 1. 6 45.9 1000 95.6 .9 3.5 100. nranehwood 4. 92 4.51 4.40 4.25 4.14 4.13 10. 3 9.8 8. 7 7.4 6.6 6.0 

Branch bark 3.46 3.14 3.24 3.23 3.18 3.21 7, 2 6.8 6. 5 5.6 5. I 4.6 
1500 48.9 .3 1.1 50.3 1500 97.2 ,6 2.2 100 
2000 56.0 .4 .9 57.3 2000 97.9 .7 1.4 

Total 47, 74 45.93 50.31 57.26 63.03 68. 61 100.0 100.0 100.0 100.0 100.0 100.0 
100 Dead branches 2.98 2.84 3,59 3.66 4.23 5.25 

3000 58,5 2.7 1. 9 63 .1 3000 92, 7 4.3 3.0 100 
5000 64.3 2.1 2.2 68.6 5000 93.7 3.1 3.2 100 1 Includes pin cherry. 
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with increased density. The weight of 
branches increased both in absolute 
terms and as a percentage of the total 
birch crop with increased density (Table 
6). 

From the point of view of stand pro
duction the critical factor is the amount 
of foliage per acre. Weight of foliage in 
tons per acre increases with density as 
follows: 

Stems 
per acre Fir Spruce Birch All 

700 7.07 .66 .02 7.75 
1000 7.07 .08 .08 7.23 
1500 7.49 .04 .05 7.58 
2000 8.03 .04 .08 8.15 
3000 7. 77 .44 .09 8.30 
5000 8.23 .42 .11 8. 76 

The relationships of total dry-weight of 
foliage in pounds to number of stems 
(N), basal area (BA), and stem volume 
(V) are shown in Figure 6. The corres
ponding equations are: 

o.d.wt. foliage = 14631 + .578 N 
(n = 18, r2 = .0878) 

9049 + 32.97 BA 
(n = 18,r2 = .4143) 

6545 + 2.39 V 
(n = 18, r2 = .5634) 

In all cases the slope is significantly 
different from 0 indicating a positive 
increase in the amount of foliage with 
increasing density. 

Increment. As with any stem analysis or 
stand projection technique the data of 
this study yield a direct estimate of 
gross periodic annual growth (1957-1961). 
Gross periodic annual increment is com
prised of the growth on the surviving 
trees, ingrowth (natality in the sense of 
population dynamics), and mortality and 
is therefore 1·epresen tative of total pro
duction on an area. Unless otherwise 
specified the term increment in this 
paper means gross periodic annual incre-
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ment for the period 1957-1961. Since all 
the tree species beyond the seedling stage 
were included in the sample the only 
forms of ingrowth would be new seed
lings. The annual seedling crop, which 
survives only one or a few years, is 
negligible with respect to the tree stand 
and has not been estimated. Mortality 
has been estimated for the period 1955 
to 1961 from a series of 12 ¼-acre plots 
in the same stand type and ranging from 
1000 to 5000 stems per acre 5

• 

The gross annual volume increment 
of stem wood increases with increasing 
density (Fig. 7 and Tables 7, 8 and 9). 
The equations relating gross periodic 
annual volume increment in cubic feet 
per acre per year to number of stems (N), 
basal area (BA), total volume (V) and 
total dry-weight of foliage in pounds 
(F), in Figure 7 are as follows: 

Branch wood =9.82 + .0018 N 
(n = 18, r2 = .6061) 

= 2.53 + .0544 BA 
(n = 18, r2 = .8379) 

= .162 + .0035 V 
(n = 18, r2 = .8764) 

-.447 + .0009 F 
(n = 18, r2 = .6028) 

Stem wood 130.5 + .0156 N 
(n = 18, r2 = .4074) 

49.4 + .557 BA 
(n = 18, r2 = .7569) 

= 19.4 + .0373 V 
(n = 18, r2 = .7433) 

= -14.3 + .0113 F 
(n = 18, r2 = .6977) 

In all cases the trend was significant. 
Gross annual increment of branch-wood 
volume also increased significantly with 
these measures of density. 

For individual plots the gross annual 
dry-weight increment of all above ground 

5 Baskerville, G. L. Unpublished data. 
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TABLE 7. Gross periodic annual volume increment, 1957-61. 

Plot 

13 
26 
27 

5 
21 
2:-\ 

> 2 

9 
18 

4 
6 

15 

3 
8 

19 

7 
12 
22 

Stem wood Bra11ch wood Total 

Fir Sprnce Birch All Fir Spruce Birch All Fir Spruce Birch All 

---------- --rnbicfeet jJtrftC/'e peryear------------

700 stems/ftcre 

88.7 
147.0 
156.3 

88.9 
184.0 
133.2 

139.4 
112.8 
188.2 

128.6 
199.1 
165.2 

173.2 
172.4 
182.9 

158.8 
220.1 
196.8 

25.7 
11.8 
4.9 

4.9 

1.8 
.2 

2.0 116.4 
158.8 
161. 2 

4.0 97.8 
.8 184.8 

1.3 134.5 

1. 6 141.0 
4.1 118.7 

188.4 

1.1 129. 7 
1. 4 3 . 2 203 . 7 

.1 1.5 166.8 

33.3 
.3 

1. 2 207. 7 
4.7 177.4 
3.9 186.8 

1.0 11.8 171.6 
220.1 

19.3 2.6 218.7 

7.5 
10.S 
13.3 

2.0 
.8 
.4 

1000 stems/ acre 

7. 5 .s 
14.5 
9.5 

1500 stems/ ac1·e 

11.1 
9.2 .3 

16 .1 .1 

2000 stems/ acre 

11.1 
13.9 
13.4 

.4 

3000 stems/ acre 

14.8 
14.7 
15.3 

2.2 

5000 stems/ acre 

11.0 
19.6 
16.5 

. 2 

2.3 

.4 

1. 2 
.2 
.2 

.3 

.8 

9,9 96.2 
11.3 157.5 
13.7 169.6 

9.2 96.4 
14.7 198.5 
9.7 142.7 

11.4 150.5 
10.3 122.0 
16.2 204.3 

. 2 11. 3 139. 7 

.4 14.7 213.0 
.3 13.7 178.6 

.2 

.6 

.6 

1. 5 

.4 

17.2 188.0 
15.3 187.1 
15.9 198.2 

15. 7 172.8 
19.6 239.7 
19.2 213.3 

27.7 
12.6 
5.3 

5 .4 

2.1 
.3 

2.4 126.3 
170. i 
174.9 

5 .2 107 .0 
1.0 199.5 
1.5 144.2 

1.9 152.4 
4.9 129.0 

204.6 

1.3 141.0 
1.8 3.6 218.4 

.1 1.8 180.5 

35.5 
.3 

1.4 224.9 
5.3 192,7 
4.5 202.7 

1.2 13.3 187.3 
239.7 

21.6 3.0 237.9 

components ranged from 3.17 tons per 
acre per year to 6.22 tons per acre per 
year (Table 11). The average for each 
density in tons per acre per year 1s 
summarized in the following tabulation. 

annual increment values to age 40 to 47 
presented by Ovington and Pearsall 
(1956) for several species: Pinus sylves
tris, 3.6 tons per acre per year; Pinus 
nigra, 4.2; Pseudotsuga menziesii, 4.4; 
and Picea abies, 3.4 to 4.2 tons per acre 
per year. 

Stems 
per ac1·e 

700 
1000 
1500 
2000 
3000 
5000 

Fir 

3.84 
3.97 
4.18 
4.58 
4. 71 
5.11 

Spruce Birch 

.33 .04 

.OS .15 

.02 .09 

.02 .12 

. 31 .17 

.27 .23 

All 
4.21 
4.17 
4.29 
4. 72 
5.19 
5.61 

These may be compared with the mean 
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Annual dry-weight increment was sig
nificantly correlated to number of stems, 
basal area, stem wood volume and oven
dry weight of foliage per acre (Fig. 8). 
The gross annual production of stem wood 
alone ranged from 1 ton per acre per year 
to 2.34 tons per acre per year and was also 
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TABLE 8. Gross periodic annual volume increment, 1952-56. 

Stem wood Branch wood Total TABLE 9. The distribution of the standing crop by tree component and species for each plot. 
Plot 

Fir Spruce Birch All Fir Spruce Birch All Fir Spruce Birch All Component Fir Spruce Birch All Fir Spruce Birch All Fir Spruce Birch All 

- - - - - - - - - - - cubic feet per acre per year - - - - - - - - - - - - _________ -- - - --- - --tons per acre---- - - -- - - ----- - -- -

700 •tems/ acre Plot13 Plot26 Plot27 
700 stems/ acre 

1.28 .06 6. 10 7.85 .50 8. 35 8.62 .22 8.84 Foliage 4. 76 
, 19 .29 .29 .26 .26 

13 78.6 22.4 2.6 103.6 6.2 1. 7 .4 8.3 84.8 24.1 3.0 111. 9 Cones .19 
30.34 1. 75 32.09 27.02 . 67 27. 69 

Stem wood 16. 62 5.06 .86 22.54 
26 134.7 9.4 144.1 8.9 .6 9.5 143.6 10.0 153.6 Stem bark 2. 39 . 61 . 13 3.13 4.44 .16 4.60 4.12 .06 4.18 

Branch wood 2.83 .95 .19 3. 97 4, 02 .33 4. 95 5. 72 . 17 5.89 
27 B4.8 3 .5 138.3 10.2 .3 10.5 145.0 3.8 148.8 ~ Branch bark 2.04 .62 ,05 2. 71 3.31 .23 3.54 4.03 .13 4.16 

Total 28.83 8.52 1. 29 38. 64 50.85 2. 97 53.82 49. 77 1. 25 51.02 
1000 stems/acre 

Dead branehcs 1. 91 .82 . 10 2.83 3. 76 .18 3,94 3.22 .03 3.25 

5 79.0 3.2 4.2 86.4 6.2 .4 1.2 7.8 85.2 3.6 5.4 94.2 .. 1000 stema/acre Ploto Plot21 Plot f8 

21 155.1 .8 155.9 11.4 .2 11.6 166.5 1.0 167.5 Foliage 4.90 . 24 .18 5.32 9.48 .03 9.51 6.87 .021 6.89 
.30 .51 .51 .19 • 19 28 114.4 1.6 116.0 7.8 .2 8.0 122.2 1. 8 124.0 Cones . 30 ,30 25.03 

Stem wood 18.46 . 77 2,34 21.57 31.64 .39 32.03 24. 73 
Stem bark 2.87 .07 .35 3.29 4.46 .06 4.52 3,55 .05 3.60 

1500 stems/acre Branch wood 3.14 , 12 .39 3.65 6.22 .00 6.28 3.45 ,07 3.52 

Branch bark 2. 29 .09 .09 2.47 4. 36 ,02 4.38 2.55 .02 2. 57 

2 124.4 2.3 126.7 9,2 .3 9.5 133.6 2.6 136.2 Total 31. 96 1. 29 3.3.5 36.60 56. 67 .56 57, 23 41.34 .46 41.80 
.04 3,27 2.41 ,04 2.45 9 99.4 2.4 4.1 105. 9 7.6 .3 .8 8.7 107 .0 2.7 4.9 114.6 Dead branehes 2.40 ,08 .24 2. 72 3.23 

18 157.3 .5 157.8 12.9 12.9 170.2 .5 170.7 1500 atema/ acre Plot2 PlotD Plot 18 

Foliage 6.83 ,04 6.87 6.02 . 11 .11 6.24 9.65 ,02 9. 67 
2000 stems/ acre 

Cones .17 .17 .27 .27 .36 .36 

Stem wood 29. 72 . 68 30.40 23. 72 .54 1. 75 26.01 34. 75 , 13 34.88 
4 116.1 1.3 117 .4 9.2 .2 9.4 125.3 1.5 126.8 Stem bark 4.15 .09 4. 24 3.85 .05 .24 4.14 4.96 .01 4.97 

Branch wood 3.57 .09 3.66 3.18 .05 ,26 3.49 6.04 ,01 6.05 
6 169.5 2.7 4.0 176.2 10.9 .4 .4 11. 7 180.4 3.1 4.4 187.9 Branch bark 2, 71 .01 2. ·,2 2.39 .04 ,07 2, 50 4.47 .01 4.48 

15 148.8 .6 1. 7 151.1 16.1 .3 16.4 164.9 .6 2.0 167.5 
Toto! 47.15 .91 48.06 39.43 . 79 2.43 42.65 60.23 ,18 60.41 

Dead branches 3.34 ,04 3.38 2. 23 .02 .36 2.61 4, 78 ,01 4. 79 
3000 stems/ acre 

2000 3tema/acre Plot4 Plot6 Plot15 

3 153.9 21.4 .9 176.2 12 .4 .2 .1 12.7 166.3 21. 6 1.0 188,9 Foliage 6.42 .03 6.45 9.68 .10 .15 9.93 8.01 ,01 .04 8.06 
.34 .29 .29 , 26 ,26 8 158.6 .8 6.2 165.6 12.4 .1 .6 13.1 171.0 .9 6.8 178,7 Conea .34 ,10 .44 36.12 

Stem wood 30.56 .05 30. 61 39.38 .8,5 1.26 41.49 35.58 
9 163.8 4.1 167.9 12.7 .6 13.3 176.5 4.7 181.2 Stem hark 4.58 .10 4.68 5.44 , 10 .14 5, 68 5.16 .01 .06 5.23 

Branch wood 3.16 .05 3.21 5, 21 .07 .14 5.42 4.07 ,01 .06 4.14 
3.88 ,05 .04 3. 97 3.12 ,01 .02 3.15 

5000 stems/ acre Branch bark 2.54 .02 2. 56 

'l'otal 47. 60 ,25 47,85 63.88 1.17 1. 73 66. 78 56.20 . 14 , 62 56.96 

7 137.7 1.0 10.4 149.1 11.3 .1 1. 5 12.9 149.0 1.1 11. 9 162.0 Dead branches 3.16 .04 3.20 · 4.57 ,08 4.65 3.87 ,01 .01 3.89 

12 204.6 204.6 16.4 16.4 221.0 221.0 3000 stems/ acre Plots Plot 8 Plot 19 

22 178.6 13.0 2.6 194.2 13.8 1. 9 .4 16.1 192.4 14.9 3.0 210.3 Foliage 7. 7ll 1.28 .03 9.10 7.86 .04 .13 8.03 7.67 .10 7. 77 

Conea .29 ,29 .39 , 39 .17 .17 

Stem wood 37 .31 4. 79 .55 42. 65 38.42 .26 2.24 40.02 38.13 1.50 39.63 

Stem bark 5.49 .48 .07 6.04 6.10 .02 ,28 6.49 5,62 ,21 5.83 

correlated to density (Fig. 8). The Branch wood 3.81 . 05 .05 4.51 3. 75 .04 .27 4.06 3. 76 . 11 3.87 
.03 + .000291 F (lbs) Branch bark 3.02 .46 ,02 3.50 2. 97 .03 .07 3.07 2.96 .04 3.00 

equations for gross periodic annual weight (n = 18, r2 = .8962) Total 57, 71 7.66 . 72 66,09 59.58 .30 2.99 62.96 58.31 1. 96 60. 27 

increment in tons Dead branches 3.81 .14 .05 4.00 3,63 .01 .19 3.83 4,83 .07 4,90 per acre per year 
corresponding to the lines 111 Figure 8 Stem wood only ~ 5000 stem•/ acre Plot 7 Plot12 Plot22 

are as follows: 1.24 + .000197 N Foliage 6. 74 .02 . 25 7.01 9,27 9, 27 8. 71 1.24 ,07 10.02 

(n = 18, r 2 = .2508) Cones . 10 ,10 .25 .25 .26 ,26 

Stem wood 35.10 .19 3,65 38.94 48.41 48.41 45. 68 . 68 1.03 47.39 
Total living tree Stem bark 4, 74 .01 .59 5,34 6.66 6, 66 6. 74 ,47 .16 7.37 

3.88 + .000348 N .43 + .00601 BA .~) Branch wood 3.05 ,02 .51 3.58 4.48 4.48 3. 75 .46 , 13 4.34 
= ,35 .06 3.41 

Branch bark 2.48 .02 , 14 2.64 3.60 3,60 3.00 

(n = 18, r2 = .3191) (n =: 18, r2 = . 7906) 
Total 52.21 .26 5,14 57. 61 72,67 72.67 68.14 6.20 1.45 75, 79 

Dead branches 3.87 ,02 .17 4.06 5. 74 5. 74 5. 79 , 16 ,03 5,98 

1.97 + .0129 BA .04 + .000417 V 
(n = 18, r 2 = .6768) (n = 18, r 2 = .9198) 1 Includes pin oherry. 

1.14 + .000896 V = -.18 + .000117 F (lbs) 
(n = 18, r2 = .7922) (n = 18, r2 = .7442) 

26 27 

I 

,1!1 
1.1. 



ii 

ID 
I ,-.. 

tO 
m 

E 
~ 
C: 
Cl 

-- ~---···---------- -· - .. ·---'- _, 

tons/acre 

4 

2 

tons/ acre 

4 

2 

kg./ha. • • 12000· • ·• • TLT 
. L. 

• I I 

• e • 
- . • 8000 • • • 

• 

-4000 •• • SW I . _, 

• I • • • • • • • 
I • • • 

Number of stems 

/acre 1000 2000 3000 4000 5000 

/ha. 2000 4000 6000 8000 10000 12000 

kg./ha. 

12000 

8000 

SW· 1 9 

4000 __ ~,..,...----;-----~·~..---•-~\~•!..-~•---~·-_:::...::..-_.._..,.__ 
•.• . . . .. 

,_ Basal area 
~ • q. ft. 7.;a::c::r:,-;;;,o:;o:-----;l::5:-::0:---___:~2:-=o:=o::._:::..:_:_ __ 2_5_0 _____ 3_0_0 ___ _ 

~ aq.m./~a 
II) 
E tona/acr, 
II) ... 
u 
C 

Ill 
Ill 
0 ... 
Cl 

.... 
0 

-.J:. 
CII 

41 
Ji: 

>,, .. 
,:, 
I 
C 
41 
> 

0 

4, 

2 4000 
--,, 

cu. ft./acre 

cu. m. /ha:· 

tons/acre kg./ha. 

4 

2 

12000 

4000 

• 

30 

e 

3000 

180 

• • e 

40 50 60 

SW 
• .. . . , . 

•' I 1• 

stem wood volume 

4000 5000 

260 340 

• • 

• • ., SW 

•• • • 

·' ·,r 

• • 

• • 

70 

• • 

6000 

420 

• 

0von-dry weight of foti_gge 
I 000 I b1 /~a:;;c;.re;----~I 2;-------;l-:;-4__:.__::,.:...:_:::.:..:..._~I 6~.:.::.::~:_ __ 18_.:.. _____ 20--

1000 kg./ha. 14 16 18 20 22 

Frau RE 8. Annual dry-weight increment (1957-1961) far all species plotted over: number of stems basa 
area, stem wood volume'. ~nd oven-dry weight offoliagc,jor all species combined. Each point ,·epr~sents 
one plot, TLT = total l1v111g tree above ground and SW = stem wood only. 

28 

TABLE 10. Distribution of gross periodic annual increment (1957-61) among the tree 

components. 

Component 

Foliage 
Cones 
Stem wood 
Stem bark 
Branch wood 
Branch bark 

Total 

Foliage 
Cones 
Stem wood 
Stem bark 
Branch wood 
Branch bark 

Total 

Foliage 
Cones 
Stem wood 
Stem bark 
Branch wood 
Branch bark 

Total 

Foliage 
Cones 
Stem wood 
Stem bark 
Branch wood 
Branch bark 

Total 

Number of stems per acre Number of stems per acre 

700 1000 1500 2000 3000 5000 700 1000 1500 2000 3000 5000 

-------- ton,,/acre/yr.-------- --------percent of total------ -

BALSAM FIR 

1. 84 
.05 

1. 26 
.14 
. 32 
. 23 

3.84 

. 23 

.03 

.01 

.04 

.02 

.33 

.02 

.01 

.01 

.04 

2. 09 
.05 

1. 30 
. 15 
. :l7 
.25 

4.21 

1. 84 
.07 

1. 36 
.14 
.32 
. 24 

3. 97 

.03 

.02 

.05 

.091 

.05 

.02 

'1r:, 

1. 9.5 
.07 

1. 43 
. 14 
. :l4 
. 24 

4. 17 

1. 95 
.05 

· 1. 44 
.14 
.34 
. 26 

4.18 

.01 

.01 

.02 

.05 

.03 

.01 

.09 

2. 01 
,05 

1.48 
. 14 
':i,; 
. 26 

4. 20 

2.09 2.02 2.14 
.04 .06 .06 

1. 65 ., ,,.1,80 . ···2.-03 
.16 
.41 
.33 

.15 .16 

. 35 . 37 
,28 _ .... 3_0 

4. ,i8 4. 71 5.11 

.01 

.01 

.02 

.08 

.03 

.01 

.12 

2. 18 
.06 

l. 69 
. 15 
.3(i 
• 28 

4. 72 

WHITE SPRUCE 

.15 .15 

.11 .08 

.01 .01 
.02 .02 
.02 .01 

. 31 .27 

WHITE BIRCH 

.09 

.04 

.01 

.02 
.01 

.17 

.11 

.07 

.01 

.03 
.01 

.23 

ALL SPECIRA 

2. 26 
.06 

1.05 
.18 
. 41 
. 33 

r,, 10 

2.40 
.04 

2.18 
.18 
. 46 
.35 

,5, 61 

47. 9 
1.3 

32, 9 
3.5 
8.1 
6.3 

100.0 

53.5 

30. 2 
2.3 
9.3 
4. 7 

100.0 

46.3 
1. 8 

34.2 
3. 5 
8.1 
6.1 

100.0 

60.0 

40.0 

100.0 

46. 7 
1. 2 

34.4 
3.3 
8.2 
6.2 

100.0 

50.0 

50.0 

100.0 

45,6 
1.3 

36.0 
3.3 
7. 6 
6. 2 

100.0 

50.0 

50.0 

100.0 

42.9 
1.3 

38. 2 
3.4 
7. 8 
6.4 

100.0 

48.4 

35.4 
3. 2 
6.5 
6.5 

100.0 

41. 9 
.8 

39.8 
3.1 
8.0 
6.4 

100.0 

55. 6 

29. 6 
3. 7 
7 .4 
3. 7 

100.0 

50.0 56.2 55.5 66.7 52.0 47.8 

25.0 · 31.2 33.3 25.0 23.5 30.4 
5.9 4.4 

25.0 12.6 11.2 8.3 11.8 13.0 
5. 9 4.4 

100,0 100.0 100.0 100.0 J00.0 J00.0 

48.5 
l. 2 

32.4 
3. 5 
8.6 
5. 8 

100.0 

47. 0 
1. 7 

34.2 
3. 3 
8.1 
5. 7 

100.0 

46.8 
1.2 

34.5 
3.3 
8.2 
6,0 

100.0 

46.2 
1. 3 

35. 8 
3.2 
7. 6 
5. 9 

100.0 

43. 5 
1. 2 

37.5 
3. 5 
8.0 
6.3 

100.0 

42.3 
. 7 

38. 9 
3.8 
8.1 
6. 2 

100.0 

1 Includes pin cherry. 

Nowhere in Figure 8 is there any indi
cation of deviation from the linear trend 
of production at either low or high 
densities. It is also apparent that number 
of stems per acre is not a good index of 
production (r2 = .3191). This results 
from the failure of number of stems to 
account 1n any way for variation 111 

species and size-class composition. Plots 
containing a larger number of birch 
trees, which tended to be much smaller 
than the average fir tree, were very low 
in production. This produced an erratic 
distribution in the lower densities. Basal 
area and volume both adjust for these 
smaller-than-average trees. The effect 
of species composition 1s apparent when 

annual production Js examined in terms 
of pounds of total tissue produced per 
square foot of basal area as shown below. 

Stem.
per acre 

700 
1000 
1500 
2000 
3000 
5000 

Fir Spruce Birch Average 

639 628 530 637 
602 428 576 606 
522 429 498 521 
513 481 463 512 
503 648 440 506 
472 546 467 474 

In terms of production birch does not 
1i1ake as good use of its space in the stand 
as do the other two species. In this respect 
it must be recalled that birch is an 
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intolerant species and that in the stands proportion goes into foliage production TABLE 12. Gross periodic annual dry-weight increment, 1952-56. 

examined the trees occupied intermediate (Tables 10, 11, 12). Foliage made up 48 
crown positions. percent of the fir increment at 700 stems Total tree Stem wood Branch wood 

The distribution of increment by tree per acre and 42 percent at 5000 stems Plot 
component indicates that the greatest per acre. The corresponding percentages Fir Spruce Birch All Fir Spruce Birch All Fir Spruce Birch All 

--------------_tons/acre/year-------------

TABLE 11. Distribution of gross periodic annual increment (1957-61) by tree component. 
700 stems/acre 

13 2.01 .63 .12 2.76 .78 .21 .04 1.03 .16 .OS .02 .23 

Component li'ir Spruce Birch All li'ir Spruce Birch All Fir Spruce Birch All 26 3 .47 .25 3. 72 1.32 .09 1.41 .26 ,_02 .28 

27 3.54 .09 3.63 1. 26 .03 1. 29 .30 .01 .31 

- - - - - - - - - - - - - - - tons/acrt-/lJe(I,/' - - - - ----------
i 

! 1000 stems/ acre 
700 ,terns/ acre Plot 13 Plot26 Plot27 

Foliage I. 24 . 45 ,06 I. 75 2.04 .18 5 2 .19 .10 .25 2.54 .78 .03 .06 .87 .19 .01 .OS .25 
2. 22 2. 24 ,08 2.32 

Cones .04 .04 .06 .06 ,0,i .05 21 3.89 .OS 3.94 1.56 .01 1.57 .33 .01 .34 
Stem wood .88 .24 .03 1.15 1.44 .11 1.55 I. 47 .05 1.52 1.16 .22 .01 .23 
Stem bark .09 ,03 . 12 .10 .01 .17 .18 .18 28 2.92 .OS 2.97 1.14 .02 
Branch wood ,20 .07 .02 . 29 .33 .03 .36 .42 .01 • 43 
Branch bark .15 .05 . 20 . 24 .02 . 26 . 29 .01 .30 1500 stems/ acre 

Total 2. 60 . 84 .11 3. 55 4. 27 .35 4. 62 4. 65 .15 4.80 .25 
2 3.14 .08 3.22 1.25 .03 1.28 .24 .01 

1000 ,tem,/ acre Plot5 Plot21 Plot28 .96 .03 .06 1.05 .20 .03 .23 
9 2.61 .07 .20 2.88 

Foliage I. 27 .08 .19 1.M 2.45 .03 2. 48 1. 78 .021 1.80 18 4.09 .01 4.10 1.52 1.52 .36 .36 
Cones .06 .06 .10 , 10 .03 .03 
Stem wood .89 .05 .06 1.00 1.80 .01 1.87 1.33 .02 1.3.5 
Stem bark ,08 .01 .00 .19 , 19 .13 .13 2000 stems/ acre 
Branch wood .23 .01 .05 . 29 .45 .01 . 46 , 29 .01 ,30 
Br_anch bark .17 ,01 .01 . 19 .32 .32 .22 . 22 .06 3.07 1.18 .02 1.20 .23 .01 .24 

4 3.01 
Total 2. 70 • 15 • 32 3.17 5. 3, • 05 5.42 3. ,8 .05 3. 83 6 4.28 .08 ,20 4.56 1. 66 .03 .06 1. 75 .33 .33 

1600 ,teme/ acre Plot 2 Plot9 Plot 18 15 3.73 .01 .07 3.81 1.50 .02 1. 52 .28 .01 .29 

Foliage 1. 78 .04 1.82 1.56 .04 .11 I. 71 2. 51 .01 2. 52 3000 stems/ acre 
Cones .03 .03 ,05 .05 .07 .07 
Stem wood 1.40 .02 1.42 1.09 .02 .06 1.17 1.84 1.84 .35 
Stem bark .13 .13 , 13 .13 , 18 .18 3 3.78 .58 .OS 4.41 1.55 .23 .01 1. 79 .30 .04 .01 
Branch wood .30 .01 .31 .26 .01 .03 .30 .48 .48 .09 1.68 .30 .03 .33 
Branch bark . 23 . 23 .19 .01 • 20 .36 .36 8 3.88 .02 .26 4.16 1.58 .01 

Total 3.87 
19 3.87 .19 4.06 1. 65 .06 1. 71 .30 .02 .32 

.07 3. 94 3.28 .07 .21 3, 56 5.44 .01 5.45 

2000 etems/ acre Plot 4 Plot 6 Plot 15 5000 stems/ acre 

Foliage 1. 67 .04 I. 71 2.52 .03 .15 2. 70 2.08 .04 2.12 1.48 .01 .15 1.64 .27 .06 .33 
Cones ,07 .07 ,06 .06 .O,i .05 7 3 .42 .02 .45 3.89 
Stem wood 1.33 .02 1. 35 I. 96 .02 .04 2.02 I. 66 .02 1. 68 12 4.90 4.90 2 .15 2.15 .39 .39 
Stem bark .12 .12 .18 .18 • 1.5 , 15 
Branch wood .29 ,01 .30 .43 .01 .02 .46 .33 .01 .34 22 4.40 .37 .12 4.89 1. 87 .15 .04 2.06 .33 .04 .02 .39 

Branch bark . 23 .23 ,32 .32 .27 .27 

Total 3. 71 .07 3. 78 5.H .06 ,21 5. 74 4. 54 . 07 4. 61 

,WOO st,ms/acr, Plot 3 Plot 8 Plot 19 

Foliage 2.02 ,4;j .03 2.50 2.04 .01 .14 2. 19 1.99 for spruce are 53 and 56, for birch 50 White spruce increment increased to a 
.10 2. 09 

Cones .06 .00 .08 .08 .03 .0:l and 48. lesser extent than fir, and white birch 
Stem wood 1. 76 ,34 .02 2.12 I. 75 .06 1.81 1.88 .06 1. 94 either remained level or decreased. 

I' 

Stem bark .15 .04 .19 .17 .01 .18 .16 .01 . 17 Converting mortality data from num- I 

Branch wood . 37 .07 .01 ,4;j .38 .03 .41 .37 .02 ,39 
Branch bark .30 .05 .35 ,30 .01 . 31 .29 ,01 .30 ber of stems by diameter class to a dry 
Total 4. 66 ,9,i .06 1i, 07 L 72 ,01 .25 4. !l8 4. 72 .20 1,,, 0~ weight basis estimates of mortality and Discussion 

5000 ,tcme/ acre Plot 7 Plot 12 Plot 22 i net periodic annual increment (1957-61) 

i' 
The results show that the denser stands 

'! 
~'oliage 1. 75 ,01 .26 2.02 2. 41 2.41 2. 26 .43 ,06 2. 75 are obtained (Table 13). 

with their larger numbers of smaller 
Cones ,02 .02 .05 .0,j .05 .05 Increment for the period 1952-1956 
Stem wood 1. 70 .01 • 17 1.88 2, 33 2.33 2.07 . 23 .04 2.34 crowns, are the highest producers of dry 
Stem bark .13 .02 .15 .18 . 18 .18 .02 .20 bore the same general relationship to the 
Branch wood .34 .06 .40 ,48 , 48 .41 .06 .02 .49 matter. Since the critical factor in 
Branch bark . 28 ,02 .30 .39 .30 .33 .05 ,01 .39 present stand density as did that for the 

Total 4.22 .02 ,i\3 4, 77 ,1. 84 5.84 5.30 . 79 period 1957-1961. In general current explaining a theoretical drop 111 pro-
.13 6. 22 

growth was still increasing slightly in duction at high density was thought to 

1 Includes pin cherry, these stands, mostly in the fir component. be the amount of respiring surface area 
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TABLE ! 3, Average annual above-ground gross increment, mortality, and net increment of 
total tree tn tons jJer acre per year. 

Stems Gross annual increment Annual mortality-1 Net annual increment 
per acre 

Fir Spruce Birch AJl Fir Spruce Birch All Fir Sprnce Birch All 

tons/ acre/ year 

700 3,84 .43 .04 4.31 .13 .130 3.71 .43 .04 4. 18 
1000 3.97 .OS .U1 4.18 . 18 .001 .181 3.79 ,05 .16 4.00 
1500 4.18 .02 .09 4.29 .26 .001 .001 .262 3.92 .02 .09 4.03 
2000 4.58 .02 .12 4. 72 .32 .001 .001 .322 4. 26 .02 .12 4.40 
3000 4.71 .31 .17 S .19 .44 .007 .005 .452 4.27 .30 .17 4.74 
5000 5.11 .27 .24 5.62 .49 .003 .005 .498 4.62 .27 .23 5.02 

1 This is_ periodic annual mortality and ignores any growth put on by dying trees after the beginning 
of the per10d (five years). 

this factor was carefully analyzed. Both 
bole surface area and branch surface are 
found to increase with increased density 
as expected (Table 14, Fig. 9). Either 
this increase is not enough to produce an 
inefficient balance of nonphotosynthetic 
area to photosynthetic area or surface 
a_rea is not a good measure of respiring 
tissue. 

To check the surface area relationship 
further the number of square feet of 
stem, branch, and total surface area per 
pound of foliage were calculated by dbh 
c~ass for each density. For a given 
diameter the amount of surface al'ea per 
pound of foliage is independent of stand 
density but there is a marked increase in 
the ratio with decreasing stem size 
(Fig. 106). Thus the nonphotosynthetic
photosynthetic area relationship suggests 
that the smaller trees should be less 
efficient, but this does not fit the fact. 
Altemately, it can be assumed· that in 
branches the entire tissue respires rather 
than just the surface so the number of 
pounds of branch material per pound of 
foliage was calculated by diameter class. 
This indicates riiarkecl differences , both 
with diameter and density (Fig, 10a) 
but there is a logical correlation to tree 
efficiency. The data are summarized in 
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Table 15. It would appear that in 
branches, weight or volume is a better 
parameter of the respiring tissue than 
surface area when examining crown 
efficiency. 

To ci1:rry the analysis a step further, 
the efficiency of various crown sizes was 
calculated from the original equations 
(Tables 2, 3 and 4) on the basis of the 
number of pounds of both total tissue 
and stem wood only produced per pound 
of foliage. It was found that for all 
three species the smallest crowns had a 
m~rked adyantage on this basis (Fig. 11). 
Usmg cubic volume of wood produced 
per pound of foliage the· results were 
similar but the initial drop was neither 
as p_ronounced nor as steep. The greater 
efficiency of volume production in small 
crow~s is related to the higher form 
~uot1ent of the supporting stems which 
111 turn is explainable in terms of the 
growth sequence wo;·k of Duff and 
Nolan (1953). The greater efficiency of 
weight production in small crown·s is 
attributable not only to the. increased 
volume increment but also to ,the higher 
specific gravity found in the wood of 
smaller trees.· 

The mechanism which results in in
creased specific gravity in small trees is 
not known, but examination of the wood 

TABLE' 14. Stem and branch smjace area per acre. 

Stem surface area Branch surface area Total 

Plot 
Fir Spruce Birch All Fir Spruce Birch All Fir Spruce Birch All 

-------------100 squarefeet/acre------------

700 sterns/ acre 

13 
26 
27 

s 
21 
28 

2 
9 

18 

4 
6 

15 

3 
8 

19 

7 
12 
22 

171 
302 
260 

214 
504 
294 

402 
309 
448 

445 
463 
478 

589 
573 
547 

596 
817 
760 

38 
16 

8 

10 

10 
3 

14 
3 

49 
7 

6 

58 

1 ) nclucles pin cherry. 

14 223 
318 
268 

34 258 
5 509 

121 306 

10 
31 

12 
23 
10 

11 
41 
29 

69 

29 

412 
350 
451 

457 
500 
491 

649 
621 
576 

671 
817 
847 

684 172 
1004 82 
1194 42 

1000 stems/acre 

699 
1317 
864 

36 

1500 stems/acre 

994 
878 

1454 
21 

9 

2000 stems/ acre 

888 
1208 
1127 

33 
4 

3000 stems/ acre 

1156 181 
1234 19 
1235 

5000 st ms/a re 

1108 14 
1453 
1342 173 

7 863 
1086 
1236 

19 754 
3 1320 
61 870 

4 998 
15 914 

1463 

4 892 
9 1250 
5 1136 

4 1341 
15 1268 
13 1248 

31 1153 
1453 

10 1525 

855 210 
1306 98 
1454 so 

913 
1821 
1158 

1396 
1187 
1902 

1333 
1671 
1605 

46 

31 
12 

47 
7 

1745 230 
1807 26 
1782 

1704 20 
2270 
2102 231 

21 1086 
1404 
1504 

53 1012 
8 1829 

181 1176 

14 1410 
46 1264 

1914 

16 1349 
32 1750 
15 1627 

15 1990 
56 1889 
42 1824 

100 1824 
2270 

39 2372 

samples suggests they may contain a 
higher percentage of the heavier latewood. 
It might be inferred from this, that the 
controlling factors are operative while the 
earlywood is being laid down and limit 
its extent while leaving the amount of 
latewood relatively unaffected. v\'lrnt
ever the explanation it is clear that, in 
terms of cubic feet or pounds produced 
per pound of foliage, efficiency increases 
with decreasing crown size and from this 
it can be inferred that efficiency increases 

from dominant, through the codominant 
to the suppressed crown classes. Similar 
conclusions with respect to crown effi
ciency of individual trees were reached 
by Senda, et al. (1952) for Pinus densijlora 
and by Senda and Satoo (1956) for Pinus 
strobus. Since both of these studies indi
cated that fresh weight of foliage remained 
relatively constant across the spacings 
involved one would expect that pro
duction should have been higher in the 
denser stands. However, in their· English 
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TABLE 15. Branch weight per pound of foliage and branch and stem suiface area per pound 
of foliage by species and number of trees per acre. 

Dry-weight of branches Surface area per pound of dry foliage 
Stems per per pound of dry foliage Branch Stem 

acre 
Fir Spruce Birch Fir Spruce Birch Fir Spruce Birch 

----lbs/lb---- ---------~ftm---------
700 1.06 1. 21 3.94 6.79 

1000 1.04 .91 2.74 6.78 
1500 .99 .95 2.85 7.39 
2000 .91 1.30 1. so 6.68 
3000 .87 .89 2.49 7.77 
5000 .82 .66 2.61 7.89 

summary Senda et al. (1952) state, 
" ... it is concluded that amount of wood 
produced by a young pine stand is not 
affected by stand density but the percent
age of bole-wood in the produced wood 
is affected by density"; it increased with 
increasing density. With respect to the 
white pine study Senda and Satoo (1956) 
concluded that " ... the amount of stem 
wood produced by unit weight of needle 
leaves was larger in the plots of higher 
densities, but over-density seemed not 
to be beneficial. The average of stem 
wood production per unit area in the 
last three years was larger in the plots of 
higher densities." 

The picture becomes clearer when the 
percent distribution of total increment 
and standing crop among the tree com
ponents are examined (Fig. 11). In the 
smallest trees a much larger proportion 
of the total growth goes into stem wood, 
and a smaller proportion in to foliage than 
in trees with larger crowns. While the 
present data provide no way of checking, 
it is postulated that these smaller crowns 
have a higher proportion of shade foliage. 
This foliage is known to be more efficient 
than sun foliage on a weight basis and in 
addition is structurally lighter (Clark 
1961) which may partially explain why 
foliage represents a small percentage of 
the total increment and standing crop 
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7.23 5.66 1. 73 1.57 11. 85 
7.70 5.21 2.39 2 .15 9.36 

12.09 6.26 2.58 5.44 13.27 
16.58 3.97 2.87 7.71 10.05 
7.65 6.05 3.67 2.15 15.20 
7.49 6.35 4.40 2.58 15.32 

for small crowns. Coupled with the shade 
foliage relationship is the fact that 
balsam fir foliage has a very low light 
saturation point in photosynthesis (Clark 
1961). Clearly the threshold of inefficiency 
is not crossed even in the densest stands 
or for the most suppressed trees. 

Analysis of tree efficiency in terms of 
production per unit area of leaf surface 
(Watson 1952) was not possible in the 
present study but will be attempted in 
later work. 

While the curves representing produc
tion per pound of foliage were similar 
in shape for the three species there were 
some noteworthy differences among them. 
On the basis of cubic feet of stem wood 
per pound of foliage small fir crowns are 
better producers than spruce. The lines 
cross at about 4 inches diameter breast 
height (balsam fir crown weight 4.7 
pounds) beyond which spruce produc
tion is higher. Based on total dry-weight 
product per pound of foliage spruce is 
higher than fir across the entire range 
examined. Based on weight of stem wood 
product per pound of foliage the spruce 
is higher than fir in small crowns but its 
advantage disappears at about 5 inches 
diameter breast height (fir crown 9.7 
pounds) beyond which point the two 
species are equal. This is explainable by 
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the specific gravity curves (Fig. 5). 
The initial drop in production with 
increased c1·own size is much sharper 
for white birch which produces roughly 
three and one-half times as much weight 
(both of total living tissue and stem 
wood) per pound of foliage than either 
fir or spruce. The range of birch crowns 
examined was, of course, limited com
pared to that for fir and spruce. 

It becomes clear that in these stands 
the critical feature of production is 
stand structure, in particular the relative 
proportion of trees of various crown 
sizes. There is thus the danger that the 
somewhat erratic distribution of number 
of stems over diameter associated with 
the small plots used in this study could 
be'critical. It was found, however, that 
smoothing the number over diameter 
curve did not change the relative position 
of the various densities with reference to 
production but rather accentuated the 
trends already noted. 

There appear to be three major possible 
explanations regarding the relationship 
of production to stand density indicated 
in this study. First, there exists the 
theoretical chance that the variations in 
density are reflections of variation in site 
and that production is merely indicating 
site differences. Considerable care was 
taken to eliminate this possibility when 
the study area was selected and it is 
unlikely that site differences are sufficient 
to cause the observed variations in 
productivity. Also, production varies 
inversely with the average height of 
dominants (age constant) which tends 
to refute this idea if not the concept of 
site index in tolerant species. 

Secondly, the stand may not yet 
fully occupy the site in which case 
production is greatest in the stands which 
come closest to full occupancy. If this 
be the case, the increasing production with 
increasing density is itself an indication of 
understocking. Also the fact that current 
increment has not yet reached its peak 
could be cited as evidence that the stands 
are not yet fully closed. The relationship 
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of current annual increment to mean 
annual increment suggests that the denser 
stands are closer to the point of culmina
tion. The continued presence of the 
intolerant white birch and pin cherry in 
roughly equivalent proportions across 
the range of density may also be an indi
cation of incomplete occupancy. Certainly 
both these species will disappear from 
the stands if present developmental 
trends continue. 

The third possibility is that the stands 
have in fact reached full occupancy and 
there are physiological phenomena which 
operate to increase efficiency even while 
the stands get tighter. Certainly the 
present study did not include a sample 
plot that was clearly understocked, 
either in field observation or from 
examination of the compiled stand data. 
It may be that the primary response of 
fir and spruce to competition is in terms 
of crown length rather than crown dia
meter, thus making it possible to crowd 
more trees on an area while maintaining 
a physiologically equivalent or greater 
amount of foliage pet· acre. For instance, 
the ratio of length of live crown to total 
height of tree tended to be constant for 
a given diameter but to increase with 
increasing stem size, and hence with 
decreasing density on a stand basis, yet 
the base of the green crown was at 
essentially the same height in all densities. 
This could lead to a higher proportion 
of the more efficient shade foliage in 
the denser stand. 

While it can be positively stated that 
the increment over density relationships 
must drop off sharply at low densities 
there is some question as to whether more 
open stands with structure and history 
similar to the ones examined actually 
exist. Observation leads to the con
clusion that on average sites, such as the 
one examined, the advance growth in 
1920 was universally abundant enough 
to produce stands of at least 600 stems 
per acre at 40 years of age. While this 
may mean the tree stand did not fully 
occupy the site in its early years, and 

thus account in part for the lower stand
ing crop at low densities, it is difficult 
to imagine that these stands do not now 
fully occupy the site. 

At the other extreme of density there 
is an absolute maximum of production. 
Whether this point lies short of the 
absolute maximum of density obtainable 
remains a moot point. Stands denser 
than 5000 stems per acre are extremely 
difficult to find and indeed stands in 
excess of 6000 stems per acre may not 
exist on this site. Because of the tolerant 
nature of balsam fir and its extremely 
low light saturation requirements, crown 
differentiation will always occur in such 
stands. Concomitant with differentiation 
is the natural thinning which reduces the 
number of stems per acre to a non-critical 
value. The few examples of true stagna
tion, or check, in fir stands found in the 
Green River \Vatershed are on extremely 
dry, overdrained, esker ridges and kame 
terraces. 

It is of interest to speculate on what 
might result from thinning in immature 
stands of balsam fir. Since unit production 
rises with decreasing crown size and since 
thinning, especially from below, results 
in an increase in average crown size it 
follows that thinning will cause a reduc
tion in current total fiber production per 
unit area. Part of this reduction results 
from the fact that the stand no longer 
fully occupies the site. This reduction is 
temporary and should disappear when 
the trees increase in size to the point 
where, for the number present, they 
again fully occupy the site-with a 
smaller number of larger individuals. A 
certain part of the reduction in incre
ment, however, results from the fact 
that the larger crowns are somewhat 
less efficient and that the increased 
foliation as a result of the stand opening 
is largely in the form of less efficient sun 
foliage. The results of this study suggest 
that this reduction is continuing and 
would exist at least until the crowns had 
closed again to an extent proportional 
to that previous to thinning. This should 

not be construed as an indictment of 
thinning since there are economic factors 
which must also be considered. 

The present study indicates that the 
most efficient production of dry matter 
is by the largest possible number of 
small crowns. However, there are certain 
qualifications attendant on this general
ization: in the study area the principal 
species, balsam fir, is in its optimum 
climate on a near optimum site and is 
known to be remarkably shade tolerant; 
and the present estimates of production 
do not include the underground portion 
of the trees nor the shrubs and lesser 
vegetation. 

Conclusions 

The results of this study support the 
Moller hypothesis insofar as dry matter 
production is closely related to the 
amount of foliage. However, Moller's 
assumption that the amount of foliage is 
constant for all densities does not 
apply in this case. There is a weak but 
significant tendency towards increasing 
amount of foliage with increasing density. 
This is associated with increased pro
duction across the range of density 
examined. Similarly the results of the 
study do not conform to the Assmann 
hypothesis. It must be concluded, there
fore, that for stands of the type discussed 
here and possibly for those of other 
tolerant coniferous species neither of 
these two theories are valid generaliza
tions of the productivity-stand density 
relationship. Two of the more important 
problems which must be examined before 
an acceptable generalization can be 
developed are establishment of a bio
logically meaningful measure of stand 
density and a study of the physio
ecological relationships which result in 
the phenomenon called tolerance. 

Summary 

Eighteen plots were established in nat
ural 38 to 45-year-old balsam fir-white 
spruce-white birch stands of 700, 1000, 
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1500, 2000, 3000 and 5000 stems per 
acre. A total of 101 fir, 14 spruce, 24 
birch and 1 pin cherry were felled and 
analyzed to determine the distribution 
of dry matter in the above-ground tree 
components: foliage, cones, stem wood, 
stem bark, branch wood, branch bark and 
dead branches. Current periodic annual 
increment was also determined by com
ponent for each felled tree. and the data 
were applied to the standmg trees. The 
principal findings are: 

1. The relationships of such factors as: 
stem height, form and volume, stem 
weight, crown weight, weight of branches, 
and the increment of these factors, to 
stem diameter at breast height are 
independent of stand density. 

2. Average specific gravity of stem 
wood decreases exponentially with in
creasing stem diameter at breast height 
but, for a given diameter, is independent 
of stand density. 

3. Total dry-weight of foliage per 
acre and current annual increment of 
cubic volume and of dry weight all 
increase linearly with increasing stand 
density. 

4. As a corollary to 3, small crowns 
produce more tissue per pound of foliage 
than large crowns. This is thought to 
result from a combination of the low light 
saturation point of photosynthesis in 
balsam fir, the high proportion of shade 
needles in small crowns, and the favor
able distribution of dry matter among tree 
components in small trees. . 

5. Spruce crowns are slightly more 
efficient than fir in production per pound 
of foliage. White birch crowns produce 
roughly three times as much dry matter 
per pound of foliage as ei th~r spruce ?r 
fir. However, because of differences In 

crown size the number of pounds pro
duced per square foot of basal area is 
greatest for balsam fir followed by spruce 
and birch. 

6. Neither the Moller nor the Assmann 
hypotheses of stand production are 
acceptable generalizations in stands con
sisting of highly tolerant species. 
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Sommaire 

Dix-huit placeaux ont ete delimites clans 
des peuplements naturels comprenant des 
sapins baumiers, des epinettes blanches 
et des bouleaux blancs de 38 a 45 ans; la 
densite des peuplements s'etablissait a 
700, 1000, 1500, 2000, 3000 et 5?00 
sujets a !'acre. On a abattu 101 sa~1~s, 
14 epinettes, 24 bouleaux et un ceris1er 
de Pennsylvanie, afin de proceder a des 
analyses et de determiner la teneur _en 
matiere seche de toutes !es parties 
aeriennes des arbres, c' est-a-dire le feuil
lage, les c6nes, le bois de la tige, I' ecorce 
de la tige, le bois des branches, l' ecorce 
des branches et !es branches mortes. 
On a aussi determine la croissance 
annuelle de chaque partie de chaque 
arbre, et !es donnees recueillies on t servi 
a l'etude des arbres vivants. Cette etude a 
permis de faire !es constatations suivantes: 

1. Le rapport entre la haute1;1r, la 
conformation et le volume de la t1ge, le 
poids de la tige, le po ids ~e la . cime, le 
poids des branches et 1 accr01_ssement 
annuel de tous les facteurs c1-dessus, 
d'une part, et le diametre du tronc_ a 
hauteur de poi trine, d' au tre part, est 111-

dependan t de la densite du peuplement .. 
2. Le poids specifique moyen du ?OlS 

de la tige decroit selon une exponent1elle 
de l'accroissement du diametre a hauteur 
de poitrine· toutefois, ce poids specifique, 
pour un di~metre donne, est independant 
de la densite du peuplement. 

3. Le poids anhydre des feuilles, a 
l' acre, et l' accroissemen t annuel du 
volume et du poids anhydre augmentent 
en proportion directe de l'accroissement 
de la densite du peuplement. 

4. Comme corollaire a l'alinea 3, les 
petites cimes produisent plus de tissu 
vegetal par livre de ~euillage ~ue le~ 
grosses cimes. Ceci sera1t du, cro1t-on, a 
l'effet combine du faible degre de satu
ration lumineuse de la photosynthese 
chez le sapin baumier, de la forte pro~or
tion d' aiguilles om bragees clans les pet1 tes 
cimes et de la repartition plus favorable 
de la matiere seche entre les diverses 
parties des arbres de petite taille. 

5. La cime de l' epinette blanche pro
duit un peu plus de matiere seche par 
livre de feuillage. La cime du bouleau 
blanc produit a peu pres_ trois fois a1;1tant 
de matiere seche par livre de feu1ll~ge 
que la cime de l'epinette ou du sapm. 
Toutefois en raison des differences de 
volume d~s cimes, le nombre de livres de 
matiere seche produites par pied carre de 
surface terriere est le plus eleve chez le 
sapin baumier, l' epinette . blanche et le 
bouleau blanc venant ensmte. 

6. Ni l'hypothese de Moller ni c~lle 
d' Assmann, sur le calcul de la pro~uct10n 
de matiere ligneuse, ne sont apphcables 
aux peuplemen ts d' essences nettemen t 
sciaphiles. 
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