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The use of pseudo-stochastic effects
in a tree growth projection system.

by

James R. Koehler and Lee C. Wensel

Abstract

The slochastic method used by the CAlifornia Contfer Timber Oulpul Simulstor
(CACTOS) for modifying growth predicitons is presented. This methad is applied to DBHZ and
total height growth in order to caplure the inherent varistion in grow prechcitons. A —
quintupling process is used which uses computer -genersted random numbers that can be
replicated rence, this process is called psewdo- stochastic.

The hetergoscedesticity and skewed nature of the prediction errors are shown and
incorparaled into the pseudo- stachastic method A description of the implementstion of this
lechnique into CACTOS is shown. Also, on example is provided {o show the cffect that

pseuds- stachastics have on [ong lerm growth projections.

The authors are Graduale Assistant, Department of Siatistics, Stanford University, and
Associste Professor, Department of Forestry and Resource Management, University of
Califarnis, Berkeley, CA __
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INTRODUCTION

The objective of modelling tree growth is to predict the average growth response of an
individua! tree given its species, size and level of competition, The differences between the actual
tree growth and the predicted tree growth is cailad the error in prediciions and the variance of these
errors 1S called the unexplained variation. To improve growth estimaltes, 8 modelier tries to
minimize the unexplained variation withoul introducing bias intg the estimales.

incorporsting tree growth models into compuler programs thal simulale the effects of
allernalives stand management practices is now common (Stage, 1973, Ek & Monserud,
1974, Krumland & Wensel, 1980, Wensel and Deugherty, 1985) CACTOS, the
CAlifornia Conifer Timber Qutput Simulator { Wensel & Daugherty, 1985) uses the free growth
projection system described by Wensel & Koshler(1985). The purpose of 1his paper is {0
describe the stochastics effects incorporsted inte CACTGS in order to represent (he unexplained
varigtion in predicting growth of tree diameter at breast height (DBH) and tolal height {HT).

¥hile the purpose of modelling tree growth 1s 1o predict the average growth response of trees
under diverse corditions, two {rees that are the same size and under the same amount of measured
competition will not necessarity grow at the same rate (Bella, 1970). This may be caused by
errors in the measurements or by factors not considered in the models. If these deviations from the
average growlh response are not incorporated into the simuiator, the simulstor may produce sluggish
predictions of growth responses afler thinnings and harvest. Additionally, the dispersion into
diameter classes will be retarded if stochastic modifiers are not added to the growth equations
{Xrumiend,1982). Hence, using & stochestic rapresentstion of the errors in predictions is
fmportant fn order to adequately predict changes in timber stands L/

1 Note that this is not necessary for estimating mean effects as done in inventory updstes.
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METHODS

In CACTES, the four tree variables that need to be predicted for eech growth cytle are as

follows:

DBH  diameter at breast height

HT total tree height

CR live crown ratio

TPA  number of trees per acre for each tree record
Stochastic varisiion is not added 1o the crown ratio estimates. However, crown ratio 1s a function of
{otal height and stand density and therefore crown recession wiil indirectly have stochastic effects
through the stochastic effects on height growth. For {hese reasons, and the lack of dala for both the
mortality and crown recession models, stochastic effects will be computed for onty the DBH and HT

growth mokls.

Since an independent data set does not exist for use in delermining the unexplained
variations, the slem snalysis database that was used 1o develop the growth egustions will slso be used
A description of this dats set is given by Wensel & Koehler (1985). The design of the stem
anatysis sampies includes the following elements. F{rst, clusters of 2 or 3 plots were selected and,
second, S tn 10 trees were selected for felling on each plot. This aliows for the poiential estimation of
{he variation among clusters, plots, and trees, as well as differences between time periods. -

Two questions that nead {0 be answered are ( ) ) what is the nature of the devistions from the
average growth response and (2) how should these deviations be incorporated into CACTOS. The
residussis from the diameter - squared and total height growth models are heteroscadastic with respect
to predicted growih. Thet is, the error variance 15 proportional to the square of pradicted growth
This heterpsceassticity can be seen Dy looking at the residual scatterplot shown for ponderosa pine in
Figure | (Wensel and Koehler, 1985). Hence, the foliowing model is appropriste for
expressing the growth functions for both DBHZ and total height:

Yijk =f(xijk) x (1+ Eijk) “]

whera

Yiik = actual growth of tree j on plot i for time period k{ either DBHZ or total ht)

f(xi]-k) = predicted growth for treej on plot i for time period k
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Xjji = vector of predictor verighles

EUK = random element

Therefore, the larger the predicted growth the larger the absolute effect of the random etement £.
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Figure 1. Residuals from DBH2 growlh model plotied on predictad DBH? growth for
ponderosa pine.

in some cases {he predictive model fin;k) can be shown to systematically over or under

estimate actusl growth for particular piots, trees, time periods, etc. The uncertainty in predictions

may be reducad if 8 systematic {rend can be estimated separatety from the growth model,. Consider
the following possible components of the random element £:

Big= o4 ¢ Bij + N+ i * Gk 2]

where og = cluster and plof effect for plot i

fj = tree effect for tree j on plot i
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7, = Period effect for period k
80( = measurement effect for treejon plot i for period k

q}( = upexplained error for treej on plot i for period k

The tree effects (B) may be due to variations in the response of tree growth due to genetic
and historical factors not used by the growth models. The plot and cluster effects ( oc) may be due to
estimation errors in predicting site index and crown competifion as weli as any inadequacies of site
index to reflect actual productivity. Period effects ( ) may be due to variation in the growth
environment from year 10 year ( amount and distribution of rainfall, temperature) and other
environmental factors not inctuded in the prediction process. The measurement effects { 8) may be

gue to errors in fleld measurements or 1n subsequent deta processing The unexplained erroc { € ) is
the error left over after all of the other effects heve besn taken into account. |n cases where plat,
cluster, tree, period, or measurement effects can be estimsied, more accurate estimstes of the mesn
growth can be obtatined, thus reducing the amount of unexplained veriation.

Assuming independence between the components, the sums of squares of £ { equation 2) can be

broken down as follows:
SS¢ = SSpipt * SStree ¢ SSperion ¢ SSmess. ¢ Sunexplaired [3]

where the sums of squares are defined as fol lows:
SSpiot plot (and cluster) effects

S ree tree effects
Ssperiod period effects
S“Smms. measurement errors

SSynexplaineg  unexplained sums of squares

A “clesn” breskdown of the element £ into it's component parts would require 8 “crossed”
design for the sample deta. That is, muitiple measurements on multiple trees per plot on multiple
plots at multiple points in time. With such data, conventional anahysis of varisnce technigues can be
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used to partition the sums of squares shown in equstion {3] and to estimate the effects shown 1n
equation [2). Those effacts that cannot be estimated are lumped with the unexplained error

Separate studies can be used to estimate measurement error and thereby reduce the
dimension of the problem. However , measurement errors inherent in the dats under study were not

investigated on a scientific basis. Fortunately, separating measurement and unexplained errors 1S
not very criticsl since the meesurement error should be controlled and remain smail.  Also,
measurement error should be included in the slochaslic process rather thal be left up to user

calibration.

In the stem analysis study, only a subset of the trees on a given plol were felled for stem
anatysis, with the olher trees on the plots being measured for current size and radial increment using
an increment barer. Unfortunately, since the stem analysis deta sel only has lime series dsta for &
subset of the trees on the plots, the last four elements of equation [ 3] cannot be estimated. However,
the plot effects were estimated separately and they may be included in CACTOS by calibrating the
mockels directly { Wensel & Dasugherty,1985).

Estimates of the pilot effects in equation [2] can be separated inlo clusler and
plot-within-cluster effects. For each of the two growth mocels and six species, 8 nesled ANGYA model
was used (o separste the variation es follows:

RN = B+ oh o) * B (n)i) [4)

where
Eq(nyiy; = restoual of SN tree on (1N prot in nth ciuster

H = overall biss (hopefulty zero)

oy = effect for cluster h
oy = effect for plot 1 in cluster h

B((h)i) = unexplainederror (due to tree, period and measurement effects)

The B((h)i)) ‘s were then processed {6 find the standsrd error and measure of skewness for each
species and growth model{ Table 1). This was done by using the procedure GLM (general linesr
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modet) of the stetistical program SAS (SAS, 1982). Insummary, the cluster and plot effects were
significant in most cases with the variance reductions ranging from 5 o 45 percenl. Also, the
unexplained errors were unbiased with standard errors between 0 20 and 0 .36 for heigh! growth &

between 0.34 and 0.52 for diameter squared growih. Except for the height growth of the pines,
pasitive values of the corrected third moments were found Positive skewness of the unexplaine:
errors {5 expecled because the unexplained errors are cons(ralned at the iower end by -1
{ corresponding to an actual growth rafe of zero) and uncontrained on the upper end Therefore, the

error distributions do nol follow & central normal distribution.

Table | Slancsrd error (& ) and skewness (8 ) estimates for DBH? and heighl growth models.

Coefficients PP 5P IC DF WF RF
Dﬁﬁfym
o4 46 34 49 44 49 52
8 10 03 18 43 15 23
neraht growth
g 22 20 29 27 27 36
8 - 06 -.07 08 05 10 07

The skewnormal distribulion provides good approximations to many near-normal_
dgistributions (Hodges, 1978) and was chasen 1o represent the error distributions.  The
probability density function of the standerdized skewnormal is approximated by (to ihe order of

62).
¢z} = Hz)-0472)

$J2) = ¢ +0(2°-32) [s)

where
$.z) = probability density function of the skewed normal distribution,

$(z] =probability density function of the stendardized normal distribution,
$=12) = third derivative of $(z), and
8 = stendardized third moment / 6
Similarly, the cumulstive distribution function (cdf} is sppraximated by:
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¢z = &2) - 6472
002 = §2) - 8z - 114i2) . [6)

where
¢zl =cumulative thstribution of the skewnorma! distribution, and

&(z) = cumuistive disiribution function of the stsndardized normai distribution.

IMPLEMENTATION

The stochastic technique used in CACTOS must allow the user to rephicate a simutation run.
That 15, the difference between simulation runs must be due to the factors changed and not due to the
random process used. This enables the forest manager o estimate the effects of various management
regimes without amy confounding stochastic effects.

FOREST (Ek & Monserud, 1974} uses a random number generator 1o generate values of
f (equation [ 1]) from a normal distribution, with a mean of 0 and variance equal to the varjance of
lhe residuals divided by the average growth rate found in their anatysis. This was done for both the
DBHZ and height growth models. While this is a direc! method of applying stochastic effects 10
growth predictions, parailel simuiations with different management actions cannot be replicaled.
Atso, the use of 8 the central normal distribution doesn't reflect the skewed nature of the residuals

found in the current study.

PROGNOSIS (Stage, 1973) uses a similar methad te incorporste stochastic effacts for the
DBH2 1/ gowth when there are many {ree records since ™ .. the effects of any one random deviation
on the growth rete of one tree would be Diended with mamy other tree records.  Consequently, the
stand totals should be quite stable estimates.”™ PROGNQOSIS requires 13S0 tree records for this
method to be implemented. If fewer tree records are entered into the simulator, a record-tripling
scheme is used, with each of the new tree records having the same characteristics of the originat
tree except the tree weights are reduced 10 158 and 253 of the originel tree. The originai tree's
weight is reduced 1o the remaining 60&. The first new tree record represents the slower growing
trees (up to the 1512 percentile) while the second new tree record represents faster growing trees

1/ pROGNOSIS does not use stochastic effacts for its height growth models.
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(7510 percentile and up). The original tree record represents the medium growing trees ( 158 {g
7510 percentiies). Stage assumes that the error distribution is normaily distributed and caiculates

the growth modifiers (E= 2, i=slow med .fast) to be the expected vaiue of the regions of the error
distribution represented respectively by each of the three similar tree records{ See Figure 2).

PROGNOSIS triphicates sach tree record every growth oycie until s limil of 1350 trees is reache:
whereby the scheme similar to FOREST's is impiemented.

. AVERAGE,
LN
SLOY ;’/ L FAST
1S% 4 60% |\ 25%
/’I ' i S~ -_
s 2m <f

Figure 2. Theerror distribution breakdown for PROGNOSIS DBH? growth model.

CRYPTOS (Krumland & Wensel, 1980) uses a record tripiing scheme similar to
PROGNGSIS that 15 applied to both the DBHZ and nefght growth models. Independence (s assumed
between the two growth components and & joint normal error distribution is used in delermining the
appropriste weights, Further, for computstional efficiency, CRYPTOS uses 4 of the 9 possible
regions of the joint error distribution (See Table 2).

Table 2. Bresk down of tree weights for CRYPT(S

HEIGHT | DBHZ GROWTH |

GROWTH |  Slow Medt fast | Sum
Slow 1 25 | .25
Med. | .25 25 | 50
Fast | 25 | 25
Sum | .25 50 25 | 1.00

Hence, CRYPTQS quadruples each tree record with each replicstion having 25% of the origingl tree
record's weight The values £ are compuled as the median of sach region of the error disiributions
represented bry thel new tree record This method has been coined "pseudo-stochastic™ since this
scheme incorporates the unexplained variation while not using random errors.

The stochastic scheme employsd by CRYPTGS has the desirable property of replicability and
is empioyed jointly between the DBHZ and HT growth models. However the - _mption of normal
errors is not valid in this case.
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CACTQS smploys a stochastic method similar to CRYPTOS bul the errors are essumed to be
from a skewnormal distribution with perameters given by Table 1. The error distribution for
each growth moce! and species was divided into three regions - - slow, madium and fast growth, as

iNustraled in Figure 3. Using the

, AVERAGE |
SLUW!‘m\i
/ _ FAST
4 N
/i
i i
/i i
ész? z‘rn ;A 25

1 Z

Figure 3. Error regions for CACTOS growth models.

distribution function for the skewnormal, - ¢, the area of these regions are computed by the
foliowing relationships:

A(s) = &.(2;)

Alm) = §.(25) - §.(2))

AT = 1 -¢g(2)

Further, independence was assumed between the height and diameter growth error terms because no
dats was available to investigate alternative joint density distributions.

The tree record weights and growth modifiers are computed as follows. First 2y the
dividing point between the slow and medium growing trees, wes found such that As) = ! /¢ or
dlz\} =0.1667
Hence, the marqinal tree record weight for the tree records representing this region is 1/6 of
the original tree record weight with the growth modifier 2, being equal to the expected vaiue of the
distribution within this region. Second, it was desirable to have one of the /yp/ad Otree records to
grow as average prediction (growth modifier of 0). Thus, zo was found such that the expected value

of the distribution between 2y and 2, was 0. Third, the expected value of the distribution between

22 and +0o0 for the growth madifier for {he fast growing trees, If, Was computed. Simtlarty, the
marginal tree record weight for this region is the area of the distribution within this region times
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the original tree record weight. A FORTRAN computer program to compule the bounds of the region.
Z| and z;, ond the meons of the slow and fast regions, z; and z¢, is available from the authors. The
program uses equation [S] for the density of the skewnormal and the aress are consistent with the
appraximations given by equation [6).

The computed marginal tree record weights were then used to find the tree record weights
for each of {he new quinfupled tree recortds. The means of the siow, medium, and fast regions are
given in Table 3 and the relative tree weights are given in Table 4. Note that for each growih
moce! the sum of the marginal tree record wefghts add up to the original tree record's weight and the
sum of the growih madifiers times the marginal tree record weights for esch region adds up o 0.

Table 3. Dividing points and means of slow, medium and fast regions for growth model.

Coefficients PP 5 IC DF WF Rf
DBH < growth
2 -873 -.969 -.976 -.874 - 975 -.978
2, 1.211 1.029 1.512 1.211 1.286 1.740
2 -1.354  -1.45  -1238 -1.3%} -1.281 -1.167
Zm 0. 0. 0. 0. 0. 0.
2 1.852 1.594 2.179 1.973 2.057 2.365
fegnt growtn
2y -.963 -.962 -972 -.970 -.973 ~971
25 0.863 847 1.152 1.075 1.211 1.12%
2, -1.586  -1.601 -1.383 -1.427 -1354 -1.398
Zm Q. 0. 0. 0. 0. 0.
2¢ 1,333 1.308 1.775 1.663 1.852 1.735

Rewoarrh: Neale Nn 1 4 _ nane 10



Table 4. Breek down of tree weights by species for CACTGS record quintupling.

Foxeross Pine

HEIGHT | DBHZ GROWTH |
BROWTH |  Slow Med Fast | Sum
Slow | 1667 | 1667
Med. | 1667 3465 1218 | 6350
Fast | 1983 L 1983
Sum | 1667 7115 1218 | 1.0000
X Fie

HEIBHT | DBH? GROWTH |

GROWTH |  Slow Mex. Fasl | _ Sum
Stow | 1667 | 1667
Med | 1667 3104 1522 | 6293
Fast | 2040 12040
Sum | 1667 6811 1522 | 10000
Llense (AR

HEIGHT | DBHZ GROWTH |

GROWTH | Slow Med Fast | Ssum
Slow | 1667 | 1667
Med [ 1667 4421 .0947 | .7035
Fast J 298 l__1298
Sum i 1667 7386 0947 | 1.0000
Baxiss Fir

HEIGHT | DBH? GROWTH |

GROWTH |  Slow Med Fast | Sum
Slow | 1667 | 1667
Med. | 1667 4129 4107 | 6903
Fast | 1430 | 1430
Sum | 1667 7226 1107 | 1.0000
Wit £

HEIGHT | DBHZ GROWTH |
GROWIH |  Siow Med Fast [ . Sum
Slow | 1667 | 1667
Med. | 1667 4410 1038 | 7115
Fast | 218 i 1218
Sum | 1667 7295 1038 | 1.0000
Raagfir

HEIBHT | DBHZ GROWTH |
GROWTH | Slow  Mad Fast | Sum
Slow | 1667 | .1667
Med. | 1667 4501 0822 | .6990
Fast | 1343 |_.1343
Sum | .1667 511 0822 | 1.0000
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APPLICATION

A mixed-conifer stand with & per acre stocking of 295 trees, 265 square feet of basal ares,
and 6750 cubic feet of volume is used to illustrate the process of generating pseudn-stochactic
quintuples. Table 5 gives the size and growth information on the first S of the trees in the tre
list for the stand This shows, for example, that the 5-vesr predicted DBH growth is 0.84 inches
whilg lhe pradictad height growth is 5.6 feel

Table 5. Size and Predicted growth for first S trees (of 33) on a one-fifth acre plot
(TPA = trees per acre).

total cromn Syeor grosth
m. species PBH ht rotio TPA ADBH  aht
i " 4.4 85 H® 5.0 .4 5.6
2 PP 245 49 5 5.00 65 4.8
3 PP 18.2 o4 .30 3.00 .75 3.6
4 IC 14.8 53 .41 35.00 33 26
S FP 2.1 & .2 5.00 ] S.?

The D8H and height growth estimates for the quintupled record are then computed 8s foilows
From Table 1 for white fir (WF) the standard devistions are

7,=049 ad & =027

and from Table X for white fir the skewnormal deviations are

DBH Height
20w 1281 -1.354
2 0. 0.
2rast 2.057 1.852
The values of { | +£) for equation 1 are then computed as
1+E =14+ 20
yielding the “slow” diameter growth estimate of
8Dgppw = 2D (14 Eslow)
=0.84 [1+(-1.281)(0.49)]
=0.84 [ 0.372]
= (.32 inches

Following 1his process, the remaining valuesof (1 +E) for the first tree are given as follows
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Height
0634
Q.

DBH
0.372
0.

siow
med.
fast

1.500

2.008

Multiptying these values of ( 1+E) by the DBH and height growth rates predicted by CACTOS, 0.84

and 5.6 fasl, respectively, yiglds the quintuple growth rates given in Table 6 for the first tS

trees. The order of (he records within each quintuple is as foliows:

aDrag .

(1)
(2)
(3)
(4)
(S)

80 0w 2Heg
aDpyg. aHneg

8Dmed: AMgiow

aHrge

‘Dmed ,

Table 6. Predicled DBH and height after a single S-year growth cytle using quintipuled

growth records - first 5 trees {of 33) on a one-Tifth acre sample plot.
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The quintuple estimates for the other trees foliows in a8 simiier menner using the
appropriate values of the standard error (&) and skewnormal deviation (z) from Tablies | and 3.

respectivety.

The tree expansion factors for each of the {rees shown in Table S is S trees per acre before
quintupling The expansions for the tree records after quintupling (Table 6) are obtained by
multiplying the original expansion by the weights given for each species in Table 4. Remember
that the sum of the new tree weights must be equal to the original tree weight.

The impact of implementing pseudo-stastic variation in the CACTGS modet can be illustrated
by 8 30-yesr simulation for the sample plot referred to above. The basa) aree growth for 30-yesr
period is given \n Table 7, with no thinning, with thinning from below, and with thinning from
above. Estimates from simuiations with and without pseudo- stochastic effects are shown.

Tabie 7. 8asal ares growth for 30 yeers with and without pseude-stochastic effects for
varying thinning alternatives. (Al thinning at the end of the first S-yesr cycle.)

pseudo- stochastic effects

3] b i) £ diff

no thinni 128.8 1309 1
thin 70 1t from below 1053 107.7 2
1

!

]

thin 70 112 from sbove 1223 124.1
thin 140 ft2 from below 82,3  83.7
thin 140 ft% fromabove 117.7  119.7

{n each case using pseudo-schostatic effects incressed the predicted growth rates. Differences also
exist in (he predicted volume growth rates.
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DISCUSSION
The tupling of tree records to represent the unexplsined variation in (ree growth

predictions is & useful tool for tree growth prediction. Quintupling, s used here hes the intuitive
advantage that the growth rotes for one of the tupied records are unchanged. Also, in contrest to
previous lupling schemes, the current scheme recognizes the skewed nature of the unexplained
varigtion in the growth predictions. Estimators from the skewnormal distribution are used to

represent this unexplained variation in forming the quintuples.

Short {arm predictions without management intervention can be done withoul the use of
pseudo-stochastic variation. For such 8 small period, there will be little or no difference in the
predictions. Thus the CACTOS mode! can be used to updete {imber inventories without loss of
accuracy and without affecting the integrity of the original records.  However, for long term
predictions ana/or simutations with management interventions, the use of pseudo-stochastics is
advised ’
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