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Self-thinning and Stockability of the Circumboreal
Aspens (Populus tremuloides Michx.,

and P. tremula L.)

D.A. Perala, R.A. Leary, and C.J. Cieszewski

The North American trembling aspen, Populus We feel the aspens should follow self-thinning
tremuloides Michx., and its Eurasian counter- relations of other even-aged monocultures

part, P. tremula L., dominate extensive tracts because they typically regenerate 10,000 to
in boreal, montane, and north temperate 100,000 root sprouts (suckers) per hectare
ecosystems (Larsen 1980). These two species when the parent stand is killed by fire or
are so similar they lack traits to clearly differ- logging, yet by maturity, in a half a century or
entiate them and arguably could be considered so, will have less than 1,000 stems (Borset and
one circumboreal super species (Harper et al. Haugberg 1960, DeByle and Winokur 1985).
1985). They inhabit a broad array of soils and Until maturity, background mortality caused
plant communities across a complex climatic by pathogens or other external Influences is
spectrum, and endure a myriad of pathogens common but usually slight compared to
and herbivores. The aspens are genetically lntraspecific competition (Pollard 1971, Perala
diverse, and respond to stress by expressing 1984). In gross analysis, background mortal-
highly variable morphology, longevity, and ity appears to complement rather than supple-
rapidity of growth (Borset and Haugberg 1960, ment competition-induced mortality. Mortality
DeByle and Winokur 1985, Perala 1990). proceeds steadily, mostly among the lesser
Consequently, mensurational data are highly crown classes, and more or less proportional
variable and seemingly contradictory. To to stocking, although sometimes it can be
advance our understanding of aspen biology episodic (Graham et al. 1963).
and management, we attempt here to reconcile
the productivity of these wide-ranging species In our analysis, we ask three questions:
using general self-thinning models, some of
which have been applied successfully to other 1. Do circumboreal aspens self-thin in a
even-aged monocultures (e.g., Pinus radiata D. consistent manner? (If available evidence
Don (Drew and Flewelling 1977), P. contorta forces us to answer negatively, questions 2
Dougl. (Flewelling and Drew 1985), P. resinosa and 3 are inappropriate.)
(Smith 1986, Smith and Brand 1988), 2. Do the sites where these aspens grow

Pseudotsuga menziesii (Mirb.) Franco (Drew support generally the same level of tree
and Flewelling 1979, O'Hara and Oliver 1988), density for a given average tree size?
Alnus rubra Bong. (Smith 1986, Hibbs 1987), 3. If the levels are different, can generally
Thuja plicata Donn. (Smith 1989), and Euca- available local climate information account
lyptus grandis (Hill) Maiden (Bredenkamp and for the differences?
Burkhart 1990).

SELF THINNING RELATIONS IN GENERAL

D.A. Perala (retired), USDA Forest Service,
North Central Research Station, 1831 Highway We treat as a self-thinning relation any of the
169 East, Grand Rapids, MN 55744. blvariate relations among properties of even-

aged stands that include density (stems per
R.A. I_mry (retired), USDA Forest Service, unit area). The resulting group can be shown
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property), self-thinning relations fall into three Frothingham (1914) first noticed that stand

categories: density and quadratic mean stand diameter at

breast height (d.b.h.) are self-limiting. Reineke
a. time - density (1933) further explored the concept, finding
b. size - density, and that for several hardwood and conifer species
c. density - size growing in even-aged stands, the slope of the

relation In (stand density) over In (quadratic
We discuss each of these relations below, d.b.h.) is about -1.6. Relneke advanced these

findings of an asymptotic density-mean d.b.h.
Time - density: The relation, called the relationship, or simply the "limiting relatlon-
Sukatchev effect (Gause 1934, Harper 1977), shipj to form his stand density index (SDI).
is that self-thinning occurs faster on good sites Reineke's rule is:
than on poor sites. Because our interest is

bivariate relations where relations are the N = lo(dq) l' [2]
result of growth and/or death, we do not
consider this relation further.

where: N designates stem frequency,

Size - density: Stze- density relaUons have a dq designates quadraUc mean diameter
size property on the x axls and density on the 1_ denotes the slope, usually - 1.6, and
y axis. As trees Increase In height, they re- 1o denotes the level of the relation.
quire additional growing space to secure

resources to produce thicker stems that Additional claims of Relneke's rule are that 11 is
provide physical support for the crown and Independent of site and age, and 1o expresses
upper stem. Inadequate space may lead to the level of stem density, or packing, and Is
very. large height-diarneter ratios for trees and species dependent. Reineke's Stand Density

increased likelihood of stem breakage. The Index, N = lo(x) _',gives stem frequency for the
relation between mean height and tree density often-used standard mean tree diameter x,

in unthinned stands may approach a limiting where x is often 10 Inches at breast height.
form given by equation [1].

Density - size: Density - size relations are

N = koh kl [1] expressed with density as the predictor prop-
erty and slze as the dependent property.

where: N designates stem frequency, The relation between weight and tree frequency
designates mean top height, forms the basis for the widely studied Yoda's

k o denotes a species-dependent rule. Yoda et al. (1963) determined that the
parameter (larger lor tolerant mean weight of a wide variety of herbaceous
species), and and woody plant populations undergoing self-

k_ Is about -2.0 thinning was limited by population density, the
slope being - 1.5 for In (mean weight per indi-
vidual) as dependent variable and In (mean

Intertree distance divided by mean height stand density) as independent variable. From

(_/) this, the relationship became known as the
(Imperial units), 43560 /h, gives *-3/2 power law of self-thinning." Mathematl-

N cally, the relation is expressed:

spacing percent, a practical measure of density
useful In thinning and crop planning. Spacing _r = mo Nm, [3]
percent seems more widely used In Europe

than North America (Czarnowski 1947, 1961). where: Vv" designates mean plant weight,
However, Wilson (1946, 1951, 1955, 1979) N designates stand density,
thinned the Star Lake red plne plantation m_ denotes the slope, usually -3/2, and
using spacing percent factors, and Day (1985) m o denotes the level of the relation.
uses the spacing percent concept and other

methods to plan thlnnings and to develop crop
plans.



An additional claim of Yoda's rule is that m 1 is of larger survivors (Westoby 1977, Long and

independent of species, site, and age. Yoda's Smith 1984). Long and Smith (1984) argue
rule as written in [3] is fundamentally different that since cross-sectional sapwood area Is
from the rules In [1] and [2]. In the latter two, directly proportional to follar area (Grler and

the continuous or growth property (height and Waring 1974), the ultimate size-density rela-
diameter) occurs on the right-hand side of the tlonshlp Is between sapwood basal area and

equation, and the discrete property (stem population density with a slope of -1.0.
frequency) Is the dependent stand property.
Thus, Yoda's rule as written in [3] is a purely The practical reason we chose Reineke's rule is

descriptive, correlative statement: "When lots that we have quadratic mean diameter and
of plants are present, they don't weigh much, stand density (stems per unit area) for all data
on average, but when there are few plants sources. Mean plant weight or mean height
present, they weigh more on average." were available for only a small fraction of our

data.

We chose Reineke's rule, eq. [2], to be the basis

for our stand dynamics model for phllosophi- SCIENTIFIC HYPOTHESES ON SELF-
cal, theoretical, and practical reasons. THINNING RELATIONS FOR

CIRCUMBOREAL ASPEN

Philosophically, stand dynamics models should
bear some isomorphism with the real system. Our study is concerned with two scientific
Reineke's rule is analogous to the basic gas hypotheses that deal with self-thinning as
laws: the event of trees in stands becoming already noted in even-aged stand development
larger Increases the intensity of competitive of other species, and In aspen as well (Perala
"pressure" that results from plants seeking et al. 1995). We test these hypotheses against
further resources to support an Increased size. what stands of circumboreal aspens are like as
When the intensity of competitive "pressure" determined by observations.
on trees seeking further resources exceeds the
capability of individuals to expand crown and The power relations in equation [2] are gener-
roots at a rate equivalent to neighbors, indt- ally accepted, so our hypotheses are directed
vldual trees fall behind and die. The surviving at the values of parameters.
neighbors expand their crowns and roots Into
the space no longer occupied, where they Hi: The need for additional space and re-
capture newly available resources, sources for growth as P. tremuloides and P.

tremula Increase In size (measured by

The theoretical basis for Relneke's rule has quadratic mean diameter) causes trees to
been argued by Zeide (1991) on the basis of succumb according to the following rela-
horizontal and vertical crown closure. Horl- tion:
zontal crown closure determines the number

of trees and shape of the self-thinning line, N = 10(dq)h [4]
and decreases with time. Vertical crown
closure varies as the Inverse of horizontal
closure. It Increases as horizontal crown where terms are as defined for equation [2].
closure decreases to maintain a constant leaf

area in stands. Horizontal crown closure We hypothesize only that 11 is not significantly
occurs first In young aspen stands. However, different among clrcumboreal aspen species.
density in relation to size continues to Increase Recall, Relneke (1933) argued that 1_Is inde-
because vertical crown closure does not occur pendent of site and age, and ls approximately

until light extinction causes respiration In the - 1.6 for a wide variety of species growing in
lowest canopy leaves to exceed photosynthesis, even-aged stands.
These leaves die, and the canopy moves up-
ward as trees grow in height. I_: The environmental conditions at sites

where P. tremuloides and P. tremu/a stands

The underlying mechanism controlling self- grow determines stockability.
thinning seems to be the attainment of an

upper limit of foliage, and the redistribution of The magnitude of 1o is a measure of site

this fixed amount among a declining number "stockabillty _ (DeBell et a/. 1989), i.e., how

3



many trees can be packed into a given physi- ' • • ,,,,
cal area. The "stockablllty" concept has also s"

been referred to as _carrylng capacity (Strub _ 10.00 • . 5.;
Bredenkamp 1985. Harrison and Danielsand

1988), and "average mass density" (VerwlJst a= 8.78
1989). _. '_I,', "-

7.SO N
HYPOTHF_IS TESTING STRATEGY _ "_;,

Observational data suitable for testing the I t ,,! I
hypotheses proposed above for trembling 41 1 2 3
aspen, Eurasian aspen, and their hybrids were
extracted from the published literature, along In(quadratic mean diameter,cm)
with some observational data previously
unpublished or limited In distribution (table

11. --- 9.00
m

Stand datUt: Mlnimunl stand data needed _

were stem density (all trees taller than 1.37 _, 8.25 ,,

m), quadratic mean d.b.h., total age (but not _" 7.50 -,_","
vounger thaJq attainment of self-t.hlnnin_, _ " •
usually 2 years), and site index. Because ="K 6.78 •
much data we.re extracted from the literature. -
there ,,,,,ere some Inconsistencies tn how data

were presented _. The test data consisted of t t ,, I -
point obser_,atlons of aspen stand properties 1.50 2.25 3.00
reported from unmanaged full density stands In(quadraticmeandiameter,cm)
(fig. 1). These observations were usually
control plots or lnttlal conditions before experi-
mental treaUment. Figure l._Test data sets for P. tremuloldes (top)

and P. tremula IbottorrO available for use.

Environment data: Because the observa-

tional data sets are geographically dispersed.
we postulated that latitude, longitude, eleva-
tion, and other environmental variables might
represent regional environmental differences.
Unfortunately, the edaphlc environment was

If either tree number or d.b.h, was missing. It was seldom adequately described in the published

derived from given basal area according to literature, but climatic data were sometimes

__B)o5 given or could be inferred from other sources,(I) [2)= (12732 N v/Z.

where: [2)is mean d.b.h., cm total annual solar radiation, MJ/m2y
B Is stand basal area, m_ha _ (Budyko 1982)
N Is stem density, stems ha_ mean July air temperature. _'C (Hambldge

If site Index was mlsshlg or given In a base year 1941, Anon, 1984)
other than 50. It w-as estimated from accompanying total annual precipitation, mm (Hambidge
or local tabular or graphical values. If these were 1941, ,/Minn. 1986)
unavailable, we estimated site Index Irom tile annual runoff, mm (Geraghty et al. 1973.
followin/d relationship (Lundgren arid Dolid 1970): Pearse et al. 1985)

(2) S= I-t_
i .4811 -exp{O.0214 A)] °'_-_rr

where: S Is site Index. m at 50 years,
Hd is total height of dominants and

codomlnants, m
A is stand age, years

4



Table 1.--Data sources by species and provenance

Variable and range
Author Number of Site index Age Mean d.b.h.

cases
m @ 50yrs Year cm

R tremuioides
Prairie Provinces

Bella(1975) 9 20 3-6 1-2
Pike(1953) 4 17-18 35-55 8-16
Steneker(1969) 10 19-21 14-30 4-15
Steneker(1974) 29 16-21 11-44 3-23

Rocky Mountains
Bartos and Lester (1984) 3 8-10 54-82 t 3-21
Crouch(1981) 1 17 66 20
JonesandTrujillo (1975) 6 12-20 22 4-5
Kemperman and Barnes (1976) 2 9-15 100-105 23-28
Schier(1975) 5 9-12 70-92 15-23
SchierandSmith(1979) 1 18 67 21
Waiters etal. (1982) 3 13-19 60-70 21-28

Great Lakes

Barnes (1969) 3 12-19 16-36 4-13
Day (1958) 7 18-24 10-25 3-11
Hubbard (1972) 4 27 7-24 3-14
Noreen (1968) 9 24 4-20 1-10
Perala (1978) 7 23-25 13-53 4-31
Perala (1979) 2 23-24 4-8 1-3
Perala (1984) 2 23-27 12 5
Perala (data on file) 6 24 15-39 5-17
Perala and Alban (1982) 2 21-22 40-49 18-24
Schlaeget (1975) 1 24 40 18

R tremula and hybrids
Scandinavia

Haugberg (1958) 34 16-26 22-68 11-29
Vuokila (1977) 2 22-23 11-48 3-25

Total 152



Published climatic data were based on long- N = lo(dq)" + e_ or [51
term---often 30 year--averages. From the

above climatic data, the following environmen- N = lo(d])_' e1. [6]
tal variables were derived: total annual pre-

cipitation (mm), mean July temperature (°C), A finding from our data sources that (a) pa-
and effective annual precipitation (precipita- rameter 11 is not different for P. tremuloides
tion - runoff, ram). The distribution of envi- and P. tremula, and (b) there is no pattern to

ronmental variables is given in figure 2. the residuals, el, will be taken as evidence that
H 1 is true.

Test of Hypothesis 1

Method
Recall, hypothesis 1 claims the following is

true for circumboreal aspens: We first checked the standard deviations of

number of trees across quadratic mean diam-
I-Ix: The need for additional space and re- eter classes as prescribed by Baskerville

sources for growth as P. tremuloides and P. (1972). Our findings showed that the logarith-
tremula increase in size (measured by mic transformation stabilized the variances in

quadratic mean diameter) causes trees of number of trees. Thereafter, we worked with
both species to succumb according to the the model:
following rule:

ln(Nl) = ln(lo) + llln(di ) + In(el). [7]

40 40

30 30

20 20

,o f
260 360 460 560 660 13.2 15.2 17.2 19.2 21.2

precipitation,mm julytemp

50 25

40 20

30 15 -

1 10 t, , i : , , P , :
13 18 23 28 33 38 7.50 15.00 22.50

effective precipitation, mm site index, m

Figure 2.--Frequency distributions of environmental variables for all data sources.
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We fit equation [7] separately to the test data DFFIT values were more normally distributed.
set for P. tremuloides and P. tremula. We then The four observations removed came from

used a dummy variable model with the corn- stands with the smallest quadratic mean

blned data. Both analyses were made using diameters. The regression was rerun, with
Data Desk _ statistical software package results given in row 2 of table 2. The reduced
(Velleman 1992). Results of each regression data set better met the assumptions for regres-
analysis were tested for patterned relations slon analysis and the residual mean square
with site index and stand age. Several regres- was reduced by about 16 percent (table 2).
sion diagnostics were run to analyze the The slope of the self-thinning line increased to
residuals and to check for highly leveraged -1.34. Analysis for the reduced trembling
points and other regression assumptions. If aspen yield data set showed no significant
observations significantly violated the regres- relation among residuals and site index but a
sion assumptions, they were removed and the near-slgnlficant relation with age.
analyses were redone.

The analysis was repeated for the yield data
Results for P. tremula (row 1, table 3). Only 36 obser-

vat.ions were available. Notice the exponent In
Populus tremuloides regression analysis results equation [2] for P. tremula is much larger than
are shown in row 1 of table 2 for the complete for P. tremuloides, and approaches the -1.6
test data set. The overall regression models value suggested by Reineke. One observation
are, as expected, significant. However, the had extreme leverage on the predicted values.
estimated slope, -1.24, is considerably differ- We removed the one observation and repeated
ent from Relneke's expectation. A further the analysis (row 2, table 3). Following re-
analysis of the P. tremuloides regression moval of one observation, our estimate of the

showed that four observations had high lever- slope of the self-thinning line ballooned to
age values. Three of the four were also the 1.91. When analyzed, residuals were found
extreme values using the DFFIT and Cook not to be related to site. However, they were
measures (Velleman 1992). The P. tremuloides close to being significantly related to stand
test data set was therefore trimmed so that the age, as was noted above for trembling aspen.

Table 2.--Resutt of fitting equation [7] to the point observation (yield) data sets for P. tremuloldes

Data set Number of Model Mean Standard error

observations F ratio square il of estimate of 11 t Prob. > t

All yield data 116 1,333 0.0966 -1.24 0.034 -36.5 <0.0001
Linear DFFITS 112 1,325 0.0813 -1.34 0.037 -36.4 <0.0001

Table 3.aResult of fitting equation [7] to the point observation (yield) data sets for P. tremula

Data set Number of Model Mean Standard error

observations F ratio square |1 of estimate of 11 t Prob. > t

All yield data 36 174 0.0855 -1.65 0.125 -13.2 <0.0001
Linear DFFITS 35 143 0.0749 -1.91 0.160 -12.0 <0.0001



When equation [7] was fit separately to the P. It is standard practice in science, when a
tremuloides and P. tremula data sets, the self- favorite hypothesis has not fared well, to look
thinning slopes appeared to be quite different, for culprits in the assumptions that surround
We used a model with dummy variables to every hypothesis, or in the data used to test

analyze both species together: the hypothesis, before re-evaluating the core
hypothesis. We try to follow that strategy here

In(N) = ln(a 1) + d ln(a2) + a31n(dq) + a4d ln(dq) as well, focusing on the test data set.
+In(e), [81

Two dimensions of the test data set are sus-

pect: (1) In the analyses reported above, wewhere d denotes a dummy variable (1 for P.
tremuloides and 0 for P. tremula), and other found an important, but marginal, relation

between the residuals and stand age (for
variables are as defined previously, quaking aspen but not for Eurasian aspen),

and (2) It was assumed, although not checked,
Our statistical hypothesis is that neither a2 that the test data sets for P. tremula and P.
nor a 4 iS statistically significant. However, we

tremuloides are approximately the same in allfound that P. tremuloides and P. tremula have

both different intercept terms and self-thin- important dimensions, hence represent com-
ning slope coefficients (models 2, 3, and 4, parable stands. We conducted further analy-

ses to examine the two questions about the
table4). test data set:

Discussion 1. Does the estimated self-thinning coeffi-

cient 11 change with stand age for P.Based on separate analyses described above, it

appeared the self-thinning slopes for P. tremuloides?
tremuloides and P. tremula could be signifi-
cantly different. Indeed, the dummy variable To answer this question, we rank ordered theP. tremuloicles measurements and divided the
analysis, summarized in table 4, showed that

entire range into fifths based on age. Therenot only are the slopes different, but so are the were 1 16 usable observations, about 23 in
intercepts. Thus, we are faced with evidence
that contradicts our scientific hypothesis, each class. We then fit equation [8] separatelyto each of the five data sets (table 5).

Table 4.mSummary of dummy variable analysis for P. tremuloides and P. tremula. Variable sym-
bol 'd' denotes the dummy variable. In each analysis listed below, 147 observations were used.

The estimated constant term is the natural logarithm of a 1 in equation [8].

Model Variables Coefficient S.e. of t-ratio Prob. • t
value coefficient

1 constant 11.26 0.0774 145 <0.0001
w

In(dq) -1.41 0.0349 -40.5 <0.0001
2 constant 11.00 0.108 102 <0.0001

d 0.205 0.062 3.31 0.0012

In(dq) -1.36 O.037 -37.0 <0.0001
3 constant 11.19 0.076 147 <0.0001

In(dq) -1.44 O.034 -42.0 <0.O001w

d In(dq) 0.203 0.054 3.76 0.0002
4 co nstant 12.43 0.434 28.6 <0.0001

d -1.28 0.441 -2.90 0.0043

In(dq) -1.91 0.165 -11.6 <0.0001

d In(dq) 1.32 0.389 3.39 0.0009



Table 5.qResults of fitting equation [7] to the P. tremuloides test data set in a piecewise manner

The distribution of plots was divided up into five age classes having approximately the same
number of members. For each class, the regression itself was highly significant.

Class Age Estimated S.e. t Prob.> t

range I0 11 of coeff.

0.073 147 _<0.0001
1 <22 10.7 -1.00

0.079 -12.7 _<0.0001

0.337 33.2 _<0.0001
2 >22, <46 11.2 -1.41

0.216 -6.53 _<0.0001

0.471 27.0 _<0.0001
3 >46, <69 12.7 -2.09

0.259 -8.06 -<0.0001

0.639 17.9 <0.0001
4 >68,<91 11.4 -1.47

0.285 -5.15 -<0.0001

0.772 15.7 -<0.0001
5 >91 12.1 -1.67

0.263 -6.35 <0.0001

Except in class 3, there is a monotonic increase significant, indicating there is not a significant
in self-thinning slope with Increasing stand age. difference between the two species In the 9 to
The self-thinning slope of the oldest age class 22 cm range.
(-1.67) is approaching that of P. tremuIa. It has
a substantial standard error, and may not be These results indicate that for stands of

significantly different from that for tremula, clrcumboreal aspens with trees of comparable
size, neither the Intercepts nor self-thinning

2. Are the P. trernuloides and P. tremula test rates differ between species. Therefore, the
data sets similar with respect to their age available evidence does not Invalidate a slight
and size class distributions? modification of the first hypothesis:

Graphical comparisons of plot frequency by age H_: The need for additional space and re-
and quadratic mean diameter suggest the test sources for growth as circumboreal
data sets for the two species represent different aspens increase in size from 9 to 22 cm
kinds of stands (fig. 3). The distribution of P. causes trees of both species to succumb
tremuloides plots in the yield data set is strongly according to the following relation:

skewed toward younger stands. Comparable - -_.96
ranges of the two species age distributions begin N = 12.54 dq , [9]
at about 30 years, and extend to about age 60,
with mean diameters ranging from about 9 to 22 where terms are as defined previously.
cm. Test data set plots In these ranges are
comparable and should have formed the basis Test of Hypothesis 2
for a comparison of self-thinning line intercepts
and slopes. The regression analysis was re- Hypothesis 2 makes the following claim:
peated for pooled data, with species as a dummy
variable (see equation [8] on previous page}. H2: Environmental conditions where P.

Species in the range of quadratic mean dlam- tremuloides and P. tremula grow determine
eters 9.0 to 22.0 gave the results in table 6. The stockability (I.e., the value of lo).
terms Involving the dummy variable are not

9
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Figure 3.--Age and size distributions of plots for P. tremuloides (left) and P. tremula (right).

w

Table 6.--ANOVA from fitting equation [8] to the 9 to 22 cm clqdata for P. tremuloides and P.
tremula; d designates the dummy variable (1 for trembling aspen)

R squared = 73.4% R squared (adjusted) = 72.0%
s = 0.2570 with64 - 4 = 60 degrees of freedom

Source Sum of squares df Mean square F-ratio
Regression 10.9184 3 3.63946 55.1
Residual 3.96292 60 0.066049

Variable Coefficient S.e. of coefficient t-ratio prob. > t ....
d -0.917952 0.7810 -1.05 0.2992

d In(dq) 0.839069 0.6786 1.38 O.1715
Constant 12.5441 O.6399 19.6 <0.0001

In(dq) -1.96009 0.2419 -8.10 <0.0001
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If we find from our restricted test data set that to incIude with plots from the P. tremuloides

no location variable, E_, is statistically signlfl- data sets. This reduced the number of obser-
cant in the equation, vations available from 65 to 48. We then

conducted regression analyses appending, in

ln(Nl) = [ln(Etj) + ln(lo)] + llln(d _) + ln(et), [101 turn, the four candidate environmental vari-
ables to the restricted test data set that pro-

where: Eli represents the i th observation of duced the final model summarized In table 7.
the j th environmental variable, and
other variables are as described for Results

equation [2],
When each environmental variable was in turn

we will take that fact as evidence in support of Included in the regression model, we found
H 2. Square brackets were used around the their effects on the overall model mean square

first two terms in equation [10] to make clear values differed greatly (table 7).
our strategy to develop an expanded Intercept
term. Stockabillty of P. tremuloides and P. tremula, as

expressed by the term in square brackets in
Method equation [I0], is significantly related to several

environmental variables. In general, stocka-
We fit equation [10] to the pooled yield data set bility seems more sensitive to precipitation
for P. tremuloides and P. tremula using Data than to temperature, and more sensitive to
Desk a (Velleman 1992). Four environmental climate than to soil conditions as summarized
variables were tested for inclusion in the in the site index variable. Of course, the

intercept term: total annual precipitation environmental variables are correlated in the
(mm), mean July temperature (°C), effective constrained test data set we are analyzing,
annual precipitation (mm), and site index. We e.g., that between total precipitation and
discovered, however, that by limiting the plots effective precipitation is 0.86 (Pearson prod-
to those with diameters >9 and <22 cm, we uct-moment), but lower for July temperature
had limited the P. tremt__!a data sources to a and site index. Because of these correlations,

single study (Haugberg 1958). While the study we did not attempt to estimate relations with
had a range of site index values, it had a two environmental variables to predict
limited spatial range and the other environ- stockabflity.
mental variables took single values. Further,
the frequency of observations from this data Reflecting on Hypothesis 2, we find a restate-
source dominated all others in all regression ment is in order:
analyses we planned to conduct. To alleviate

this problem, we selected a systematic sample H_: Environmental conditions vary where P.
of half the values spread evenly through the tremuloides and P. tremula grow. Local
site index classes of the Hamburg data source climate information accounts for some of

the differences in stockability.

Table 7.--Regression results from using different environmental variables in equation [10]. Note
that all climatic variables are statistically significant, However, total precipitation and effective

precipitation perform much better than July temperature or site index.

Environmental variable Mean M.s.e. Coefficient
square percent estimate t-value Prob. > t
error reduction

None 0.0669
Total precipitation, mm 0.0420 37.2 -0.861 -5.31 <0.0001
Effective precipitation, mm 0.0487 27.2 -0.833 -4.27 0.001
July temperature, °C 0.0623 6.9 -0.866 -2.09 0.043
Site index, m 0.0643 3.9 -0.225 -1.70 0.097
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Discussion .= 4500 :

The model resulting from our analysis has the _ 3750
t" " •

following arithmetic form' _ ", ,3000

-861 -- -1.96 [i I] ® I "

N=I oP dq , == 2250 "" ""- -,,,

where: Io takes the value exp (17.436), ¢, 1500 "_ " •
P designates total annual precipitation, _ • , •
in millimeters, and other variables are " "" •" " •
as described above. ', t I '-

12 15 18 21

Because the exponent of total precipitation is quadratic mean diameter,cm
negative, high precipitation areas would have
fewer stems for a given quadratic mean diam-
eter. This stands to reason in light of
Sukatchev's claim that stands of the same age == 4500 .¢II •

will have fewer trees on good sites than on
poor sites. Here, of course, we are speaking of _" 3750
growing conditions in general. In another _- " • ." .:
more comprehensive analysis, from a more _ 3000 . "

balanced data set (Perala et al. 1995), we _ ?.250 _ nI "

found July temperature was a better predictor a : : |than preclpttaUon was. _ 1500 "

The predictedstem densitywas correctedfor " : :
bias using the method described in Baskervllle .... i I I !
(1972) (fig. 4). Precipitation and quadratic 375 450 525

mean diameter values are from the restricted precipitation, mm

data set used in our stockability analysis.

MODEL VERIFICATION Figure 4.--Predicted number of trees per hect-
are for combinations of quadratic mean

We found ourselves in the position of having diameter and total annual precipitation in the
used all available data to fit the self-thinning restricted yield data set.
model and to analyze stockability, leaving no
independent data set for testing. We verified
our model using the PRESS strategy--system-

atically removing each data point in turn, The average arithmetic difference of -4.6 trees
calibrating the model on the remaining data is strong evidence that our model is unbiased.
set. and predicting the stem density for the The average absolute difference and standard
omitted plot. Results from the PRESS analysis deviation of the differences between observed
are given in table 8. and predicted trees of 374 and 500 trees per

hectare, respectively, suggest that the model is
Table 8.--PRESS analysis for final model, moderately precise. An examination of predic-

equation [I I] tion errors showed that the largest errors, both
positive and negative, occurred when predict-

Mean observed trees ing P, tremula stem density. Recall, all P.
per hectare 2,225 tremula were given the same precipitation

Sum of differences values because information was not available

(observed - predicted) -218.9 on the spatial location of each of these plots.
Average difference -4.6 The size and distribution of the prediction

Average absolute difference 374 errors by data source suggest that using a
Standard deviation of single precipitation value may have prevented

differences 500.4 the model from being more precise.
Range of absolute

differences 1.352.8 - 2.4.... ,,
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CONCLUSION Bredenkamp, B.V.; Burkhart, H.E. 1990. An
e_Rmination of spacing trials for Eucalyp-

P. tremuloides and P. tremula trees are morpho- tus grandis. Canadian Journal of Forest
logically similar in a number of ways. We Research. 20:1909-1916.
found also that stands of these two species of

the same quadratic mean diameter are not Budyko, M.I. 1982. The Earth's c!|mate: past
different in the size - density relationship, and future. New York, NY: Academic Press.
Stockability differs between the two species,
but the differences appear to vary with cli- Crouch, G.L. 1981. Regeneration of aspen
mate, most notably precipitation (or tempera- clearcuts in northwestern Colorado. Res.
ture, Perala et al. 1995), and not site as ex- Note RM-407. Fort Collins, CO: U.S. Depart-

pressed with site index. A much larger data- merit of Agriculture, Forest Service, Rocky
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similarity of these aspens.

Czarnowski, M.S. 1947. Kwadrat wysokosci

LITERATURE CITED drzew jako wskaznik ich normalnej wiezby
w drzewostanie. Pol. (Square of tree height

Anon. 1984. Climatic atlas climatique - as an index of normal spacing in the stand.)
Canada. Canada: Environment Canada, Rocznild Nauk Rolniczych. 49: 244-266.

Atmospheric Environment Service. Map
Series 1 - Temperature and degree days. Czarnowski, M.S. 1961. Dynamics of even-
Unpaged. (1951-1980). aged forest stands. Baton Rouge, LA: Louisi-

ana State University Press. 132 p.
Anon. 1986. Climatic atlas climatique -

Canada. Canada: Environment Canada, Day, R. 1985. Cropplans in silviculture. A
Atmospheric Environment Service. Map report from Lakehead University, School of

Series 2 - Precipitation. Unpaged. (1951- Forestry. 58 p.
1980).

Day, M.W. 1958. Thinning aspen in upper
Barnes, B.V. 1969. Natural variation and Michigan. Quart. Bull. 41. Ann Arbor, MI:

delineation of clones of Populus Michigan Agricultural Experiment Station:
tremuloides and P. grandidentata in 311-320.
northern lower Michigan. Silvae Genetica.
18(4): 97-144. DeBell, D.S.; Harms, W.R.; Whitesell, C.D.

1989. Stockability: a major factor in pro-
Bartos, D.L.; Lester, J.E. 1984. Effects of 2,4- ductivity differences between Pinus taeda

D on a Populus tremuloides community plantations in Hawaii and the southeast-
in the western United States - 22 years ern United States. Forest Science. 35: 708-
after treatment. Great Basin Naturalist. 44: 719.
459-467.

DeByle, N.V.; Winokur, R.P., eds. 1985. Aspen:

Baskerville, G. 1972. Use of logarithmic ecology and management in the western

regression in the estimation of plant United States. Gen. Tech. Rep. RM- 119. Fort
biomass. Canadian Journal of Forest Re- Collins, CO: U.S. Department of Agriculture,
search. 2: 49-53. Forest Service, Rocky Mountain Forest and

Range Experiment Station.
Bella, I.E. 1975. Growth-density relations in

young aspen sucker stands. Inf. Rep. Nor- Drew, T.J.; Flewelling, J.W. 1977. Some recent
X-124. Edmonton, Canada: Northern Forest Japanese theories of yield-density rela-
Research Centre, Canadian Forest Service. tionships and their application to

Monterey pine plantations. Forest Science.

Borset, 0.; Haugberg, M. 1960. Ospa. [Aspen.] 23: 517-534.

Utgitt av Det norske Skogselskap.



Drew, T.J.; Flewelling, J.W. 1979. Stand of the IUFRO conference; 1987 August 23-

density management: an alternative 27; Minneapolis, MN. Gen. Tech. Rep. NC-
approach and its application to Douglas- 120. St. Paul, MN: U.S. Department of
fir plantations. Forest Science. 25: 518- Agriculture, Forest Service, North Central
532. Forest Experiment Station: 293-304.

Flewelling, J.W.; Drew, T.J. 1985. A stand Haugberg, M. 1958. Produksjonsoversikter
density management diagram for lodge- for osp: forelopig rapport. [Yield tables for

pole pine. In: Baumgartner, D.M.; Krebill, aspen: preliminary report.] Meddelelser fra
R.G.; Arnott, J.T.; Weetman, G.F., eds. Det norske Skogforsoksvesen Nr. 50.

Symposium proceedings, lodgepole pine, the
species and its management. Pullman, WA: Hibbs, D.E. 1987. The self-thinning rule and
Washington State University, Cooperative red alder management. Forest Ecology and
Extension: 239-244. Management. 18(4): 273-281.

Frothlngham, E.H. 1914. White pine under Hubbard, J.W. 1972. Effects of thinning on
forest management. Bull. 13. Washington, growth and yield. In: Aspen symposium
DC: U.S. Department of Agriculture. proceedings. Gen. Tech. Rep. NC-1. St. Paul,

MN: U.S. Department of Agriculture, Forest

Gause. G.F. 1934. The struggle for exist- Service, North Central Forest Experiment
ence. Baltimore, MD: Waverly Press. Station: 126-130.

Geraghty, J.J.; Miller, D.W.; Van der Leeden, Jones, J.R.; Trujillo, D.P. 1975. Development
F.; Troise, F.L. 1973. Water atlas of the of some young aspen stands in Arizona.

United States. Port Washington, NY: Water Res. Pap. RM-151. Fort Collins, CO: U.S.
Information Center. Department of Agriculture, Forest Service,

Rocky Mountain Forest and Range Experi-
Graham, S.A.; Harrison, R.P., Jr.; Westell, ment Station.

C.E., Jr. 1963. Aspens: Phoenix trees of
the Great Lakes region. Ann Arbor, MI: Kemperman, J.A.; Barnes, B.V. 1976. Clone
University of Michigan Press. size in American aspens. Canadian Jour-

nal of Botany. 54: 2603-2607.

Grier, C.C.; Warlng, R.H. 1974. Conifer foli-
age mass related to sapwood area. Forest Larsen, J.A. 1980. The boreal ecosystem.
Science. 20: 205-206. New York, NY: Academic Press.

Hambidge, G., ed. 1941. Climate and man: Leary, R.A. 1987. Some factors that will
yearbook of agriculture, 1941. Washing- affect the next generation of growth
ton, DC: U.S. Government Printing Office. models. In: Ek, A.R.; Shirley, S.R.; Burk,

T.E., eds. Forest growth modeling and

Harper, J. 1977. Plant population biology, prediction: proceedings of the IUFRO confer-
New York, NY: Academic Press. 892 p. ence; 1987 August 23-27; Minneapolis, MN.

Gen. Tech. Rep. NC-120. St. Paul, MN: U.S.
Harper, K.T.; Shane, J.D.; Jones, J.R. 1985. Department of Agriculture, Forest Service,

In: DeByle, N.V,; Winokur, R.P., eds. Aspen: North Central Forest Experiment Station:
ecology and management in the western 22-32.
United States. Gen. Tech. Rep. RM-119.
Fort Collins, CO: U.S. Department of AgrI- Long, J.N.; Smith, F.W. 1984. Relation be-
culture, Forest Service, Rocky Mountain tween size and density in developing
Forest and Range Experiment Station: 7-8. stands: a description and possible mecha-

nisms. Forest Ecology and Management.

Harrison, W.C.; Daniels, R.F. 1988. A new 7(3): 191-206.
biomathemAtical model for growth and
yield of lobloIly pine plantations. In: Ek, Lundgren, A.L.; Dolid, W.A. 1970. Biological
A.R.; Shirley, S.R.; Burk, T.E., eds. Forest growth functions describe published site
growth modeling and prediction: proceedings index curves for Lake States timber

14



species. Res. Pap. NC-36. St. Paul, MN: U.S. Res. Pap. NC-321. St. Paul, MN: U.S. De-
Department of Agriculture, Forest Service, partment of Agriculture, Forest Service,
North Central Forest Experiment Station. North Central Forest Experiment Station.

9p. 24p.

Noreen, P.A. 1968. Economic evaluation of Pike, R.T. 1953. Thinning aspen, Duck

precommercial thinning in good-site Mountain Forest Reserve, Manitoba.
aspen. St. Paul, MN: University of Minne- Silvic. Leafl. 89. Canadian Department of
sota. M.S. major report. Resources and Development, Forestry

Branch, Division of Forest Research.
O'Hara, K.; Oliver, C.D. 1988. Three-dimen-

sional representation of Douglas-fir vol- Pollard, D.F.W. 1971. Mortality and annual
ume growth: comparison of growth and changes in distribution of above-ground
yield models with stand data. Forest biomass in an aspen sucker stand. Cana-
Science. 34: 724-743. dian Journal of Forest Research. 1: 262-

266.

Pearse, P.H.; Bertrand, F.; MacLaren, J.W.

1985. Currents of change. Final report, Reineke, L.H. 1933. Perfecting a stand-
inquii_¢ on Federal water policy. Ottawa, density index for even-aged forests.
Ontario: Environment Canada. Journal of Agricultural Research. 46: 627-

638.

Perala, D.A. 1978. Thinning strategies for
aspen: a prediction model. Res. Pap. NC- Schier, G.A. 1975. Deterioration of aspen
161. St. Paul, MN: U.S. Department of clones in the middle Rocky Mountains.
Agriculture, Forest Service, North Central Res. Pap. INT-170. Ogden, UT: U.S. Depart-
Forest Experiment Station. 19 p. ment of Agriculture, Forest Service, Inter-

mountain Forest and Range Experiment
Perala, D.A. 1979. Regeneration and produc- Station.

tivity of aspen grown on repeated short
rotations. Res. Pap. NC-176. St. Paul, MN: Schier, G.A.; Smith, A.D. 1979. Sucker regen-
U.S. Department of Agriculture, Forest eration in a Utah aspen clone after
Service, North Central Forest Experiment clearcutting, partial cutting, scarifica-
Station. 7 p. tion, and girdling. Res. Note INT-253.

Ogden, UT: U.S. Department of Agriculture,
Perala, D.A. 1984. How endemic injuries Forest Service, Intermountain Forest and

affect early growth of aspen suckers. Range Experiment Station.
Canadian Journal of Forest Research. 14:

755-762. Schlaegel, B.E. 1975. Yields of four 40-year-
old conifers and aspen in adjacent stands.

Perala, D.A. 1990. Populus tremuloides Canadian Journal of Forest Research. 5:
Michx., Quaking aspen. In: Burns, R.M." 278-280.
Honkala, B.H., tech. coords. Silvics of North

America: 2. Hardwoods. Agric. Handb. 654. Smith, N.J. 1986. A model of stand allom-
Washington, DC: U.S. Department of Agri- etry and biomass allocation during the
culture, Forest Service: 555-569. self-thinning process. Canadian Journal of

Forest Research. 16: 990-995.

Perala, D.A.; Alban, D.A. 1982. Biomass,
nutrient distribution, and litterfall in Smith, N.J. 1989. A stand-density control

Populus, Pinus and Picea stands on two diagram for western red cedar, Thuja
different soils in Minnesota. Plant Soil. 64: plicata. Forest Ecology and Management.
177-192. 27(3,4):235-244.

Perala, D.A..; Leary, R.A.; Cieszewski, C.S. Smith, N.J.; Brand, D.G. 1988. Compatible
1995. Stockability, growth, and yield of growth models and stand density dia-
the circurnboreal aspens (Populus grams. In: Ek, A.R.; Shirley, S.R.; Burk,
tremuloides Michx., and P, tremula L,). T.E., eds. Forest growth modeling and

15



prediction: proceedings of the IUFRO confer- of Rocky Mountain aspen stands. Res.
ence; 1987 August 23-27; Minneapolis, MN. Pap. RM-240. Fort Collins, CO: U.S. Depart-
Gen. Tech. Rep. NC-120. St. Paul, MN: U.S. ment of Agriculture, Forest Service, Rocky

Department of Agriculture, Forest Service, Mountain Forest and Range Experiment
North Central Forest Experiment Station: Station.
636-643.

Westoby, M. 1977. Self-thlnning driven by
Steneker, G.A. 1969. Multiple thinning in leai" area not by weight. Nature. 26: 330-

fourteen-year-old poplar, Porcupine 331.
Provicial Forest, Saskatchewan. Inf. Rep.

MS-X-17. Canada: Department of Fisheries Wilson, F.G. 1946. Numerical expression of
and Forestry, Forestry Branch. stocking in terms of height. Journal of

Forestry. 44:759-76 I.
Steneker, G.A. 1974. Thinning of trembling

aspen (Populus tremuloides Michaux) in Wilson, F.G. 1951. Control of growing stock
Manitoba. Inf. Rep. NOR-X-122. Edmonton, in even-aged stands of conifers. Journal of
Alberta: Canadian Forestry Service, North- Forestry. 49: 692-695.
ern Forestry Research Centre.

Wilson, F.G. 1955. Evaluation of three

Strub, M.R.; Bredenkamp, B.V. 1985. Carry- thinnings at Star Lake. Forest Science. i:
ing capacity and thinning response to 227-23 i.
Pinus taeda in the CCT experiments.

South African Forestry Journal. 128:6-1 I. Wilson, F.G. 1979. Thinning as an orderly
discipline. Journal of Forestry. 77: 483-

Velleman, P.F. 1992. Data Desk*. Ithaca, NY: 486.

Data Description Inc.

Yoda, K.; Klra, T.; Ogawa, H.; Hozumi, K.
Verwij st, T. 1989. Self-thinning in even-aged 1963. Intraspeciflc competition nmong

natural stands of Betula pubescens, higher plants. XI, Self-thinning in over-
Oikos. 56: 264-268. crowded pure stands under cultivated and

natural conditions. Journal of the Institute

Vuokila, Y. 1977. Hyvan kasvupaikan of Polytechnology, Osaka City University,
haavikoiden kasvukyvysta. Abstract: On Series D. 14: 107-129.

the growth capacity of aspen stands on good
sites. Folia Forestalia. 299. Zeide, B. 199 i. Self-thinning and stand

density. Forest Science. 37: 517-523.
Waiters, J.W.; Hinds, T.E.; Johnson, D.W.;

Beatty, J. 1982. Effects of partial cutting
on diseases, mortality, and regeneration

16



The U.S. Department of Agriculture (USDA) prohibits discrimination in all its programs
and actw{t_eson the basnsof race, color, national origin, gender, religion, age, disability,
political beliefs, sexual orientation, and marital or family status. (Not all prohibited
bases apply to all programs.) Persons w_thd_sabilJtteswho requtre alternative means
for communtcation of program *nformation (Braille, large print, audiotape, etc.) should
contact USDA's TARGET Center at (202) 720-2600 (voice and TDD).

To file a complaint of d_scriminat_on, write USDA, Director, Office of Civil Rights, Room
326-W, Wh_ttenBuilding, 14th and Independence Avenue, SW, Washington, DC
20250-9410, or call (202) 720-5964 (voice or TDD). USDA is an equal opportunity
provider and employer.

Perala, D.A.; Leafy, R.A.; Cieszewski, C.J.
1999. Self-thinning and stockability of the circumboreal aspens

(Populus tremuloides Michx., and P. tremula L.). Res. Pap.
NC-335. St. Paul, MN: U.S. Department of Agriculture, Forest
Service, North Central Research Station. 16 p.

Examines the stand diameter-density relationship of aspen
across North America and Scandanavia, and how the level of

this relationship might be climatically influenced.

KEY WORDS: size-density, limiting relationship, carrying
capacity, average mass density.

____ Printed on recyclable paper.
'lq_"


