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Abstract 

The individual tree growth equ8tionsusedin the rJ\lifornia Conifer 
TimDerOutputSimulator(CACTOS) of therequiredcrefficientsandestimates are 
presented.Estimates uponmeasurementsarebased fromastemanalysisproject 
that8J5Oresultedin newsite indexand tree taperequationsfor northern 
California. 

Theestimatesfor bothheightanddiametergrowthare developedby 
estimatingtwogrowthcomponents:potentialandcompetition.Potentialheight 
growtnis developedfrom site indexcurvesproducedfrom thesamedataand 
potent18JdIametergrowthis developedIterativelyusinga mathematicalmoosl 
similartothesite indexmode1.Competition arebasedmeasures primarily upon 
projectedcrowndensityontheplotrelativetothesizeoftheindividualtree. 

Testsof modelaccuracyhavebeenlimited to testonthedatausedto fit the 
functIons. Testswith imEpendentdatasetsare possiblenow that the rJ\CTOS 
systemISbeingreleased.Suchtestmaysuggestchangesin themodelsreported. 

MortalHyandingrowthestimateswerenotderivedaspartof this study. 
Rather,amortality functionfor Douglas-fironCalifornia'snorthcoastis used 
andirq-owthis entereddirectlybytheuser. 
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ATreegrowthprojectionsystemfor Northern 
Californiaconiferousforests 

by 
lee C.WenselandJamesR. Koehler 

Theobjectiveof this paperis to presentthe treegrowthequationsandcoefficientsdeveloped 
for use in version2.0 of C'J\CTOS,the C'J\1iforniaConiferTimberOUtputSimulator (Wensel and 
Daugherty. 1984). Thiscomputerized~th andyield simulatorwasdevelopedtostt»{ theeffect 
ofusingalternativesilviculturalsystemsonexistingconiferforeststands Anin northernCa1ifornia.
individualtreedistance-independentmodellingapp~ tsusedto proviOOthefJexibiHty requiredto 
enoblethe modelto beusedwith forestinventorydoto,without the~ expenseof meosuringtree 
coordinates.Theseequationscanbeusedto predtctthegrowthof trees in even-agedsingleor mixed 
speciesstands,multiple-agedstands(indtvtdualagesusuallyunknown), andalsotrees thatare now 
or havebeenpreviouslysupressed. 

Thebasicfield datarequiredby C'J\CTOSfor predictionsare50-year(bre8Stheightage)site 
index(B iging and Wensel 1984) for ~ species in the standandthe fo11owingitemsfor ~ 
tree: 

sp 
DBH 
H 

species 
diameterat breastheight 
total height 

HCB heightto thecrownbase 
TPA tree weight per acre 

Therefore expressions to beusedin predictinggrowthrateswere restricted to functionsof thethese 
variables.AcompleteJistof symbolsusedis gtventn Table 1. 

ModeHinoaoDrtBiI 

Actualtree dtameterandheightgrowthare modelledas 8 productof the tree's potential 
growthand8 measureof competitionwhichrestricts that tree's ability to reachits potential 
(Baule.1917). Thatis, 

~th = (potentialgrowth)x (competition). 

Potentialgrowthis theoreticallybaseduponthedifferenceof twopointsonthe"S-shaped"growth 
curves, Sincemathematicalexpressionsofcompetitionaredifficult to oorivetheoretically,these 
relationshipsare liwelopedempirically. 

Followingthe methOOsdevelopedby KruIDland and Wensel (198 J), and KrulDland 
( 1982) competition are mode11edmeasures as functionsof standcrowndensityandthe individual 
tree's compeUUveposUonw1th1nthatcrownoons1ty.Thesemeasuresare OOr'fvedfrom tree 08H. 
tot81height, and livecrownratio(YanDeusenand Biging, 1981). 
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Table1. AlpMbeUcallist of symbolsused. 

A. . . . . . . . . . breast-heighttreeage

8A. . . . . . . . . basalarea


Co. . . . . . . . . diametergrowthcompetition 

<1i. . . . . . . . . heightgrowthcompetition 
CA(h) . . . . . . canopycrosssectionalarea at height (h) 

~6 . . . . .. crownclosureat66i of tree height 
D. . . . . . . . . .diameterat breast height (DBH)

DBH.. . . . . . .diameterat breastheight

H. . . . . . . . . . totalheight

Hb. . . . . . " total height- 4.5

HCB. . . . . . . .heightto thecrownbase

LCR. . . . . . . . Bvecrownratio

n numberoftreesusedin regression


PBAj. . . . . . . percentofplotbasalarea in species i


PD. . . . . . . . .potentialchangeIn DBW


PH. . . . . . . . .potentialchangein total height

S. . . . . . . . . . 50-yearbreast heightagesite index

Sf s+a

TPA. . . . . . . . tree weight per ocre

ADBW .. . .. changein DBW

AH. . . . . . . . .changein total height

AHCB. . . . .. changein heighttocrownbase

a. . . . . . . . . . site indextIljustment 

Possiblevariations ofthesemroelsusingatlitional plotdata(elevation,aspect,repthofsoU, 
etc.)mayproveprofitableandwm be investigatedin thefuture. However,theatlition of m(O­

variablesat themroeJHngstagemeansthat moreinformationwHl havetobespecifjedat thetime the 
modelsoreused.Sinceevenour "persimonious"opproechrequiresdotGfrequentlynotfoundin forest 
inventories(i.e., tree height andheight-to-the-crown-base on a1l trees), the use of ad:IiUonal 
predictors1nthemroelswHl havetobeapprtBtledwith caution. 

Thehei!j1tgrowth modelgivenabovediffers from that usedin the PROGNOSISmodel(Stage 
1973). a growthmodelin wideusebytheU.S.ForestService.PROGNOSIS a heightgrowth uses
model(Stage 1975) that predicts ..Has 8 (Jogarithmjc- Jinsar) function of D, H,and ..D. However, 
1nthepresentcase, DandADaremoresens1t1ve than1sAH.wh1ch tovary1nglevelsofstandrens1ty
m6k.esdimneter6 poor predictor of height. Also, for cutover stBnds, these V81"i6blesalone tb not 
reflect the competitive position of a tree within the standafter thinning. Thus.on boththeoretical 
and procticalgrounds, this approoch to individual tree growth mode11ingcannot beusedhereto 
estimateheightgrowth. 

ThegrowthmodeHing used (Belcher. HoldawayandBrand. 1982) is approoch in STEM
alsodrivenbyDBHandchangesin DBH isnotusefulin thecurrentcontext. and,likePROGNOSIS,
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The growth coofficients presented are based upon the stem analysis-data base rollected in 
cooperation with 12 forest industry contributors for the Northern California forest Yield 
Q))perative. This data set, describedby Biglng ( 1984), consists of eEtaUedstem analysis of 
selectootrees of 6 conifer species in young-growth stands (Table 2). Thetrees were selectooon 31 
clusters of 3 one-fifth ocre (0.08 he) and 8 clusters of 2 one-tenth acre (0.04 he) plots. The 
distribution of these plots in northern California is shown on Figure 1 and the region, timber type 
and basal area for eochcluster are listoo In Table 3. 

for the felloo trees, diameter growth was obtained by computer analysis of digitized tree 
cross sections(B Iging and Wensel 1983) andheightgrowthwasesUmatooby Interpolation on 5, 
10, and IS-year tip cuts. further, diametergrowthwasestimatedon the non-felledtrees using 
increment cores. Thus,moretrees wereanalyzedfordiametergrowththanfor heightgrowth. 

TheindividualtreeswereNeE-grown"bysubtr~ting the S-year diameterand heightgrowthfrom 
current measurements.Thede-grow1ngprocessallowedus tom€XEJgrowthratesasa functionof the 
tree sizeot thebeginningof the previousgrowthcycle. However,the livecrownroUowosossumedto 
remain the samefor the growthcycle since weha1no m~re of the changein live crownratio. 
further explanat10nof theeE-growingprocesscanbefoundInAppendixA. 

Table2. Definition of species cocEsused 

am 
pp 

definltton 
ponderosapine 
Pinus pt¥Idv'tJs8(laws.) 

SP sugarpine 
Pinus IlJIT/bertilJlllJ (Doug!.) 

DF Douglas-fir 
p~ menzies/;' (Mirb.) franco 

WF whitefir 
Ables etrICOlrr (Gord. andmend.) l1nd1. 

RF redfir 
Abiesmtg1ific6 (A. Murr.) 

IC incense cedar 

Libr.aitTus fiDJrrens (Torr.) 
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Region2	 Symbols 

IZI Ponderosa Pine 

IS! Mixed Conifer 

[] True Fir 

B Douglas Fir 

Figure I. Distributionofstemon8Jysisplots in NorthernCaHfornio. 
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Table3. Standstatisticsbyclustersfor stemanalysisdatabase. 

CLUSTER11 TIMBER BA5l\l 
CLUSTER CODE REGION TYPE AREA(>6) 

1 A 1 TF 210 
2 B 1 MC 203 
3 C 1 MC 197 
4 D 1 MC 186 
21 E 2 TF 76 
22 F 2 TF 112 
23 0 2 MC 138 
24 H 3 DF 70 
25 I 3 DF 197 
28 J 2 pp 200 
29 K 2 MC 176 
41 L 2 MC 278 
42 M 2 MC 245 
43 N 2 TF 250 
44 0 2 pp 233 
51 P 2 TF 252 
52 Q 2 TF 249 
71 R 1 MC 195 
72 S 1 MC 226 
73 T 1 TF 208 
81 U 1 MC 282 
82 V 1 MC 179 
84 W 1 TF 258 
85 X 1 MC 305 
91 Y 1 MC 176 
92 Z 1 MC 227 
93 0 1 PP 222 
101 1 2 TF 191 
102 2 1 TF 264 
103 3 3 DF 142 
104 4 3 MC 101 
111 5 4 MC 145 
112 6 4 MC 147 
113 7 4 MC 184 
114 8 4 MC 178 
115 9 4 DF 139 
116 # 4 MC 171 
117 $ 4 MC 280 
118 I 4 MC 208 

11 Cluster axles areusedin residualplots found1nAppendix C. 
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Heiahtarowth 

Theheigttgrowthmodelformusedis 

~H= (potentiaJ~ in height)x(heightcompetition) 
or 

~H= ( PH) ( CH) 

whereAHis thechangein heightfor 5 years,PHis thepotentialheightgrowth,andCHIs the 
compeUUonthatkeepsthetreefromred1ingits potenttalheightgrowthrate. 

Thepotentialheightgrowth is derivedfrom theunconstrainedsite indexcurvesmvelopedby 
Blglng andWensel(1984): 

H= 4.5 + boSb1[ 1 - exp(-b2 A) ]b3 [1] 

whereH Is thetotal tree heightat breast-heightage(A)for site irmc (S) andbO= 2.93243, b1 = 

0.89, b2 = 0.024, andb3 = 1.81845. As proposedby BigingandWenseJ,theS8mesite inmx curve 
is usedfor al1species,butea:hspeciesonasiteis Hkelytohave8 differentsiteindex. 

Theexpressionfor heightgrowthis basedon thepropositionthatthepotentialchangein 
heightfoHowsthesiteindexcurvefromthetree'scurrentheightatageA(unknown)towhatit would 
beatage(A + 5). Thus,usinganinvertedform ofequation[ I], an-artificial-treeageiscomputed 
for a treeof hei~t HonsiteindexS. Aaling5yearstothisageandsubstitutingintoequation[ I] , 
andsubtractingcurrentheight,yieldstheexpressionfor theheightgrowthfor the5 yearcycle(see 
Appendix8). Thisprocessis illustrated in Figure2. 

/ 
H2 "".".'.." ":'- /1*:-g. 

'd) H1 .'.".."". i 
..::. : :
<to-0 I

7:
.
:.. . :

, , 

- /!!
J ~15if­,.J v: 

A 
breastheightage 

Figure 2. Illustration of heightgrowthpotentialdetermination. 
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Explicitly, 
C 

HI,;~
. 1/c7

~I4 C' ",. 1 PH= '.~I+ [CO.) +C2 bO. J - H [2] 

where 

Co = [1 - ex p ( - 5 b2) J bO( 1/ b 3) 

CI =b1/ b3 

c2 = exp( -5 b2) 

c3 = I / b3 
Hb= H- 4.5 

Usingthe valuesof bi provided aboveprcdJces CO = 0.204, c 1 = 0.489, ~ = 0.887, andc3 = 0.550. 

Notethat site index reflects the avero height of OOffiinantand COIbninanttrees and, 
therefore,the potentialheightgrowthcouldbesomewhathigher thanthat obtainedby usingaJj8tion 
[2]. Asa result, while fitting the competitioncoefficients(below), a site indexoojustment(3) was 
computedfor eed'Ispecies suchthat the potential heightgrowth is computed usingsite inmx S' ;or 

S' = S + (} 

in pla::eof S in equation(2]. TheOOjustmentsare given in Table 1. 

Theform of the height growth competition(Cti) fm:tor is as follows: 

CH = { d1 I [1 + exp (4 - d2 LCR)J} x exp ( -d3 CC66d4 PBAdS) [31 

wherelCRis the live crownratio, ~6 is thecrownarea at 661 ofthesubject tree's height,PBAis 

the proportionof the b8s81area of that speciesin the stand ond the coefficients di(i=1 ,...,5), 

estimatedfor eachspecies using nonlinear rqession, are given in Table 1 along with overall 
fitting statistics. 

Since~6 is noteasily measureableon fieldplots, it is computedusingthecrownmodels 
developed LCRis usedhere to on the felledtrees of this sttJjy (Yan Deusen and Biging. I981). 
reflect the ability of a tree to respond to changes in stand density while ~6 is usedto reflect the 

densityof the plotas it affects the photosyntheticportionof the crown (Krull land and Wensel 
1981 ). Thecomputation furtherbelaN.ofCC66isdiscussed

Notethat the basal area of the species (PBA) is onlyusedfor ponderosapine (other species 
havea zeropower). This providesa basis forexpressingtheeffectof root competition in ponderosa 
pine stands. Also, some of thecoefficients(markedwith anasterisk in Table 1) wereheldconstant 
for the reg!essions. This is becausethesampledatawere inaEquateto fit all coefficientsfor those 
species. Forexample,sincetheredfir andincensecedarsamplesweresmall,allofthecoefficients 
exceptthescalecoefficient,dl ' were setequalto thoseobtainedfor white fir. This prOOuQ3dmore 
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stableresultsthanfitUngall cooff1cients Also.site iOO3X cedarwassetto70 tothedata. for incense
because weretakeoll. nosUejrrl3xmeasurements

Thef1tstat1st1cs appearin Table-4,wherethestandard for theHoolmroelsfor&d1species
errorsr fran 1.20to 1.93feet. 

Table4.Crefficients(andstandarderrors) for heightgrowthcompetition,<ii, equation[3], 
andsiteindex ustements3. 

Coef. pp SP OF WF RF IC 

3 31.6 20.2 22.3 5.8 5.8* 5.8* 
(6.8) (5.7) (7.0) (2.6) 

d, 1.00* 1.00* 1.00* 1.00* 0.6488 
(0.047) 

0.7324 
(0.037) 

31.2* 22.4 30.3 31.4 31.4* 31.4* 
(4.4) (6.9) (6.7) 

1.6281 1.4086 0.9050 1.6951 1.695* 1.695* 
(0.170) (0.198) (0.110) (0.2594) 

d4 0.4630 0.7573 0.2932 1.4125 1.4125* 1.4125* 
(0.088) (0.163) (O.104) (O.235) 

cis 0.3083 0.0* 0.0* 0.0* 0.0* 0.0* 
(0.089) 

n 152 47 145 279 37 71 

MSE 2.58 1.45 2.3 3.72 1.62 2.42 

*Coefficientheldconstantfor regression. 

Thereswal plots (AppendfxC) for poI')(Er0S8pine,Douglas-fir,and white fir showthat 
mostof theerrcrsarewithin 3 feet,with standarderrors (squarerootof themeansquareerror, 
MSE)rangingfnrn from 1.2to 1.93feel Forwhitefir, especially, tothereis adistinctskewness
theresidu81s.ttJwever,the residualsshownobiBSwith respecttoeither predictedhei~t growthor 
height 

Thus,asjudged~inst thestemanalysisdatausedfor estimation,theequationsappear to fit 
quitewe11.Forheightgrowththis maybethebestdatasettousefor verification -- at leastasfar as 
thequalityofthemeasurements V.ies ofhel~t growth dataIsconcerned. Inothersources

11 This arbitr5'Y assignmentof site index for incensecedarwas intendedto be a temporary 
convenience.tbrrever, tests of the resulting growth equationsby the cooperators showedexcellent 
agreementbetweenpredicted andmeasuredgrowthrates for this species. 
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s~t thatit maybesometimebefore8 meaningful verificationof theheightgrowth inOOpenOOnt

data is passibIe.


Dfameterarowth 

The mlXElfor diametergrowthis of thesame~al formasthatusedfor heightgrowth. 
Thatis, thechangein DBHsquared,ADBHis givenby 

ADBH2= ( potentialchangein DB~ ) (diametercompetition)

or


ADB~ = ( PD) ( Co) 

Diametergrowthcurves608101J)UStosite indexcurves00notexist sincediametergrowthis more 
sensitivethan heightgrowth to competition,Thereforethe fonowingprocedurewasdevelopedfor 
estimatingthediametergrowthpotentialcomponent. 

To~t "startingvalues"for theestimationprocess, ponderosatencbminant pinetreeswith 
little eviOOnceof pastsuppression,~ at least8 growthmeasurements,ofwhichhOO werefitted 
separatelytotheequation: 

2 b b7 
DBH = baS 1 [1-exp( -b2A)] ..J [4] 

whereS is thespecies-specificsiteindex,Ais thebreast hei~t ~ of thetreeandbO'b1' b2' and 
b3arecrefficents.Eachcoefficientwasthenaver~ overthe 10treestoobtainInitialestimatesof 
thecoofficientsfor a11species. 

In8manner8OalOfpJs (4] canbe totheheightgrowth(8-ivationgivenin Appendix8, equation
convertedto : 

c 2c 1/c3 
PD=[c0 S 1 + C2 D 3] - D2 [5] 

where 
( 1 l b3 )


GO=[ 1 - exp( - 5 b2 ) ] bo


c1=b1/ b3 

c2 - exp( -5 b2) 

c3 =1 I b3 

Usingtheestimatesofthebi's ( f=0,...,3)foundfromequation[ 1] , initial startingvaluesof thecis 
(1=0 3) in equation[5] wherecalculatedfor usein nonlinearregression.Anexploratoryformof 
the rompetitioncomponentwas held fixed (jJring the non-line8rregressionof the potentl8J 
component. estimates for sugarpine,incensecedar andredfir, andthe Unstable of thecoefficients
high~ of correlationbetween ledto thetdJpttonof thewhiteftr coeff1clentscoeff1cients, to 
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expressthepotenttalDBH2growthfor theabovementionedspeciesdueto thestabmty of estimation 
andreasonabiHtyof results for white fir. FaHures,if any, of this conventionto representthea:tual 
potentialdiametergrowth shouldbecompensatedfor in thecoefficientsof thecompetitionmroel. 

In developing ofcompetition thatdiameter theexpression for diametergrowth,it appeared
growthwasalsoa functionof theamountofcrownavatJablein absoluteterms. Thusin ~jtjon to 
crownclosure(~6)' thetree'stotalcrownvolume(CV)wasusedfordiametercompetition,Co,as 
follows: 

CD= exp ( d1CC66d2Cyd3) [61 

whered1' ~, 6ndd3 arecoefncientsto beestimatedandCVandCC66 aredescribedin thenext 
section. 

Attemptsatas1m solutionofaHcoefficents thepotentialandcompetition Itaneous confounded
effects.Thereforethis approachwasabarxb1ed.Insteadan iterative processwasusedto obtain 
coefficentsofequations pineandDouglas[5] and[6] for whitefir, ponderosa fir. First thepotential 
coeff1cents(cis, i=O,...,3) wereheldconstantwhflethecompetition(dis, 1=0,...,3) wereobtained; 
thennewpotentialcoeff1cents whflethenewdi'swereheldconstant.Thisiterative wereobtained
techniqueaHowsfor more stablecoefficentestimateswith laNeI'"intra-componentcoefficent 
correlations.Theiterationprocesswasstoppedwhenestimatesofthecoefficientschangedlessthan 
II oftheirstandarderrors 

Thetinalcoefficentestimatesandstand8rderrors canbe foundin Table5. Thestand6rd 
errors (square roots of the meansquareerrors) vary from 9 to t2 (inmes2).Expressingthese 
standarderrors Intermsof DBHgrowth,theyVfIYfrom 0.37 to 0.49 Inchesfor t2 inchtrees,and 
O.19 to 0.25 inchesfor 24 inch trees.Theresidual of the predictedD8f¥ growthare given in 
AppendixD. The positive skewness noted in theheightgrowthresidualsis evenmoreobviousin 
predictingD8W growth.Also,theresidualvariancesincrease 85­with thesizeof thepredictions
weHaswith thesize(D8H)of the trees. However,thoughnotshownin AppendixD, the relative 
errors decrease. 

Verification of the diametergrowthpredictionsis expectedfrom an i~t fit to the 
permanentplotdatacoJ1ected testsmo by the cooperators, as weHasthroughseparate by the 
cooperators. Thisis Jikely to result in revisions of some,or an, of the coefficientsin the D8H2 
~th equations. 
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Table5. Cooff1clents errors) fordiameter [4] and[5]. (andstandard growthequations

Q:ef. pp SP DF WF RF IC 

POTENTIAl#-----------------------------
CO 0.4262 0.1763* 0.1301 0.1763 0.1763* 0.1763* 

(0.142) (0.044) (0.020) 

Ct 0.1939 0.1490* 0.4653 0.1490 O.1490* 0.1490* 
(0.063) (0.085) (0.023) 

C2 0.95* 0.9* 0.95* 0.9* 0.9* 0.9* 

C3 0.3461 O.1562* 0.3481 0.1562 O.1562* 0.1562* 
(0.035) (0.038) (0.020) 

--- - #COI'1PETITION ---------­
dl -12.002 -8.044 -4.849 -2.544 -10.500 -6.743 

(2.164) (3.495) (1.078) (0.107) (1.702) (0.955) 

dz 0.4127 0.8290 0.4352 0.8458 0.1941 0.4876 
(0.052) (0.143) (0.48) (0.034) (0. J31) (0.068) 

d3 -0.2241 -0.1835 -0.1255 0.000* -0.28* -0.1642 
(0.024) (0.057) (0.026)	 (0.023) 

n 532 100 386 914 126 420 

MSE 129.7 139.0 93.5 114.9 92.3 81.7 

* Coefficentheldconstant for regression. 
#	 Coefficentsandstandard errors shownrepresent the results of the 

last potential/competitioniteration. 
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Estimationofcrownvolumeandclosure. 

Thecrown measurements used in the competitionequations(3] and (6] were developedby 
Van Deusenand B'ging ( 1984) usingthesamefelledtree datausedin this stlXt{ (seeabove). 
Thetree crown volume usedin equation(6] is estimated by 

~ =aDb~LCRd [7) 

where,asbefore,D is tree DBH,H is tree total height,LCRis tree Jivecrownratio, anda, b, c, and 
d are coefficientsgiven, by species,in Table 6. Further, the crown area at height 1'1,CA(h), is 
givenby 

CA(h)= I<()I (H - HCBr 1 O<h~ HC8 [8] 
and 

0\(1'1)= I<CV(H - 1'1)1<- HC8<h~H [9]J (H-HCB)-I< 

whereHC8Is theheightto thecrownbase,CVIs estimatedusingequation(7] andthevaluesof k are 
given by species inTDbIe 6. Thesemodels,illustrated in Figure 3, definethe projectionfromthe 
base of the crown to ground level (equation[8}) as well as thecrown taper from the baseof the 
crown to the tip. 

/" CA (h) 

Figure 3. Modelfor crowncrosssectionalarea (CA)atheIght h. 

Using E!(JJ8tions (8] and(g] we can computeC%6 for each tree in the standas fol lows, for 
treel,i= 1,2,3,". ,n: 

( 1) Lethj = 0.66 Hi. 

(2) Use~tlons (8] and(9] tocomputethecrownareaofalI treesinthestandat height 
hf' denotingthisas~(hj), for j = 1,2,. .. ,n. 
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(3) Fortree I, express the crown area of the stand at height hi as 

CC66i=tj O\j(hi) x TPAj/ 43,560	 [10] 

whereTPAj, the numberof trees per ~ for tree j, is usedas a weightin the sumof thecrown 
areasof al1trees at heighthi' Dividingby 43,560, the numberof squarefeet inan acre, converts 
theabsolutearea torelative area as is commonlyusedforexpressingcrownclosure. 

This process is illustrated in Figure 4 where the valuesof CC66are illustratedfor the 

trees shOOed.In (a), the center tree is shorter than the others, giving it a higher value of CC66than 

for the left tree in (b) or the right tree in (c). Note that, as measured by ~6' the center tree 

contributes nothingto the crowncompetition for the tal1est tree shownin (c). 

(a) (b)	 (c) 

Figure 4.	 Crowncross sectional area at 661 of tree's height 
( CC66shown by boldline for staledtree.) 

Table6. Coefficientsfor crownmodelsequations[7J and[9J.* 

Coef. PP SP DF WF RF IC 

6 10.284 0.250 0.233 6.045 0.175 1.08t 

b 1.928 1.290 0.919 1.414 2.026 1.083 

c 0.424 1.622 1.897 0.787 1.203 1.465 

d 2.035 1.627 1.890 1.480 2.166 1.168 

" 1.868 1.976 2.063 2.152 2.042 1.938 

* Fit statisticsandcamplete informationcanbe foundin Research Note#9 (Van Deusenand 
8iging, 1984). 
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--- --_u_- -- _u-- -------

Wh11ethe aboveprocessexpressesthe conceptualformat1onof CC66'1t 15not eff1c1ent 

computaUonal1y.Theprooedure~tU811ytJS8j byrACTOStocompute~6 is anapproximationof 
thotgivenobove.First, 0vector ofcrownclosurevoluesis computedot 10-footverticol intervols. 
Then,for ~ tree in turn, the crownclosurewasobtainedat 66~ of the tree's heilj1tby linear 
interpolation.Thisapproximationreduces stepsfrom fromn2to 1m, thenumberofcomputational
where n is the numberof tree records and " is the maximumtree heightonthestanddividedby 10. 

PredicUnacharXES inheiohttothecrownbase. 

Height to the crown base wasusedabovein developingmeasuresof crowncompetition. On 

the first growthtyCle the heightto the crownbasemeasuredin the field is used. For subsequent 
Lyeles the crown basemay besubject to change,dependingupon the changesin density of the plot. 

Thechangein the height to the crown baseis estimated using the crown basemodel usedin 
STAG(Yan Deusen and Biging, 1984). STAGestimatesthe height to the crown baseas foHows: 

HC8 = H( 1 - e-P) [ 11] 
where 

p = [ ci + c2 log(BA6) + c3 (DIH) ]2 [ 12] 

BA6is the basal area of trees with DBHgreater than or equal to 5.5 inchesand the coefficents cI , 
c2' andc3 are given by speciesin Table 7. Changein the height to the crown baseis then 
estimatedby taking thedifferenceof predictionsfromthismodelat2differenttimes. Thatis, 

AHCB = HCB(2) - HeB( I), if HC8(2) - HC8( 1) ) 0 
[ 13) 

AHCB = O. elsewhere 

Therefore A HCBisnon-decreasing. 

However al1 height-to-crown-base estimateshavehigh stmdarderrors andthis process I 

mayneedrefinementwhenadditionalcrown dataare 6VaiJable from remeasuredplots. Further, the 
restriction that AHCB~ 0 is theoreticaJ1y sound for most conifers but mayhaveto berevisedfor 
hardwooctspecies. 

Table 7. Coefficientsfor heightto crown base modelsequations [ 12]. 

())ef. pp SP OF WF RF IC 

0.895 0.619 0.534 0.403 0.892 0.532cl 

c2 0.046 0.035 0.086 0.069 0.0 0.500 

c3 - 1.543 0.0 -1.147 0.0 -0.458 0.0 
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Mortalitv 

Estimatesof tree mortality rates are necessaryin orOOr'to make reaHstic projections. 
Failure to incorporate reductions in strelcing levels due to mortality can produce misleOOing 
estimates of net change, especial1ywhen projections are for more that one 5-year growth tyCle. 

In the absence of mortaHty estimates from the current stlKty,the mroeJ used ln CAtCTOSto 
estlmate m(J'taUtyrates is the same as that usedin CRYPTOS. The basic mroeJ, given by 
Kru8land, Dye, and Wensel (1977) fol1owingearHer work by H_ilton (1974) and 
H8mtlton and Edwards ( 1976), expresses the annual probabtJity of a tree dying (p) as 

p = 1 / {I + exp [ -( 80 + BI R8A + 82 D8H + 83 TPA + B4 lCR)]} 
[ 14] 

with the coefficientsgiven in Table 8, andthe variables definedas follows: 

RBA relative basal area (ave. tree basal area / tree basal area) 
DBH diameter at breast heilj1t 
TPA number of trees per an 
lCR Jive crown ratio 

Tobie8. Coefficientsfor mortality modelsequations[ 14].


Q)ef. conifers hardwmis


BO -3.71 - 4.621


BI 0.0109 0.00167


B2 -0. 110 -0.1159


83 -0.000445 -0.00206


B4 0.0 0.010


Theprobab111ty thenumberof treesper lUe of morta11tyg1ven1n[ 14] 15thenusedtoOOJust

(TPA') representedby the tree asfoHows: 

TPA' =TPA * (1 - p ) yf [15] 

wherey is thenumberof years in the growth cycleandf is usedas 8 "lag"variable to lDXIUntfor 

periOOsof ~ lostaftercutting, 

f = 1 - (no. of years lost) / ( length of per1od) [ 16] 
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In thecurrent ~pHC8t1onS.y = 5 years. ThellrJ time is setby theCACTOSuserandwasnot 

10vest1gatedhere. proJecUonsfor more than 5 years are me to 5-year tncrements. 

Intheabsenceof datasufficient to pro1uceinterim mortaHtyestimatesfrom the 

currentstOOt, themortal1tycoefficientsused for Douglas tolerantbyCRYPTOS fir. amOO3r'ately

conifer,wereusedfor a11conifers. ThiswiH m:ely underestimatemortality for pinesandover 

estimatemorta1ityfor thewhite andredfirs. Themortality estimatesfor a11hardwoodswereset 

equa1to thoseestimatedfrom hardwooddataonthenorthcoast. 

Theseinterim mortality estimateswl11berepls::edassoonasremeasurementdataare 

availabletoaHowbetterestimatestobecomputed. 

lnorowth 

Currentlyingrowthmustbe~ bytheuserdirectly.OnceingrowthhasbeenaliBi 

into<'.ACTDS,tOOsenewtree records aretreatedin thesamefashionasthein1Ualtreerecords.That 

is, nodistictionis madebetweenestablishedtreerecantsandnewingrowthtreerEICOrds.New 

ingrowthmlXElsarecurrently beinginvestigated. 
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Discussion 

Themodelsandcoefficientspresentedabove represent the principal growth esUmators 
insta11edin the CACTDS (Wensel and Daugherty, 1984). for ~ of the height, pr~am 
diameter,andcrown growth models,the samebasic modelformswere usedfor all species but 
separatecrefficientswere estimatedfor~. Thisenabledus to use the larger datasets (usually 
white fir) todeterminethe modelform andthenestimate the requiredcoefficientswith greater 
confidencefor each species. 

Measures of the variability associated with the estimates of the model coefficients are 
givenin Table 4 and5. However,the standarderrors of real interest are thosedeterminedby 
combiningal1 of the models to produce esUmates of the changein volumes, insteffiof only looking 
at the precision of the estimates of the individualcoefficents. 

Anexaminationof the residualsinAppendices C and0 suggestthat theheightgrowthand 
diameter-squared growth models fit quite well. However, these modelshave not yet been tested 
against an independentdata set. When this is done more meaningfulestimates of their reliability 
will be developed.However, before additional testingwm be done, the diameter growth rates will 
be recomputedusing the more extensive 710 permanent plot data base. 

As notedabove, the mortality estimates used aretakendirectly from the redwoodmodel, 
CRYPTOS(Krum land and Wensel, 1981). Since they have not been derived from the stand 
types commonto the areas studied here, they should not be considered to be fDAJrate. Reliable 
estimates of mortality, and estimates of ingrowth rates and patterns, are important topics for 
future research. 

Oneof the functionsof this ResearchNoteis to solicit review commentson both the 
estimates producedby CACTDSandthe proceduresoutlined. Estimatesprovidedhere includeboth 
thosecomputedas part of this study and those included merely for completeness.Future research 
will provide estimates of mortality and ingrowth rates as well as revised estimates of heightand 
diameter IJ'OWth. 

ReseaI"Ch Note No. 12 page 17 



LiteratureCited 

Baule,B. 1917.

ZuMitscherl1chsgesetzderphysiologischenbeziehungen.Landw.Jahrb.,

51:3, p363-385.


Belcher,DavidW., Margeret R.HoldawayandGaryJ. Brand 1982. 
AdescriptionofSTEMS:thestandentry evaluationandmodelHngsystem. 
Gen.Tech.ReportNC-79.USFS,NorthCentralForestExperimentStation.St.Paul,MN. 

Biging,GregS. 1984.

Taperequationsfor second-growthmixedconifersof northernCalifornia For.Sei.

30(4):1103-1117.


Biging,Greg S.andLeeC.Wensel.1983.

Aphotographictechniquefor usewith stemanalysis.For.Set

30(3): 715-729.


Biging,GregS.andLee.C.Wensel.1984. 
Site indexequationsfor younggrowthmixedconifersof northernCaJifornia.ResearchNote 
No.8, No.CaJif.For.YieldCoop,Dept.of ForestryandRes.Mgt.,Univ.Calif.. Berkeley,CA. 

Hamilton,DavidA.,Jr. 1974.

Eventprobabilitiesestimatedbyregression.USDAForestServiceRes.PaperINT-152,

18p. Ogden,UT


Hamilton,DavidA.,Jr. andBruceM.Edwards.1976.

Mcml1ngthe probability of individualtreemortaJity.USDAForestServiceRes.Paper

INT- 185, 15p. 0q:Ien.UT


Krumland,BruceE.,JoelDye,andLeeC.Wensel.1977. 
Individualtree mortality modelsfor thenorthcoastregionof California. Res.NoteNO.6, 
CoopRedwoodYieldProj, Dept.of For.andRes.Mgt.,Univ.Calif., Berkeley. 

Krumland,BruceE.andLeeC.Wensel.1981. 
Atree incrementmodelsystemfor northcoastalCalifornia- designandimplementation. 
Res.NoteNo.15. CoopRedwoo:1YieldProj, Dept.of for. andRes.Mgt.,Univ.CaJif.. 
Berkeley. 

Krumland, BruceE. 1982. 
A tree-basedforestyield projectionsystemfor thenorthcoastregionofCalifornia Ph.D. 
Thesis, Univ.CaJif., Berkeley. 

Stage,A R. 1973. 
Prognosismodelfor standdevelopment.Res.PaperINT-137, 32p. U.S. forestService, 
Moscow,Utah. 

ResearchNoteNo. 12 page 18 

http:Res.NoteNo.15


St8]e, A R. 1975. 
Prfdictionof heightincrementfor mroelsof forest growth. Res.Paper INT-164, 20p. U.S. 
f<rest Service,Moscow,Utah. 

VanDeusen,PauI C.andGregS. Biging. 19848. 
Crownvolume anddimensional mroels formixed conifers of the Sierra Nevada. Reseal ch 

Note No.9, No.Calif. For. Yield Coop, Dept. of Forestry andRes.Mgt.,Univ. Calif., Berkeley, 
CA. 

VanDeusen,PaulC.andSreg S. Biging. I984b. 
STAGUser's Guide;Standgeneratorfor mixedspeciesstands.Version1.0. ResearchNote 
No.11, No.Calif. For. YieldCoop,Dept.of Forestry andRes.Mgt.,Univ.Calif., Berkeley, CA. 

Wensel,LeeC.andPeterJ. Daugherty.1984. 
CACTOS NoteNo. 10, User's Guide;the California conifer timber output simulator. Research

No.Calif. for. Yield Coop, Dept. of Forestry andRes.Mgt.,Univ. Calif., Berkeley, CA.


ResearchNoteNo. 12 page 19 



APPENDIXA 

The -de-growing- process 

Initial stockingestimatesare neededto preparethegrowthdatafor analysis.Thiscanbe 
a:compHshed pastgrowthfromthecurrentsize.Consequent1y,bysubtr~tingthemeasured growth 
estimatesarermEdfor all treesontheplotsto beanalyzed.Whllemostof thefelledtreeshave 
diameterandhekj1tgrowthmeasurements, half of thenon-felledtreeshaveonlyapproximately
diametergrowth(fromborings)andnoneof thenon-felledtreeshaveheightgrowthinformation. 

TocomputetheiniUalsizeofeachtreeontheplot, thecurrentsizeminusthelast5-years 
growthis used.For trees whichhavenogrowthinformation,thefollowingprocedurewas(b-ived 
baseduponanassumption growth.Thatis, ofcompound

Yi=(t +P)Yi-l 
where 

Yj is thesizeof tree at Umei (i..O, t ,2) and 
p is thecompoundrote. 

WeknowthecurrentsizeY1 from our inventory, andwe canpredict Y2 usingan initial growth 
model.Hence,wecanpredict p as follows: 

P=(YZ-Y1)/Y1 

and thereforewecan predict the initial size YOby: 

Yo =y1 I (1 + p) =~(1 I (1 + (~{2 - Y1) /'i 1} 

Z /.

= V1 I Y2


TheeffEd of usingthecompoundrather thanthesimplegrowthratesis minor for large 
trees andfor all treeswith small growthrates. (See Table A.I ) 

DBH DBHi ocremeot(i 0.) 
(i 0.) .5 1.0 

10 .998 .990 

20 .999 .998 

Table A.1. Ratioof simple tommpoundgrowthratesin predictingprior DBH. 

Theeffectofanyerrors in theassumptionsusedherewiJI benegligiblesincetheestimates 
areonlyusedto -oo-grow-treeinormr toobtaincompetitionmeasures. 
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APPENDIXB 

Derivation of potential height growth expression 

Thepotentia)heightgrowthequationis derivedfrom unconstrainedthesite indexexpression 

usedby6igingandWensel( 1984). 

b b7 
H= 4.5 + bOS 1 [ 1 - exp ( -bZA) ] [1] 

~I 

which expressesthe tree's total height(H) as a functionofits breast- heightage(A) andthe site 

index (S), where the bi's (i=0,...,3) are mnstantsgiven above. Sincethe moi!Hing is beingOOi1e 

for uneven-agedforest stands, the tree ageswiH not usual1ybe known. Solvingequation[ 1] for tree 

ageyields the expression 

b lib 
A=-(l/bZ) log{ 1 - [(H-4.5)/(bOS 1)] 3} [8.1] 

The height of the tree at the endof a growth cycle ofyears cannowbeexpressedas 

Hz = 4.5 + bOSb1 { 1 - exp {-b2 (A+ 5» }b3 [8.Z] 

wherewesubstituteequation[6.1] for Aand "simplify" asfollows: 

HZ= 4.5 + bOsbl { 1 - exp(-bZ{ -11hZ log{ 1 - ( 
(H-4.5)/(bOsb1 )]1/b3 }+5»Jb3 [B.3] 

HZ= 4.5 + bOSbl {1 - exp(-5bZ) [ 1 ­
[ (H- 4.5) I( bOSbl) ]1/b3 J }b3 [BAJ 

b 
HZ =4.5 + bOS1 {1 - exp(-5b2) + lib b 

exp (-bZ5) [(H-4.5)/(bOSb1 ) ] 3 J3 [8.5J 

HZ= 4.5 + { (l-exp( -5bZ» (bOSbl) 1/b3 + 

exp(-5b2) (H- 4.5) l/b3 }b3 [B.6J 
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Flnal1y:sUbtrt£UngthecurrentheIght:wehave 

PH= HZ- H 

or 

c c 1/(:7 

PH=4.5+{cOS1 +C2(H-4.5) 3} ~'- H [2} 

where 
1/b3


Co= (1 - exp ( - 5b?)) , b0


c 1 = b 1 I b3 

~ =exp (-5bZ) 

c3 =1 I b3 

From61gtngandWensel( 1984) I bO =2.9324 b 1 =0.8900 b2 =0.024 andI I I 

b3 = 1.81845 y1eld1ng 

CO =0.2043 

CI =0.4894 

c2 = 0.8869 

~ =0.5499. 
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APPENDIXC 

Height growth residual plots 

TABLE OFCONTENTS 

Figure C.1 Residuals plotted on predicted heightgrowth--ponderosa pine.


Figure C.2 Residuals plotted on total height--ponderosa pine.*


figure C.3 Resloualsplottedonpredictedhei~t growth--Douglas-flr.


Figure C.4 Residualsplottedontotal height--Douglas-fir.*


Figure C.5 Residualsplottedonpredictedheightgrowth--whitefir.


Figure C.6 Residualsplottedontotalheight--whitefir.*


* Notethat the plotsof residualsverses totalheightwereplottedusingcluster cOOes. 
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Figure C.I ReiciJ81s plotted on predicted heiq1t !J'O'Ifth--pondBrosa pine. 
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FIgure C.3 ResIIb1Is plotted on predicted helll1t IJ'OWth--Oou;jlas-nr. 
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Figure C.S 
11 . Residuals plotted 00 predicIsd hei~t fTOWtlI--whrte fir. 
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APPENDIXD 

DI8meter-squaredgrowth residual plots 

TABLE OFCONTENTS 

Figure D.1 Residualsplottedonpredicteddiameter-squaredgrowth--ponderosapine. 

Figure D.2 Residualsplottedondiameter--ponderosapine. 

figure D.3 Residualsplottedonpredicted growth--Douglas-fir. diameter-squared

FigureD.4 Residualsplottedondiameter--Douglas-fir. 

FigureD.5 Residualsplottedonpredicted growth--whftefir. diameter-squared

FigureD.6 Residualsplottedondiameter--whftefir. 
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F~ D.3 Res1cU11sploltedonpred1cteddllJII8ter-~ ~-Dougles-f1r. 
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Figure 0.5 ResiliJslsplottedonpredicteddiemeler-gqured~-white fir. 
i 

110 -
i 
j

100. 
I 
I 

90. 
j 
I 

90. A 
I 

I 
i
..... 

I 
70 -

I 
I 

60. 
J 
I 

so. 
I 
I 

.o- A A A 

A 
A 

A 

A A A 

~ 
a:I 
Q 

'8 

j 
I 

30. 
I 
I 

20-

A 
A 

A 

A A 
A AA 

MA 
A AMAA 

A 
A 

A A 
A 

AAA 

A 
A 

A 

A 
A 

A 
A 

A 
A 

~ 
I 

I 
I 

10 . M8A 
A__A..., 
_BEA 

A A 
A 

eM D8 A8 8 M 

M A 
AA AM 

A N;A 
M 

A A 

AA A 
A A A 

A 

~ I BCBEDBCADA8CAeBACABCAA CA A C IA A A A A A 

a:I 
Q 

'i 
't) 

~ ,. 

I AECEU<G.JGbDBFFCEDAA8 CA8- A 8 A A A A A M A 
0 ~nUlI8I1J.I8B"'1&~B8.e . . e 8.B 

I =nLFFDEDIED CAe8 M A 8 ACAA A8 8 A 
I AlJEIlU£llCFC CA8C C OM AC8 MAC M A A 

-10 . A A8CA 8 M8 88AACAB A A A A -
I 888 A8 8CAClAAA AlMMAM 
j AA AA8 lAllA M- A 

-20 - A A A A 8 B 
I A 
I M-30.
I 

A 

,M 
M 

A 
AI 

A A 
M 

A 
A 

A A 
A 

A 

A A 

A 

A 

A 

A 

A 

I-.0.
I 
I-so. 

A 

A 

A 

10 IS 20 2S 30 JS 40 4S so ss 60 6S 70 7S 90 as 90 9S 100 10S 110 

PredIctIId d8Iga in DBtt2 (spnd indlllS) 

figln 0.6 RaicbJlspluttl!dondisn8ter--wtritBfir. 
I 

110. 
I 
I 

100. 
I 
I 

90-
I 
I 

90- A 
I 
I

I 70-
I 
I 

60. 
I

i 1 
so. 

I 
I 

40...... AA 

A 

A 
A 

A 
A A A 

A 

I A 

a:I 
Q 

i 
, 

! 
I 
! 

I 
30. 

I 
I 

20-
I 
I

10.
I
I

O' 
I 
1

-10. 
I 
I 

-20. 
I 

A A A 
A A M 
A A A A 

A AAt8 
A AA8CA M A 

A 8 CABA8A 8A AAM 
8 MAC A 1lA88ACCAC8AAMIlAM A BAA 

_8 CCAABECIIAA8CA8- M IIA8CA ­ 8 M A A A M 
BEBDCDDDEDDOIlF1lOllECA8D8C~ M A M AA8 A 
oWtl'UIII'IIIe.AJll8l'll'Hr!CUBeliI .-8 AA ....
ACCSOI«1SENEIH88888A- AIAB- - A 

8 BFAIW'CAACCIEDCEl8DAA8M At C8 AD AB DA BA A A 
A8At ADA 88 A88A8C 8 I AA_A A M __~I BBMA 

AA A ABA A AlI-
A A A A MA 

A A A A 

A A A 
A A 
A 
AA 

A 

A 
A A 

A 

A 

A A A 

A 

A 

A 
A 

A 

.. 
A 

M 

A A 

A 

A 

A 

A 

1
-30. 

I 
I

-.0 -

BAA AA 
A 

A 
A 

A 

I 
I 

I 

-so :.. . -
0 6 B 10 12 14 16 1B 20 22 24 26 2B 30 32 34 36 3B 

DBH ( 1nI:hIs) 

ResearchNoteNo. 12 page30 


