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~ INTRODUCTION

1mportant commer01al timber spe01es in tbe South and among

1,7jtbe ‘most 1nten51vely managed tree spe01es 1n the world ‘Thé*d‘”jz*lu

'q*sforest manager may Wﬂ select from a: number of 31te*»_¢u,~h_

"“”»fpreparatlon and plantlng alternatlves, plant 8enet1°allyrf?

v*ﬂlmproved stock and apply 1ntermed1ate cultural treatments;{ff

'fflncludlng thlnnlng, fertllmzatlon,r andn varlous forms ofjfl””:m“‘d

’f;flnsect and‘.dlsease, control’ to meet:ispecific“ management«'

’d,hobjectivesfrV HanVesting optlons andn:aitefnative“ productfﬁ{:??iv

- mixes must also be cons1dered :,Thus,- 1ncreases

'*bménaéement‘ intensity~ have« 1ncreasedfvthermeomplex1ty:= f*»55d:

' “fesoureef management ”decisions. , Newf‘technoﬂogY5 changlngiifff"'

'-utlllzatlon standards, energy con31derat10ns, env1ronmentalur

. concerns, changlng land use patterns,}and changlng economlcrsﬁv

: e‘COndltlons ‘are - but a few of the unknowns'whlch dlctate that*ﬁ};lffff"

. resourcewmanagement:nemaln»awflexlble»and“dynamlc_process.»fﬂgj

- . Stand mode135 whieh[pfd?ideiadcurate.estimates of stand

"?growth*and:yield, haVe=become-eSSentialvfor-evaIUating{the;fiﬁ

'[numerous : management ~and. utilization alternatlves 1;for1,’

'vloblolly plne.v‘ De0151ons must- be'-made;~for 1nd1v1dual*577



stands, for entlre forests, and for broad: reglonal plannlng

’_The'prOJeetlonfperlodtand level:ofrstand.detall requlned'may

_vary in.eachVoase- No.Singlewstandumodelfmaﬁ;be“expected to

‘[prov1de 1nformat10n efflclently for all levels of dec131on~
maklnga Thus it is not surpr1s1ng that a w1de variety: of
_models, of vary1ng degrees of complex1ty and detall, has

been developed for loblolly pines.

Ex1st1ng stand models form -a: contlnuum of complex1ty_-'*7'

and‘detall,_or "resolutlon,ﬁ ranging" from relatlvely s1mple,
' ‘whole stand y1eld prediction: equatlons to very: complex;‘
s1mulat10n models of “the development and 1nteraotlons .of
'1nd1v1dual treeS'ln a stand. In- choos1ng approprlate ‘stand -
'_models for:. growth and yleld estlmates, the-user.should be
»concenned.w1th the rellablllty of,estlmates, the—flexibility
vtovnebroduce desiped managementialternatives,-the-ability to
provide: sufficient idetail'sfor 'decisionf'making,. and tbél
efficiency 1n prov1d1ng thls information; ~In: praotice_a 
‘,number of" dlfferent stand models ,may be requlred,s each’d
vbtallored - to ..a":spe01flc d set- nof: dec1slon orlteria},.
Unfortunately5 however,‘there has been llttle effort to date
to ensure consistent growth ‘and y1e1d estlmates from models
of-dlfferent levels of resolut1on.' Users must deal with
" these 1ncon31sten01es or be forced to saorlflce efflclenoy
or ]flex1b111ty by~ seleotlng “js1ngle model for »a11“

projections.



An 1ntegrated system of": stand models 1s needed whlcbgﬁ':

wﬁfprov1des con31°tent growth and y1eld estlmates at varlousVﬁf

'-ﬁfflevels-of resolutlon.ﬂ_Although ex1st1ng models have beenfiQ-” L

fﬁdeveloped to address spe01flc 1nformat10n needs, they eachy

’fattempt,'ln one form or: another, to'descr1be=the developmentli'

L of*stands:of.trees; ThlS common goal in modellng suggestsjf

”f?that ~much ns;b e done toward developlng _g»unlfled,ff;:57

| “fmathematlcal »-StPUCture fhfbr:‘»mOdellng thess blologlcalaf_iu“"

”*uﬂjdevelopment of stands of trees whlch can be applled at anynff?"'ﬁd

"a;glevel of resolutlon.;

The beneflts of -an 1ntegrated model system are. many

’SE]Flrst and most:praet;eal,’ls that estlmates of stand growthi;;~m

”'”ifgﬁd, y1eld woﬁldﬁlbeA[Structurally related rand response;fﬁ“

Mﬂ‘ﬁ;suffaCes,-w0uldge"behave""31m11arly t ~all- levels ‘fﬁflt"

sresolutlon._ By-fﬁrther-constralnlng‘the“models;to=provide]s7

”']hmnumerlcal cons1stency, the problems'related.tohinoonsiStent.c:

o estlmates would be eliminated. Second;lan'integfatedlsystemay;:

‘f‘would;be data eff;c¢ent;fAExlstlng’informationffromfagnnmber‘»;_ -

yf:oﬁgtreejandvStand;levelvStUdiés;could*beﬂinoonporated»intogﬁf'”75° .

“”suCh,:a]system;",For“example;i‘effeets “of,certain‘ cultunal e

\”ftreatments’on'individual‘treeS'COuld'be‘ineorporated»at‘the

. tree level -'wh.ic'hff may be used \tb' 'pr’ovi'defabsta‘nd*i‘le‘vel yield

' li;estlmates‘, ThlPd, and . related to thls, an 1ntegrated systemnj;f

w_of models would help in focuslng~ attentlon to real;,datafrif



 “ needs1‘and jqfderihggﬁrésearéha“priofifiésgfj'Finaily@ﬁfanﬁffffﬁ”“
_ integrated system could be used to examine hypotheses of .

. tree and stand growth under intensive management.
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' OBJECTIVES

The' goals S of thiS”‘study: wefe*‘_tO-i'lnvestlgate
_ relatlonshlps among stand models and develop methods for ;‘,
o 1ntegrat1ng stand models of dlfferent levels “of" resolutlon..~li7i“”'

aMore spe01f1c obJeotlves were: to-

investigate and examlne mathematlcal relatlonshlpsvT'

among the ex1st1ng approaches to stand modelmg;&:" CERan

for'loblolly=prneﬁ

3Tdevelop an’ 1ntegrated system of stand models for7’~.’*“u

loblolly p1ne in whlch models of" dlfferent levelsp.

' of’ resolutlon "fare" related *]by,ﬂ a;‘_unlfledyf

athematloal struoture, and-

”investigatef'reQuirements- for,‘numerioallyx con-

sistent- growth and yleld estlmates among models 1n~5";;'”

zlfan 1ntegrated system.‘




PREVIOUS WORK

" Stand Modeling

Modern quantitative analysis of'forest stand growth and
‘yield dates to MacKinney and Chaiken’s-(1939)‘applioation_0f
multiple regression methods to the problem of variable

'vdensity"yieldf’estimation;» ’Since*-that 'time a variety of»e

-g'approaches has been taken to- growth and yleld estlmatlon,.>-~":*“

. each 'ar1SLng»'from the need for spec1f1c .types' of

1uinformation', Current modellng approaches may: be thought to P

't»lle on a-: contlnuum w1th respect to structural complex1ty and
.‘output. detall., ThlS contlnuum may be broken 1nto three‘
"broadrcategories: f1) whole stand modelsy . 2) s12e.classf

vdistribution models, and:f3).individual-tree’models.

KWhole Stand Models »
: Since MacKlnney and“ Chaiken' (1939) . a‘~number"¢f*
llnvestlgators have used multlple regre351on to construct{‘
’stand aggregate» growth and/or yleldj egpress1ons .(e,g.,
v ,f%Bennett~"T970”* Bennet et al. 1959, Brender;_and"ClutterQ
v';a1970 Burkhart et al 19723, 1972by Clutter‘1963’vCoilehand:;;

- r;Sohumaeher' 1964, Goebel and ‘Shipman 1964, Sohumacher{,and;;,ﬁj;,."



 coile 1960 Sullivan and Cluter n1972) © These models
o prov1de growth and/or yleld estlmates for the whole stand?filffV'
hab(or some merohantable portlon) as a functlon of stand level_if»7‘~h

n%,;attrlbutes such as age, dens1ty, and s1te index. Cluttenﬁ ,h.1t

‘(1963) 1ntroduced the notlon of compatlblllty in growth and-fﬁ*

yleld equatlons by recogn1z1ng ‘the* derlvatlve 1ntegralt‘,,_.'

._e relatlonshlp between stand growth and yleld, thus'pr°V1dlngjfnﬁ;ni*7
:"7;structurally compatlble growth and y1e1d models SulliVandl?ih

'"lh’and Clutter (1972) later reflned the compatlble modelq toﬁfi

‘ﬁtpf°V1de numer’lcally con81stent growth and yleld estlmates

Th"»multlple regress1on models above-vwere- flttedesa:

‘wh‘“h°empiri¢311Y"aﬁdifln general, predlct well w1th1n the ranges»

"7fffof¥obsenvedfdata;: Another whole stand approach has been tcf“v“

‘?hiSp601fy a theoretlcal -growth -rate model and: solver-thef;;

resulting dlffefentlal equatlons for stand yleld est1mates~:ﬁ‘”:‘

](Turnbull 1963, Plenaar 1965, Mosep’1967r'MoservandaHallg:ii°‘f“

1969, P;enaar.and~Turnbull 1973) ThlS approach has been4ffj{&ﬂ A

iébnsidéred::tb 1ead to more ratlonal growth and ~y1e1dhﬂfii-ai'"

. : _’r,.el"at:i.’onshi:ps. o Lear'y (1970) al"d Moser (1972) extended thls{; S

.~5methodology’ to 1nclude sets of 51multaneous dlfferentlaldf5f»9uw

iequatlonsvrepresentlng dlfferent Standjccmponents,.g



' walze Class Models

- fjnumber of trees per unlt area by s1ze class.»vInvmost casesVMr

~ is calculated by substituting into tree volume equations.

A number of nmdellng approaches have. been developed;‘f,jf'dil

"77'whlch con31der the stand in terms of the dlstrlbutlon of theo*7"

”,dlameterk*classwvhas~'been used; ' Class1cal‘vstahd-itable-:
’projection ’methOds; in which the nomber ofh trees,‘per
diameter:classiarepprojected oveh«time,‘maylbeecOnsideredttof‘"
ifall'thisfcategdry;g Bruner and Moser (1973) and Peden etifﬁhn

ﬁfal.: (1973) 1ndependently developed Markov models for stand;'

jlpPOJectlon in whlch the tran51tlon probabllltles descrlblng;

afgrowth 1nto the next dlameter class, mortallty, and:other

factors form:a: flrst order Markov prooess.r

The most common stand: models in thls general category

fare those in wh1ch the d1str1but10n of dlameters 1n a standh"

n‘has been descrlbed by a: probablllty den51ty functlon (pdf)

In- thlS approach the number of trees ‘in. each dlameter classf

estlmated u51ng the fitted pdf mean tree height -

'estimated fOr‘each-diameten.classg-and“volume in7each;class

Unit area yield estimates are obtained"by” summing over -
‘diameter classes of interest. Only standvlevelsattnibutes;
o such_anage; site-index, and stand density'ane_USed'asxinpUt"

" to these models, but the technique provides detail on stand

structure.




‘O

| Studies involving the use of pdf's to represent
‘diameter distributions have differed mainly in the pdf ‘»ﬁse-d-‘.."
\fEarly sﬁudies;(efg;,yBenhett'andlClutter:1968,.Burkhartgandc'
Stnub'197ﬂ,‘Lenhart“1972;vLenhart‘andrCluﬁter“T97W) used'thee
beta;'density.'functibnr'to describe diameter'edistribuﬁions;“’
More recently the Weibull density functlon has been adopted-
'(Clutter and Belcher 1978,-De11 et al. 1979, Feduccia et
al. 1979,'Lohrey~andﬁBailey 1977,_Smalley and'Bailey$19TMa,.

51197Ub, Smiths1078).f Hafley and Schreuder: (1977) proposedz_~ef.

| Johnson’s Sp dlstrlbutlon for - descrlblng dlameter and

height. Johnson's blvarlate SBB dlstrlbutlon has been usedi::
to descrlbe JOlnt dlameter height dlstrlbutlons (Schreuden.
and Hafley 1977)

The abovexstudwesfapplf-tb,pure even-aged stands with
no intermediate: cuttings. Recently'Hyink (1979);and]3tiff 
'(1980); have shown "the utility of the Weibull denSityv'
- function for deschibing diaMeter alstrlbutlons 1ntemixed_

uneven-aged stahds; ‘in addition, they prov1de a means- to

-prOJect the pdf parameters over time to prov1de a pdf based-_lf

7Qgrowth and yleld model

‘Ind1v1dual Tree Models }. _ '

Stand models Wthh use the:individual tree as the: ba51c

bgrowth'unlt may,be.classlfled as. 1nd1v1dual tree models;ev
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‘:fMunPO'(1974)'furtheh:segnegatedbthiS~classﬂof'modeisfintofpw,f,

{‘:distancei:dependentf.andf distance .independent categbriesfft

depending on whethen»er not individual tree'locationseanef-»f‘

required tree attributes.f D1stance 1ndependent models mayﬁ
_ls1mulate tree growth’ either 1nd1v1dually or by size classes;
.tusuallyr as a functlon\ of. present size- and stand flevel
attributes;3 Detalled tree. records are malntalned prov1d1ngu7

_a great -deal of 1nformat10n on stand structure.;»No;generalv'~

"form"has been followed  in-- the >construct10n‘ of indiVidualg.'

rttree distance 1ndependent models so it is dlfflcult to make" e LZ7

general- statements ‘about their structure. Examples . of;'ﬁ

distance independent  models - are  found Sin thee‘work"df{

Goulding (1972), Stage~(1973);»na1e.(1975y,.Botkin:g§_él,df |

'(1970), and Alder (1979).
Distance dependent models ~that have been 'developed,_.

althOugh' varying  in detaili have, in general, shared a

common- structure. Initial tree: and stand"attributeSf“arefwi -

,1nput or- generated and each tree is ass1gned a coordlnate

_:locatlon.: The' growth- of.»each-;tree “isf.31mulated asiane

'functlon of its 31ze, the site quality,"and a measure of
competition: from “neighbors. The compet1t10n~ 1ndex’ varies

from model: to mOdel'but.invgeneralbisna;fmnction ofdthe?':

tree's size in relation to the size of and distance to

‘ competitors (hence, the need for indiVidual'treezloeatiOns);



1

:’Mortality7'maY' be' controlled',either-”probabilistioallyf*orjvm17

deterministically as a function of competition and/or other

individual tree'attributes.a Models of this%type?havefbeen"’"

kdeveloped by Newnham and Smith (1964), Arney (1974), Ek- andj‘v“55

'Monserud (197&), Hegyl (1974), Daniels and Burkhart (1975);*75"h K

Daniels et al. (1979b), and others.
Ind1v1dual tree distance dependent models prov1de verym

;'ddetalled records: of stand structure and development and- are,-

(well sulted for 1nclu51on of " routlnes to 31mulate culturalfi~' o

treatments. SllVlcultural treatments 1nvolv1ng spatlal andf,“”**ee

J‘competitivea 1nfluences, for example, thlnnlng, have beenudff“' L

1noluded in-a number of 1nd1v1dual tree dlstance dependent o

v“models 51nce 'lt ise generally felt that response follows;xl"

- directly from:. the‘ competltlon relatlonsh1ps »lnCludede"

 Fertilization and site preparatlon options havevalso;beenfwb

included'in‘someﬂmodeIS»(e gy Daniels*and‘Burkhart“1075)3“7

Because dlstance dependent models are generally oloselvr»s#~e

vtled to blologlcal growth prooesses, a number of studlesvfli*’v

”» have used these models to examine hypotheses on: tree andﬁ;

stand .growth under condltlons. fo “gwhlch:edata»-d,v‘not:\fgsgff

presently exist. Mltchell (1978), for vexamplé, used 'his;‘
7_’D0uglas;fir~ model (Mltchell 1975) to~ examlne ~density- andf;-

v-spaoinggeffects:on‘yleld. Nance and Bey (1079) 1nvest1gated5'jff;y,{‘

| :,‘hypothetical”rotation-age yleld ga1ns~1n-loblolly-plneuduefffff i



'”to genetlcallv 1mproved stock by 1ncorporat1ng a number ofﬂ.:

tslassumptlons on the growth and 1nteractlon of 1mproved treest*u*’

:flnto the model of Danlels and Burkhart (1075) . Recently;

}ThurmeSg»(1980) used th1s model to slmulate effects ,¢f4:f4.""'

‘"gointensivev'cultural practloes in'»lnmestigatlng,'optlmald S

’management strategies»for,loblolly-pinerb

Competltlon and P01nt Dens1ty Indlces

Dlstance dependent 1nd1V1dual tree models cons1der thei;vi*

ceffects of 51ze and spat1al patterns of nelghbors on tree3;~‘l

'»'ngowth through the use of some measure of competltlon. Mosth

hcompetltlon 1ndlces are con31dered to be a’‘measure of the:

fgf-degreef to'vwhlch’ growth ~resources -may “be"llmrted »by{;thej»'s~-

hUmber3 sizey and prox1m1ty' of nelghbors._' The resourceSjl‘

vlnvolved and" thelr absolute avallablllty' may not be well’
_»deflnedgn but may-.lnclude,‘ at least» conceptually,. l;ght,
water, ~nutrients, and - physical growiﬁg ‘space. Other

’competltlon measures have been developed whlch attempt tof‘

"»_hquantlfy. the» relatlve avallabllltyn of resources.' P01ntj,*=

denSitYi'meSUfQS, are an attempt - to quantlfy the den31ty i

'affecting ‘a given point (or tree) :in"a stand. These

“.1measures_ may- be: thoughti of.  as compétltion.lindiceS"whichg’ N

' express’ a tree's ‘competitive status in - terms  usually

;assoeiated'withvstand‘leVelbdenSity measures, such as trees .

- per acre or basal area per acre.
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Staebleru'presentedlﬁperhéps the first indiVidual';tree

afcompetition indeXiaround-1950 (Gerrard‘1969).':He'assﬁmed it

g that"éach.treevhad-a{ciréular area~of“influeﬁce,,Which‘wasfa{f' 

function of its ‘'size, and that the degree to _wh'ich: this

_ influehge‘area°wés{overlapped‘by_those~of its'neighbors ﬁas -
Ha_measufe df'competitive stress. Staebler'used'a'lineaf
”fuhction oﬁvdbhgto-defiﬁe-the\radius:df_the influence area -

- and,measureducompetitionjby.the‘linearvoverlép'Ofiinfluénéé?

"éfeaSs yMpsﬁ'pﬁbiishedwcompetttidn indicés'since that time~-~1
5hévé-been 5ased“onba modification'of Staebler’s wqu;,with:

_changes’ in the definition of  the influence radius and

measure of overlap..

‘Newnhamvfand' Smith: (1964),- for- example,.fbased the

- influence radius on crown radius and measured competition:in

terms of thev;angles.'subtehded~fby' overlapping croWns.

.Subsequehtﬂ inveétigators have ‘used the area of influence - |

bverlépf (e.g., Gerrard 1969, Keister 41971; ‘Arneyf_197U),

Bella (19771) and: Ek and Monéerud’ (1974)”‘usedf»weightSV-in 

summiﬁg.area‘oVerlapfsovthat.giVen the same overlap area, ..
‘larger ‘trees would - be considered to have a  larger:

'competitive effect than small trees.

Hegyi (1974) introduced a simple, butleffective index,

based  on .the"spm; over- -all competitors' withih a- fixed R

'radius;vof the ratios of competitor to Subject tree,dbhg;'°
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_sd1v1ded by thelr dlstance - apart. :Daniels:i(1976)~-latehﬁjf*

‘modlfled thls !1ndex ptc- conSiderv~::' competltors trees

‘ 1ncluded by a glven angle guage sweep around the subJect C

tree.
Point density**measures:lhavef'been: developed which

quantify individual tree competition in terms»adapted'frcm

a'stand density»measuresr ﬂspurrfs.(1962)‘poiht density is an . -

~exten31on of: p01nt sampllng methods to deflne -a measure on
basal. ‘area’ per acre affectlng each p01nt (or tree) ‘Brown';
.(1965) '1ntroduced a- measure,? termed Area Potentially‘v

’Avallable (APA), which partltlors the total stand ‘area (and -

thus assocrated“resources)-1nto~that potentlallywavallablehw'h

'ff‘or* each tree. Thus APA is essentlally ‘a ‘measure of‘ the-'b
:ﬁlnverse of den51ty,'1n trees-per unit area,vaffectlng'each'
tree. Brown calculated APA by blsectlhg 1ntertree d13tancesa
'to'ccnstruct~polygons of avallable area. Jack (1962) and
t'Mead (1965) 1ndependent1y developed 51m11ar methods.: Mcore

2t al.. (1973) modlfledi-then~APA- 1ndex-;by~.we1ght1ngv'the

- .division: of tree distanCesf.by ‘relative " tree  sizes. -

Recently, Pelzf'(1978)*“ihtroduced” f‘tirtheri'*mcdi'f-icationsi”er

1nclud1ng a three d1mens1onal competltlon model calculated5‘
by multlplylng APA by total tree helght.f |

' Glover ‘.and’ Hool (1979) introduced a vdiStance-‘ .

.independent'indeX'based“cngtherratlcrof;aatree?sfihdijidualff¢‘



fobasal area to tbe average basal ‘area 1n the stand.; thlef”77@”"{":

“wfnot an 1ndex of competltlon Qer se, th1s 1ndex does quantlfyﬁnf,f”

iiththe relatlve 51ze pos1t10n of an. 1nd1v1dual tree in a standi*lﬂf'

-ewhlch may be hlghly related to 1ts competltlve p051t10n. 'It‘fi*

ff:was found to be useful 1n mortallty predlctlon for loblolly;Jb

'plne.

Other approaches~ t *5competition‘,1ndlces have beenz}rff-if‘_f

ifltaken, but w1ll not be dlscussed due to thelr 11m1tedfﬁ;l}{ﬁ;f”ﬁ

7Q;appllcab111ty for ‘the present; problem.~ (See Danlels andff:]ﬁff?‘

fﬂ:Burkhart 1975 for add1t10nal 1nformatlon about compet1t10n715

>'1ndlce8”) A number of studles have 1nvolved comparlsons ofi'ff

: g;;fvarious competltlon ’1ndlces (see,ofe»ga,b Gerrard 1969@:[ff*‘
S fffJohnson 1973, Ople 1968 Danlels 1076 Alamdag 1978 Noone}kV“ |
'mttandﬂ~Bell 1980) I general the_ results ,fJ theseff}e&f'

'-“fcomparlsons have been extremely varlable.. Performance offf

J~_d1fferent competltlon 1nd10es appears to be spec1es, andgf-v

‘fsuperhaps, data-set’speCIflcw Calculatlon procedures for manyg17,1:AJ>

‘:,1offhthe 1ndlces above w1ll be d1scussed ~in: Va_ subsequenthb

vaSectionr

Unlfylng Modellng Approaches

- To date, much energy has been used to debate modellng;tf~*

'galternatlves wh11e llttle effort: has gone' 1nto comparlng"

”r;them _and 1ntegrat1ng them 'lntOu a un1f1ed theory. . Théﬁ“gf'r



"defflclent use of stand modellng alternatlves was- stressed by
' Danlels et‘alw; (1979a) ) They compared three models for ;
v[loblolly plne,v a wholew stand'-model,vv "beta pdf-based.
dlameter d1str1butlon model, and an 1nd1v1dual tree d1stance'
‘dependent model and noted that all performed s1m11arly for
s1mple yleld estlmates. However the individual tree model,

whlle prov1d1ng greater detall and flex1b111ty in simulating.

‘management alternatlves, took nearly 1, 400 t1mes as’ long tof_j~

- execute ‘as the whole stand model Although guldellnes are-
given: for theieffICLent~use-of theseﬂmOdels, theY-stillvlaek’
an overall unifying structure and may‘proVide~inconsiStent:

»growth:and*yieldwestimates when interchanged.

Air number ;of' 1nvest1gators have recognizedl' thef;ffﬂ

_mathematlcal relatlonshlps between the probability: den51ty? L

"'funct1ons often~used.t0'descrlbe;dlameter'd;strlbutlonsvand*

.different.modelinglapproaches; Strub and Burkhart (1975)

developed' Ca: class lnterval’free' method for obtaining h.f

expected stand yleld estlmates from pdf's used to desorlbef»'

’ ldlameter dlstrlbutlons. Thus, they prov1ded,a‘llnk;between~
pdf-based dlameter d1strihuti0n models and'Whole stand yield
"modelsm Work is: currently underway‘in deVeloping methods
for'"reeoveringn pdffparameters fromﬂwhole-standhattributes
(Hyink 1980, vFraZierw“'1980). 'Recently, Bailey’ (1980)

'1Frazier,.J.rR. ‘Personal Communications.
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Eff¢presented the dlameter growth relatlonshlps 1mp11ed by a

";fnumber of assumed pdf's,,prov1d1ng a partlal 11nk betweennf_g'”’“

"f;lﬂ,dlameter dlstrlbutlon methods and 1nd1v1dual tree growth*5f.t

‘lofmodels.,

An attempt at an 1ntegrated system of stand models ISj””

hincluded ln.the'CARP (Computer Assisted Resounoe Plann;ng)'

"System developed nr Canada (Glew jgt'gal; ,_1976); VAl;:

Hdcompatlble system of growth- models, fangingf-fhom-7simpleﬁ:':

'ffnyleld equatlons to 1nd1v1dual tree models, was- developed;;um’

‘-ﬂspe01flcally to" take advantagea of thev;merltswaof ,each‘fﬁ

meodellng approach

The most’ comprehen51ve example of a: truly 1ntegratedt,

nsystem of stand models is ‘the growth model 1ncluded ‘in FREPj.7a7

;(Eorest,Resounces-Evaluat1on Program)-(Leary 1979) - FREP -

twastdesignedgas_aﬂgeneralssystemﬁof models{to{progect fOnest*"

~_growth from inventory: records, - at varying _levels: ofk

"'resolution, fforﬁlnearlyv‘every' oonceivablev standf_typervonTﬁf

condltlon “in- the Lake States.j The svstem is™ drlven by afs

,lfsystem of:,s1multaneous dlfference ;equatlonsfa»bln"the49n

nfns1mplest case one dlfference equatlon may be- used for whole;'“ﬁ“

stand growth ‘estlmates for stands »of* s1ngle spe01es””

: compos1t10n.» Mlxed stands are modeled u31ng two or more-

d‘equatlons of the  same form.. The system is de31gned sucht;Vy'

. that, theoretlcally,f 1t ‘may. - be expanded “to: 1nolude onef}n

vequatlon for each tree to yleld an 1nd1v1dual tree levell_
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' modei. - Thé differehce,.équapion_'usedn describes»:a ‘grdwth_
potential multiplied by~a‘modifier'to estimate realized tree
(individual or aggregate) growth. When the‘véize':of‘ and
distandésfté neighbors are inc1uded'in the: growth modifier -
function the model becomes'distance depéndent. Thus, the
FREP system provides a unified theoretical struéture for
models rangingvfrpm whole,stand'models to individual tree -

distance dependent.models;Q



METHODS

Model Structure
An integrated'System of stand modéls must involve an
overall maﬁhematical structure common to allivlevels‘ of.
resolﬁtionvdesired;"A "telgscoping"~systemyis propoéed in
which a'highly[detéiled"overall hodel isudevelopedyand‘itsu
'components ére "bo1lapséd"iaround«this commoﬁ structure to-
providé strﬁéturélly cémpatiblevmodéls:at‘ea§h successively :
lower stage of resolution. |
" The model. of highest resglution in»this~systemwshould
be cloéely_tied;to.biologicai gréﬁth processes.énd must be
- of suffient detgil-and,flexibility‘to enéure*that-it will
provide growth\andineld:estimates fdrvthe'most intensive
management. regi@ésmuhder éonsideration, for example,. thoée 

inVolving»spatialfand competitive,influencesr_’Thus, wezafe*'

led“towinitially»Consider“a’distanéevdepéndentgindividual_

treezmodel,'such ésfthét developed‘by Daniels and Burkhart

(1975).  In such models tree growth and survival probability

“‘are simulated ‘as ‘funétions- of size, site factors, and an

. ’index representing'the5tree'sfcompetitive.positiOnf'vThis-

»coﬁpetition'index,'génerally a‘fﬁhction of the size of and

19
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,diéﬁahce- ﬁo’nneignnopinggqtrees, qdantifiee ‘the degree to
- whieh”:grewthf_reeeuhces._aref'avaiiable,*dor“ llmlted, for
- individual tree growth. | - = B
| A 3pointn*density ‘measure wnich'.QQSSeSSesva a readily
*inﬁerpnetable-*standslevel ‘densdt& -anéieg (e g ’ treee or
basal ‘area per unlt area) is highly de31rable ‘as an initial
ch01ced fonn.thex competition  index. "Collapslng"“-p01nt
; densityv to :stend denéity-_eliminatesr the dependeneel-dn'

intertree distances, resulting in e”_distance"indépendent

'individual‘ tree--model.. Previous- studies (e'g.;‘ JonnSOn
1973; Moore gﬁng;; 1973) have 1ndlcated that p01nt den31ty
:measureslbesed On:stand den51ty unlts compare favorably'w1thd
other competltlon 1ndlces in terms. of" th€1P relatlonshlp
,dw1th'tree-growth - Adistance 1ndependent 1ndex of a tree sd
relative size p031t10n (Glover and- Hool 1979)?may also-be
important. in malntalnlng 1nd1v1duala tree-vgrowtha'chan-

acterlstlcs when collapsing from a distance dependent to--an

- dlstance 1ndependent model

The adoptlon of p01nt density and dlstance 1ndependentn'*id"

-~measdres as competltlon models prov1de a maJor 11nk between
',,distence- dependent‘ and distance independent: stand modelsa ‘
‘Because  of dﬁhed impprtancel of these- relatlonshlps,,:an*'
intensive’evaluetionfand”compahiSOn'of "collapsable" p01nt;'

‘density measures, other competition indices;‘and;dlstanee'



:lndependent 31ze p051t10n 1nd1ces was conducted and w1ll be}}.ﬁ_’” S

v presented in subsequent sectlons.;,

_The 1nd1v1dual tree dlstance 1ndependent model can be&

’collapsed dlmen31onally to oon51der trees in 51ze classes,5,1=~

:.thus prov1d1ng a size’ class progect1on model. Inrthls next~-*7

'lower stage of resolutlon 1nd1v1dual tree- growth equat1ons

*are applled to: mean dlmen51ons ‘in. each 31ze class.v Surv1val-v'

P ,_probablllty s1mp11f1es to the proportlon of trees 1na.theo‘i"7

151ze class surv1v1ng to  the: next year. - A relatlve ‘size oL

pos1tlon 1ndex would be appllcable to size: class d1mens1ons;

"vDependIng on . the' mathemat;cal ‘form of the growth.~modelsiﬁ e

chosen pdf-based"size' classﬁ‘modeIS' may"alSO ‘be Obtained;
v‘u31ng relatlonshlps descrlbed by Balley (1980)

Flnally,,a stand"- level model,-at the lowest “level .of

'-resolution_ consxdered,@sls” obtalned3'by* collaps1ng the-‘

dimensions of the model. to One."averageﬁatree»_.The size

position index. collapses to - a constant.tw_Tree.Tgrowth. SR

equations»:;a‘ applled ~to - the »stand' »[favepage» tréeqj

'dlmens1ons. The surv1val equatlon 1nd1cates the proportlonff*f

’:of all trees surv1v1ng to the next yean.

In each case, unit area ylelds are obtalned by applylngf

'known tree volume equat1ons to tree or average dlmen31ons,f_‘

vsummlng over: the portlon of the ‘stand of 1nterest (for allu”'

‘but whole stand_models):and*applylngrapproprlate»expanslon

factors;
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-ffTh central .unlfylng mathematlcal structure ‘1n allv
:_tmodel forms d1scussed above l1es in the use of a common sets
- of tree growth and surV1val functlons.l. As resolutlon iSj
3}reduced arguments 1n these functlons are’ collapsed from tree'~
~.to‘;stand,‘lnterpretatlons and" the number of tlmes the7
rfunctions are:evaluated 1s‘reduced with the dimensionality

L ofithe~model.s Because these functlons prov1de ‘the common:e

B wmathematlcal structure for models of". all resolutlon theyzo.

”fmust be carefully chosen.~'Inua subsequent sectlon.varlables

-iaffectlng<growthfwlll’be-examined in l1ght of a number: of::V7

‘d1fferent growth concepts and models.
) WhereaS‘ structural compatlblllty between ‘models of
:‘dlfferent resolutlon levels may be attalned in: the abover‘
nmanner, the. problem of numerlcal cons1stency remalns. In
*collapSLng~5.from-‘» tree»».to- stand ~level- .vattrlbutesé
-inconsistenciesrfmayu~be=,introducedp which arejﬂrelatedr‘tof
;,aésuming~ central values of the distributions of tree

’attributes;"‘In‘lgeneralgf“given‘~a~ set‘-of~fitems5vwith' many"

hﬂ,f.attrlbutes,,for example a tree, the: 1tem assoclated w1th theTf“

mean of one. attr1bute 1s not necessar11y the same as: thatf

 associated with the mean of.vanother attrlbute. If thefv
‘distributionv of:heach.«attrlbute_vis .symetrical"thenﬁ'this
:fphonerty:iSfassuned;?'lncthenbreSent;conteXt; consider-thatf~j

' the tree of mean diameter is not. necessarily the tree of
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"ﬂfnmean p01nt dehSity, basal area;:.height;fQ__ volume.fn“tt

jilncon51stenoles 1ntroduced 1n thls manner are serlous 1f by,ff“ |

*“?radoptlng central Values, systemat1c blases are 1ntroduced.lfl,uﬂufrt

i:ThlS may be vthe case when assumlng the tree of average»-iﬂdﬁ' ’

”ngrowth dlmen31ons (e g., dlameter and helght) represents the,f’

tree of” average volume, for example;_ Numerlcalvconsrstency :
iw1ll be addressed in terms of parameter estlmatlon and modelfﬂh

",jappllcatlon in later d1scu551ons.4;

Problems arlse because the d1mens1ons of measurement*fvf“*

l'bfgand growth (dlameter or basal area- and he1ght) are not the;ar o

tf;dlmen31ons of ultlmate 1nterest (volume) The ch010e oftf?ggi;';

lwbasal area as- the growth unlt, rather than dlameter, may be' |

b”ff;argued on the bas1s that 1t is generally con51dered to be f3

"‘,Hmore closely related to volume than 1s dlameter. Surely,u:t'

»when cons1der1ng 1noreas1ng xylem cell area as a growthtf;

'vvprocess basal area 1s Just ‘as val1d a growth ‘unit. as- is

Jd1ameter~‘ Strub (1976) presented addltlonal Justlflcatlonaf

dv_for cons1der1ng basal area as a: modellng unlt and noted that:{?f

"[f_dlstrlbutlons of basal area ‘was - often symet?lcal: comparedﬁd,f

‘b;to skewed dlameter d1str1but10ns.; -

Data;

The‘ data usedﬁ;in;~this study are' from ca- mutual;ffsf‘

sjfcompetltlon studyi?at*~thedjNorth; Loulslana Hlll=.Earm*V



j.2“;:

'"EXperiment}Station‘nean*Homer;fLoUisiana,‘ These data were
~obtained through a cooperative agreement between Virginia

fTeoh,~L.S‘U,, and. Weyenhaeusen Company fon‘the‘purposes Of'

testlng competltlon models and prellmlnary development of ar

'1ntegrated stand model structures.

The mutual competition study at  the Hill  Farm
'Expefiment Station’ Was‘ establlshed in the w1nter of
;1957 1958. Ex1st1ng pine and hardwood stems on an abandoned”
crop fleld were cut - and stumps ‘were burned.:» Seedllngs.
i.palsedzfat theulell Farm fhom;‘seedt'collected, inf natdraiv”
:Stands inbNorthenndLouisiana‘were.planted at‘at6ikn6 fbét
~spacing. In the Fall of. 1962 twenty, '0.25 acre plots with;
buffer{strlps'were»establlshedt Four of these plots were
thinnedktor1000 trees'per'acne and'theiother sxxteen:were
'pthinnedi'toﬁ 600',trees per acre. Tweiveﬁ,of‘»these-,sixteen'v
dplots were_thinned”tod3od trees per‘acre whenra‘ .1 inch
diameter growth::differenCe was deteeted- between~ tne”“tno.J'

treatments. Of*these tWelve:plots, eight werefthinned-toe’

nnv200 trees per: acre u31ng the same dlameter growth crlterlon.p_ff

- Slmllarly, four of" these elght plots were thlnned to 100’
»trees.pen acre.. Thus,,byf1965,.each'of the-five_treatments,‘

_1000 600, 300 200, ~and 100 trees per acre were- represented'

_‘j:by four ‘replications (Table 1) (Sprinz et al. 1979).



25

1_[TABLEfi;’ Summary- of stand deve]opment for the Hi1l Farm mutuaTa T

o compet1t1on studyl:

Tfeétmént ‘ E Age>(years).;

‘-(treeS/acre) _l- 5. 6 7 8 9 10

1000 991 990 .,990 9901 988 »98T

600 600 600 - 600 . 600  599. 599
300 ,5941";594*4' 3000 299 299 299

200 596 596 299° 201 201 201

100 . 596 596 299 99 99 - 99

1000 25.4  40.0 59.1 78.2 93.5 _,109.4
6000 . 17.2 29.8 45.9 63.5 78.0 92.7

300 16.5 28.6  25.4 37.7 49.1 . 60.6

2000 15.8  26.4 23.8 25.7 34.5 45.0
100 ~17.4 . 29.8  26.0 15.3 21.7  30.3

i . o e

127.8

113.8
8561
58.3 1

51.5

%.4.

'_‘1Data*summéries”frbmsspfinzsgg;gl; 1979.
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Dlameter ‘at breast helght (dbh) was measured on allfi'>

f:=11ve trees annually from 1962 through 1967 and ‘again. in 1970f7': L

. fand .1 77+  ~Total helght- was: 1n1t1ally recorded vfor' each . |

':u},tree, but subsequent measurements 1ncluded only a sample of,f*f

totalvtree'he;ghtsf_,Mortallty wasutabulatedvby'measurement»:r
year-fdr each’tree In 1977”eaeh plot was. stem-mapped-and.

7.tree crown class and- stem quallty codes were. as31gned.

The development of the mutual competltlon study plots,._fi

'd'{by den31ty treatment ~has been well documented by Sprlnz etf7'"

(1979) t They ~noted that ‘thep dens1ty treatments-~rd

- ,f31gn1flcantly ‘affected: dbh growth and’ belght growth (Table.f

2. Mortality was negllglble. for.»thel ‘three lowestn"

’ u‘dens1t1es, but reached 33 percent by age 20 for the 1000]

‘ftrees per acre treatment ‘and 13 percent for the 600 trees .

per~acre treatment. Basal:area»per acre;was_also;affected‘A'

»byj treatment“(Table. 1). = The lower density~ plots»'had;;a,

higheriratewofibasalvarea increase. By age 20 the 1000 -

fftrees per4 acre*:and 600”“treeS‘ per acre treatments hadv"“

'*1converged 1n terms of basal area, prlmarlly due to mortallty;>7f‘

'i(Sprlnz et al. 1979).

In the»present'study5 theseigrowth-datafwere»prepared

for calculatlon of a number of competltlon 1ndlces.¢ Missing: =

'vhelghts were fllled in using the relatlonshlp

InH = by + by/D



- Treatment e o
B vg (trées/acre),*{7_>"55*;*-95?‘ A 8

Cs0 23

o300 1190 156
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compet1t1on study

’vf ;}TABLE 2 Average tree size deve]opment for the H11] Farm mutua]

age (years)

S 10

S .-fe--—§4-94--#-AVerage-
10000 2.2 2.7 3.3 3.
0 3.7 4
0 3.9 4,
8 3.8 4
0 4.0 5

20000 220

2
, 3.
30 22 3
R ‘2; .

1000 LT 146 8.
6000 .11.8 15.8  20.1 24
_ . _
0

1000 119 158 197 24,

3

w mw e

w oo

4.

4
5,

5

6

.6 26.
28,
27,
T,
27

‘Dbh,(1nches)
>

W o

‘ lData»summaries;froijpriﬂz*g§3g15’(7979);j»"
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‘where

T
i

“total height |

o
1]

diaﬁeter“breastfheightx_

Comparisons  of ' these estimated regression  lines for

each plot, at each age,' indicated no problems, such as.

crossing within the range of“predictidn«for adjacent;agesv.x.f

fThereforeKSeparate:regressionstere ueedtforkeachvplot;at.

~ each age to fill in missing~height'infOPmationg '

Competition and Point Density Calculations

VThe‘ proposed 1ntegrated system of models requires - a
-vdlstance dependent index of competltlon at the hlghest level
" of resolution. To collapse thevhlghest level model tO*lqwer~
'leVelsfbf'resolution, the-cbmpetltien measure must take en‘af
'distanee'independent or stand level“ihterpretation,v Insthisf

 section: various: oompetltlon indices, point density measures,L”

‘and dlstance 1ndependent 1ndlces were evaluated ‘and compared,w'

'l*on»thevbaslsuof-tree=growth and.survlval-relathnshlpsnuslngf,*"

; the HillvFarm*data.;
| A computer: program, COMP5, waS"wrltten in standard
;FORTRAN to calculate several varlatlons of flve ‘different
.”genenal‘famllles of competition and polnt dens1ty 1nd1qes7“e

including



,1,"dlstance 1ndependent size p081t10n 1ndloes (Glover~“
and Hool 1979) 5

2. distance dependent . area overlap competition -
d Flndloes (e gy Arney 1973, Ek and Monserud 1974); - .

3. distance dependent size: ratlo/dlstance compet1tlonV'
indices (Hegyi 1974, Danlels 1976) 5

4. Spurr s p01nt-den31ty (Spurr 1962); and
5; Area  Potentially Available . (APA) or polygon
. indices (Brown 1965, Moore et al. 1973, Pelz
©1978) . : . g ' C
COMP5 was: used to calculate eaoh\index for*eaoh'tree*on’eaoh
11plot at‘ each  measurement period~ after treatments weref-
establlshed resultlng in over 50 measures of competltlon on:

- -each of the overklu,OOO growth-records. Edge effectSwon*

distance: dependent ~index values for border' trees weréfﬁb

controlled by a translatlon of plot borders (Monserud and Ekc'_

-1979)% Predicted ' heights were wused only where actual
, heights_were missing. The indices examined arejdesoribed'

below.

lDisﬁance'Independent;IndiceSg;"

Glover and Hool (1979) ‘defined theirv'distance indef'f

-pendent Basal Area Index as

ey 2
T"'-(Di/Z).

. n.o i
n{[( T D.)/n]/2}°
j=1 9
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“dp~equivalently;

D,2
i
, 2
where
G; = the Basal Area Index for tree i
D; = the dbh of tree i

| -
"

the‘arithmeticgmean‘dbh'oh-the*ploti

They interpreted this,index as the ratio of a:trée's basal
area to the basal‘area'of a tree-with-mean‘dbh, on-.a givén
~plot.

A variation  to this index was calculated which
cbnsiders-the_ratio of abtree's basal area to the mean basal

area on the:plot,'or

2
D;

Gpy =

n L,
( £ D.2)/n
j=1 J ,

Similar indiceS'were also calculated based on ratios of tree
héight to mean height, tree height to mean height fof:
dominant and*codominant_trees, and squared“dbh times height

to-its mean.
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vcfbwn3rétib;fdefined as3phébratiofQfﬁlivé*crown leng£h"'
y;tb t§taL;ﬁeigHt£_i§té:nétural«distancewindependent index of
'?affféefé>photOSyntheticzpofential. It’iéﬂnot éwcompetitioﬁ'.-
 . indéx;1but itidoes iﬁEegratejthe éffec€s“cf competition~in,a
AMeésufé{whiéh*direcﬁlj’indicates a tree's‘vigor:and‘it is
_highlyirélated to growth (Daniels and Burkhart 1975, Leary
1979). o L
~ Crown lengths were not measured annually in the Hill
f-Farm‘data so that7crqwd'length~and'thﬁﬁ-cfown_ratio:were not
obéetvedj‘variableé;‘:iFeddééia'vgg al.  (1979) presented 
';equatiohs'fbr;estimating erown ratio forfloﬁlolly pine in
-vthé~Hill Farmjregion. These equations were'usedﬂto'estimatéi
 n¢hQQH”Pati0,fOP eéchyfree‘atmeachiage: | |
i)\

CR; = 1. - exp.(D;/D) 1n(1-CR)
where-t'

CR. = crown ratio

o
1]

Of -
u

dbh

. mean dbh

Q
=]
1]

Po + by logyg Hp + bz logyg A + b3 logyg TS

>
1]

co'+v¢1‘lqg1o Hp + cp logqg A + c3 logyg TS

HD-= averagé5height.of‘dominant and codiminant
ubreesy‘v | | e

A= plantation age

TS

surviving number of trees per acre
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Dy,ep =,regresSion,coefficientS"presented:by

ﬂFeduccia“et'aIw 1979.

Area Overlap Indlces
| The area overlap 1nd1ces of Arney (1973) and Ek and
Monserud (1974) were calculated. ‘Both are based on the

v ovenlap» of opeh"grown' crown areas (Figure 1). The open

grown crown radlus was predlcted for each tree as a functlonV '

of dbh. (Strub et al. »T975);,v Arney's (1973) index was

~ealculated_as

W3
(V)
a .
=1

15 = 100 .

cay

where
| A1i :‘Arﬁey’s‘area'overlap-index for subject tree i
: aij ;~area of overlap between subject tree i and
'competltor J'

CA-i - open grown crown area of subJect tree i

n = the number of competltors (defined by overlap).'

._Note\that Arney s (1973) 1ndex has a mlnlmum value of 100"

when there is no overlap of prOJeoted open*grown*crowns..;
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B -

_F'I’GURE 1. Selection of competitors for influence area
overlap competition indices. .
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In the index of Ek and Monserud (1974), the overlap
terms,afe weighted by the relative size ofvcompetitors to

the eubject tree as

Aoy = ¢ (ays ——————)/CAi
i = R.H.
J iti

Aéi = Ek and Monserud's weighted index for tree i

ju o
1]

total ‘-height

=
u

open grown crown radius.

“Size Ratio/Distance Indices
| Hegyi (1974) introduced a simple competition index

calculated as

C n
where
C1i = Hegyi's index of»cempetition‘fOP subject tree i
D = dbh
Lij = distanee between subject tree i and competitor j
n = number of competitors.

Hegyi originally defined n as the number of trees within a

fixed radius of the subject tree. Daniels (1976) modified
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the,ihdex to include:as“cbmpetiﬁors all trees in a fiXed
angie.gauge 3weép 3rOund"the-subject tree (Figure"Z). 'Tﬁé
~above ihdex;wasfcalculated, using a basal area factor (BAF)
f'TO‘(ftQ/acre) angle_gauge to define competitors, as were

‘modifications based on squared dbh and/or squared distance.

Spurr'S'PointvDensity:

Spurr (1962) introduced a measure of point density‘
which considered the'baSal area per unit area affecting one
‘point or tree. This index was calculated as

-2
Dj

2

J

It

Sy; = 75.625 & (§ - 1/2)

1 Lij

‘where n includes all competitors in an angle guage sweep
around the subject tree (Figure 2). Spurr origihally
qonsidéred 4, 5, and € diopter ,sweeps.» In the present
‘study, sweeps of 3;03 (corresponding to a 10 ‘BAF angle
.guage),‘u and 5 diopters were compared.b

Point density expression ‘Sij does notv'includev the
subject tree. A modified point densiﬁy estimate that
includes -the subject tree was also caiculated and is given
by.' _ . v

D.2
3

[ =

Sp; = 75.625 - 5

(5 + 1/2)

1 Lij
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Competitor 1

Subject tree

‘Compétitbr 3

FIGURE 2. ‘Selection of competitors for distance ratio/size
competition indices and Spurr's point density.
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Area Potentially Available or Polygon Indices

Brown (1965) introduced the' polygon method.as a point
density measure. Polygons are constructed around the
subject tree by the intersection of the perpendicular
biseétors of the distance between . the subjecf tree and
compefitors (Figure 3) and polygon areabis calculated from
the cordinates of the polygon: vertices. ;zPolygons are 
'mutually exclusive and collectively exhaustive,of the total
area. Thus, the individual polygon areas sum to the total
area. _ |

Moore et al. (1973) modified the index so that the

division of distances was weighted by tree size, as

ij = ‘ ijb
‘DiZ +'Dj2,

' where

lij = the distange'from subject tree i to fhe weighted
mid point between tree i and competitor J

Lij = the distance between subject tree i and competi-
tor J |

D = dbh.
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FIGURE 3. Pol yg.o5nsv¢onstrucfcfed by birs»éc,tihg‘ ih.“tertr-e‘e
distances. » '
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' Pe1z (1978) 1ntroduced other welghtlng factors, such as dbh ;'
‘ total helght, he&ght tlmes dbh and helght tlmes squared‘
dbh, ‘as well as a three dimensional index calculated as the
'polygon area multlplled by total height.

The assymetric- division df intertree distances
resulting from weighting by tree sizes may lead to areas not
aésigned_ to any.‘tree or open areas (Figure u). Thus,
weighted.polygon bonstnuétion'leads to pblygohs which'afe
  ﬁutua11y exclﬁsive,-but'may not be coliectivélyjexhéustivev
 vof the stand area. | |

 Indices" were‘ calculated based on BroWn'S (1965)
original 'method}:of” constructingy.polygons- and - based on
V,polygons‘with the»division of]ihtertree‘distancés weightéd”’
by dbh,. dbh'VSQQaredi (or. basal area), dbh squared times
height3 open’grown-crownnradius, and open grown»crown:areé;
Polygon area was -calculated for each of these varlatlon
In addition, the three-dimensional growing space 1ndlces of
Pelz (1978) were: calculated by multiplying each of *he above
area indices by total height. _ |

Mead (1965). introduced ~the notion that not only the.‘
area of the polygon, but ﬁhe shape of the po]ygon aﬁd

position of the plant w1th1n the polygon may be. 1mportant in

| fdescrlblng growth,v Pe presented two additional measures

 associated with the  polygon area which descrlbe
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FIGURE 4. Po]ygons,constructed-by>weightinglthefdivfsion*Of
intertree distances by tree size.
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"eccircularity" ‘or . the rextent to which the ‘éolygon is
eliptical rather than circular, and "abcentricity" or the
degree to which the plant tends toward the vertices, rather
than the center, of the polygon. Both of these auxiliary

indices were calculated for each polygon.

Competition Analyses

The relationship between competition and treé growth is
of major importance in selecting a competition index for
stand modeling. All of the indices calculated were
evaluated and compared on the basis of simple correlation
and contribution to multiple correlation (in the presence of
treebsize and stand density measures) with annual dbh and
basal area growth. Only observations which included no
border effects for all indices were included in these
analyses. Average growth values were used for observations
in which the measurement period was gréater than one year.

For 'all wvalid trees and growth measureménts the
vproduct-homent‘ or Péarson correlation coefficient (r) was
calculated between each index and observed annual increment
in dbh and basal area to provide estimates of overall
correlation. Iﬁ,addition, changes 1in correlation between
the indices and growth were examined by density treatment

and over age.
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Whereas simp1e éorrélations prbvide useful comparisons,
- in- practice, competitionv measures are generally usedl to-
_predictvgrowtthhen bther‘growth predictofs, such as present
tree» size and standr density, are already 'knoWn.
‘Cbntfibutions to'mu;tiple correlation, in. the presenée‘of
trée size and stand:density measures,'wereﬂéxamined in an
~iterative manner with_multipie linear regression procedures,
3 ﬁsingfavmodel of the form

AX = by + by CI + by S + b3 SD

where
AX = observed increment (in dbh or basal area)
CI = competition or point density'measure~

S = tree size (dbh or basal area)

SD

stand density measure (basal area per acre and

" trees per acre)

This model wés éstimated with consecutively incfeasing;
numbers of terms tob‘eValuate fhe contribution of the
' competition meaSufe in the presence of, first,-tree size;
.and then tree sizéiahd'staﬁd density. The quel was also
estiméted in  each case without the cOmbetitiQn term to

determine the contribution of tree size and stahd density.
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Indices were evaluated"énd°eempared_oh the basis of their
contribution: to the coefficient of determihefion (R2)5
interpreted ,heree as the ~squared multiple correlation»
coefficient. The.relati&e’significaﬁce level (p) of the b
coefficients were also examined.

Distance dependent indices were further compared on the
~ ‘basis of their contribution to correlation in the presence
ef -a"dietance.,independent index and crown. ratio. Two
additional terms, byG, and bgCR were added to the above
model, where G represents a distance independent index
similar to that of Glover and Hool (1979) and CR is erown
ratio.

Execution time is a major concern in deciding: among
models of  different levels of resolution, particularly
distance dependent models. The time required by program
COMP5 to calculate the indices“above' at. each measuremeht
period, was determined for each plot. These time estimates
reflect not only the efficiencies of the indicesrthemselves,
but of the algOPithms used. to calculate them. More
efficient algobithms* may exist for any of the indices.
However, these comparisons offer some insight into the
felative costs .of competition calculations.

Finally, the competition indices were evaluated on the

basis of point density -considerations. The relationship
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’.betweeh'point density'measuhes and‘standxdemsity‘measdrésf°?

‘was . examined. Varlous modifications, comblnatlons, and

aux111ary measures a33001ated w1th these relatlonshlps were.5*t“*”

",alsozlnvestlgated.

Growth Relationships -

The‘ linear models presented earlierfaare~’usefu1'v‘

E determlnlng the: relatlve contrlbutlon of dlfferent varlables

to multiple correlatlon with growth and thereby screen1ng‘

'alternatlve varlables which may bep'useful in growthm
modeling. Howevef; relatlonshlps between measures of tree

'size, competition, andvgrowth~are-almost certalnlygnonllnearf

in nature. Further, each variable used.in'growﬁh-modelipga_f;

,'must be examined in llght of the components of growth whlckh,

it attempts to descrlbe. By 1nclud1ng' relevant growuh:

descrlptors in a loglcal manner, nonllnear growth models may; o

be constructed emplrlcally which have some blologlcal ba31sf

~and behave well w1th respect’ to observed growth phenomena.'

One concept whlch‘ has been' useful ‘inf;model1mg@ffd‘

’individual tree‘growth iS‘that'growth can be?repfesented}by

- the produot of potentlal growth multlplled by a: modlfleff;;gs

function (Daniels and Burkhart 1975, Leary 1979) " The

potential for growth may be'considefed;to,be'basedaonvthéf"‘

~quality- and;'quantityv of reSburces’ available: fo%' growth
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bféhd/ob growfh in thé absence of competition. Thermbdifief
'fuhction then serveﬁfto.modify thé potential to~¢ofre$pond.
to the individuél's abi1ity:to use théée'reSOUrcés, cﬁrrent
 size, and competitiVvaosition.» |
| In‘thé present context, a tree's potential may beva
fﬁnction of site,‘ quaiity, age, open‘ grown | size
»relétionships,v and its. share of the total‘ resource base.
The~modifier may be-a function of a tree's individual size
§f Pelative siZe, ph6to$ynthetic potential, and a measure of
:competition.ffomfﬁeighbors.-v |
Another uséful conéept -in  growth modeling' relates
growth rate to the difference between constructive and
destructive.metaboliSm. .The~ChapmanfRiChards.generalization
'V‘of[Von ﬁertalénffy's classical growth equation (Pienéab.and 

Turnbull 1973) quantifies this relationship as

dx Chm
ST D2
"wheré
| X = a ﬁeésure of size
t = time
b1v£ constructive metabolisﬁ rate
b, = destructive metabolism rate

allometric constant.
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" The equatibn,:statesﬂ that the rate. of growth in x- is;'the f.vj

’jdifference'betWéén cons£ructive.metabo&isnu-'as7}epres§ptéd
: ;by énrate cOnstant=times»én allométnic relationship.with

>‘size,,’and"destfuctive fﬁetabplism5. bepréséntedv‘by' a rate
 constant times size. | | .
By'kcombiningf'the tho concepts above, »anb empirical
‘}grqwth'model can be;depived. If’one»considers"bT'ahdxbzmin
‘the ‘Chapmah-RichaEdé; model = functions of the reéoﬁrcés
aVafléble'for meﬁébblism; then a pdtentiai funéﬁion~maY'be'

factored’out:tq.yieldatherempirical growth function

- where | ' »

AX

-growth
CAX.

potential growth 

'Thuéithevform-of“the.modifiér'in'the.original'relationShip
‘is made to be' a function of the differencé-fbetweeh

'éonStfﬁctiVé andfdéétfucti&e»terms. | J
. If'potentiéi‘isvbased'on resources then'an,érea based
 ihdex such:‘as JAPA may be incofporéted to determine the
"piece of the pieﬁ al;oéatéd to the tree and may be
agsdbiatéq with b1~ énd/of. b2 above;' The éonstructive

coefficiéht,.b1, may be related to the tree's relative crown.
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- 8ize or crown'rétio; Finally the destructive or~negatiVe
cbefficient bg may_bevfelated td combetitionior'resource
demand. |

By - considering cbmponénts of .growth and - measures
associéted with gf0wth’in.a’logical manner the‘éoncep§s of
growth potential, realized growth, resource quality,
resourée quantityy f‘competition, and constructive and
*destructive'compbnents'éf‘metabolism,.have been incorporated -
iﬁ an émpirical model of tree growth. In addition, the role
of'bbsefved‘and~calculated variables in describing growth
was defined by their logicalb relationship  with model

coefficients.



'RESULTS AND DISCUSSION

Competition Anélyses

Each of thé compétition and poinp density indices
calculated and previously discussed provedt tbﬂ‘ be,
sighificantly correlated with annual dbh and basal “area
growth (p < .0001). 1In many cases a single ?ariation Withinv‘
a family of indices proved uniformly superior to all'ofhers
in the family in terms of simple and multiple cbrrelations
with growth (Appendix I, II). This was true fdr-Spurf}s
(1962)'point density and the size ratio/distance indiégs'df
Daniels (1976). 1In both cases correlations werergreéteét
when a 10 (ft2/acre) BAF angle guage was used to thoSe.

competitors. Spurr's point density calculated by excluding

the subject tree had higher correlation than when calculéted.L.

by including the subject tree. As was found by Daniels

- (1976), the ratio of diameters divided by distance was more . iy

highly correlated with growth than were similar measures
involving diametef ~and/or distance .squared, ‘Weightéd‘
‘polygon or APA ‘indicesﬂ (e.g., Moore et al. _19733"“had2
uniformly higher correlations than unweighted APA (Brown

1965) and three-dimensional indices: (Pelz, 1979). In other

48
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cases, _h0we§er5v several - indiées?»within a - family had very
similar results. For instance, it would be difficult to
chooSefbetweén re1ati?e.size'indiceS“baséé\bﬁ.gasal area,
height,- or 'squafedf.diameter times ‘height~ or betWeen-,APA
indices weighted:by basal area or squared diaiéter times.

height (Appendix I, II).

Simple"Correlatibns‘with;Growth;v

In-general,7thé'diStance-dependenf'indices‘wébe mofe~”
‘highly correlated with growth than the distan¢e>independent
measures (Table 3). vCroﬁn ratio, howe?er, had,thé’highest‘ 
overall correlation with.dbh growth of any measure examined
(.7703) and was as bféth correlated with basal area growfh
as any éxcept the;APA measures. Of the'diStancé independent:
relative size indices, the ratio of basal area to mean basal
area (GB) was more.highly correlated with grbwth than th§
ofiginalrsquared diameﬁer‘to squaréd mean diameter ratio»of

" Glover and Hool (1979).. Ratios based on height to mean

" height, and squared dbh times height to its mean -Hadﬁ., '

:corrélations‘similar to those of the basal area ratio index
(GB) The ratio of height to meanvdominant height (aVerége
’helght of dominants and codominants) (Ggp) had the hlghest

correlations of this- famlly of indices (Table 3)



TABLE 3. Correlation of various compet1t1on and point density 1nd1ces w1th annua] growth
of lobTolly p1ne .
COrrelationvaeffi-
| cient (r) with
Type of , growth in
Index Symbol Authors Remarks! Dbh i "B
6490
Distance Independent
Relative Size 6 Variation of B./B - .2355 .4332
| fGHD Glover and Hool (]979) Hy/HD 3057 4937
Crown Ratio CR CLi/Hi .7703 L4772
Distance Dependent
Area Overlap A Arney (1973) Unweighted overlap -.6604 -.4347
- A, Ek and Monserud (1974) Weighted overlap -.6316 -.4920
Dbh Ratio/ | ) D, ,
Distance c, Daniels (1976) }:‘(’—J.)/L.. -.6872 -.5574
Spurr's Point ’ ' ' B ,
Density S] Spurr (1962) Exc]ud1ng subJect tree -.7143 -.4175
L Sé Spurr (1962) Inc]udxng subJect tree  -.6545 -.3807
Area Potentialiy, B L - ‘ |
Available P1 Brown (1965) Unweighted’polygon .3329 .6367
P, Moore et al. (1973) Weighted»byvbasal area .3888 7463
tree basal area; H = average ‘height of dominant and codom1nant trees,

" Ijhere B =

CR = crown ratio; CL

= crown lengths D -

tree height; HD =
= dbh; L =

d1stance

06
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The indieesvrepresenting competitive stress,.those'with‘
negative correlations with growth (area - Overlap, vsi2ef
ratio/distanee; Spurr's point density), were much more
‘highly correlated with diameter kgrowth than APA, which‘e
represents competitive; edventagew But APA. variations had
considerably higher correlations with basal area growth,
than did any of the other measures.k o

Interestlngly, among  distance dependent indices,. the
~highest overall correlations w1th dbh growth (=.7143) and
basal area growth (.7438) were with Spurr.s (1962) point
'densiﬁy end weighted APA (Moore et al. 1973); PespectiVeiy;
| boﬁh are measuhesb of point deﬁsity. Tﬁe'vother distance
dependent indices (area overlap and size ratio/distenCe
ihdices)’had correlations with growth which,wefe higher in j
magnitude, but similar in rank to those reported by Danlels-
(1976) for loblolly pine.

The presence  of five different ’deneity_ treatments
(1000, 600, 300, 200, and 100 trees per ‘acre) offehed the
oppoftunity ‘to examine- competition-growﬁh corrélatibns"gy o
density class. Simple correlatiohs were calculated by'
density treatment. For each index, correlations With'both
'diameter and‘basal area were neerly constant over density,
with a slight peak at the 300 trees per acre ﬁreabment5 The
indices maintained the same‘ felative raeking, vover all

densities, as initially shown in Table 3.
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‘ }Correlations',bétweeh growth énd competiti§n1:measurss
iWepé élso examined over age. 'If”Was hypothesizéd‘that the
correiation betWeen; gfowth"and distancé-fdependént com-
petition measures shquld:bé'small at young ages,and.increaSé
bas intraspecific:cdmpetition‘begins. 'This'is'showﬁ rather
~ dramatically in Figure 5. ‘v
The competitive stress ihdices (Ai,.ci, énd ST);énd the
R unweighted APA index (P1) each start dufi with very low
"?gbffelétionS'Wiﬁh‘basal area growth at age five and increase

. ﬁﬁtilithey peak&atxabout age nine or ten. Growth duping'thef
_eafly'years is*appaféﬁtly_more highly related to a tree's
Eélative‘ size‘ és- shéwn by. the disﬁance: indeﬁéndent sizé
position indei:(GB);' This iqdeX'is_more'highly*correlatedu
with.béSél‘area.grpwth than tﬁe’dthers until about age eigﬁt_
' ”andireéches»é low‘poiht:at age ten. The‘Weighted‘APA index_
 (P2), -boﬁh a measure df' a trees cOmpetitive‘ position
(growing area) and size dominance (due to weighting),
m_apparenfly‘incorpOrétes both relationships'and maintains'the
o highestfcorrelation at all ages-: |

>It  should ’beﬂfnoted.‘that bélowv age sevénb only ‘the
highest densities (1000 and 600 tfees perfbécre) are'
u :représeﬁt§d." Data from the 300 trees per. acre~7treatmeht.
" enter the 'calcﬁiationsrvat' age seven and ﬁhosef‘from‘ the =

remaihing treatments (200 and 100 trees per acre) enter at
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- age eight. However, it is 1likely that data from these low
density:plothwould tend to increase the growth correlations
for ' the diSténcef independent index, while deoréasing the‘
correlations for . the distance dependeht indices. The
- opposite was observed. Also, the values of basal area
growth at age ten represent the average growth.from age ten
to thirteen and those at age thirteen represent the average
growth from age thirteen to twenty. This might explain the
slight decreases in cofrelation values after age nine.

Strub et al.  (1975) demonstrated 'avorelationship
between crown c¢losure, as indicated by Crown Competition
Factor (CCF) (Krajicek et al. 1961), and the age when
averége diameter growth first deviates from ‘that of opoo:
grown trees. This typically occurred at»aboot,age eight or.
nine. In their loblolly pine growth simulatioh,.Daniels and
Burkhart (1975)oused'this resuitﬂtOVdoterine‘the age when
intra-specific competition beginé'and whenvto start gnnuél.
growth calculapioﬁs incorporating a;oompetitioh index. The
results rof competition'ahd,growth correiétionsoherektend'to
substantiate earlier findings of Strub et al. (1975) and

application by Daniels and Burkhart (1975).
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‘Multiple Correlations
| Competition  measurgg"ére seldom._used. §$  solitary =
'Tindependént.Variables7and;ftheréfpre; $hoﬁld'be-cdmpaﬁed in” 
»thearpfésencef of - cher, ‘moré!géommonf.tfee¢ size- and 'staﬁdj;‘
'densify’heésuﬁes. vTheseqcompgfisbnsbweré madé:QSing linear
reéreésibn by iﬁcluding first tree sizé; then tree size and
sténd dehsity valong With @he‘ éompetitibn“measﬁfé of
iﬁtérest; ‘Distanéé,,-depéndehtl'fmeasureén‘jwére. fﬁrthér~
évéanted by includingv‘mbre; easily,Vobtaiﬁablg.“disﬁanceiif
ihdépehdentfméasures in'this liﬁeér mpdél.‘ -

All of the indices comparedgmade a highlyfsignificénﬁ_

contribution to the multiple coefficient of determination,

_Rg,,'(squaredv multiple,,éorrelation cbefficient); in ‘the?

preSehce.of dbh, for diameter growth, and‘basal”area; fOr‘;-:" 8

‘basal area growth (Tables 4 and 5). At,thiSQStage,'chownj'

ratio provided ‘thé . most’v additional explanation of

.variability‘in diameter grthh (ﬁz = .6121) (Table U4). The
: highest  R? among distance dependent indices;Vwas_ thét for
Spurr's point density (S,). The,APA'indices;:particulérIYIf‘
the unweighted index (P;), and the distance independent
relative size indices (Gp, Gyp) provide the leaéft
information‘ on diameter growth at thié’.stage;“ For basal
area growth (Table 5) weightéd- APA (Péi‘ iﬁdicés Zhad ;thé
‘higheSt* contributionS' to R2, followed’wby crown ratio; 

Distahée-independent'indices again had thelo,_yies-tR2 values.



f--»TABLE.4 Squared mu1t1p]e correlat10n coeff1c1ents between 10b1o11y pine diameter growth and
o various compet1t1on and po1nt dens1ty indices in the presence of tree 51ze and stand

dens1ty
| Squared Multiple Correlation Coefficients (R2) witn'Dbh Grthh
Index } D - for Model Including? - . )
| | LN | D, TS. D, BA D, TS, CR,GB | ‘D;BAQ QR,GB
Distance Independent . s
G 1737 5465 6129 R --
Gyp | 2529 | 5012 o629 - -
CR » 6121 6121 | .6157 -- --
Distance Dependent . | |
| Ay , .4373 4413 .6027 L6410 ~.6309
A, .4231 4777 .6079 .6427 .6298
o ©.5093 .5390 6176 .6473 ~ .6350
S, .5362 .5450 .6082. .6476 .6352
S, .4382 .4686 .6052 .6425 . .6305
Py . .2491 .2962 | .6029 .6434 6348
P, .4085 - .4281 6121 .6520 .6419
Check? o .0352 f e 602 o .6381 6270

1The model AD = bg + b]D + b2(TS or BA) + b3Gpg + b4CR + bsCI was fitted including increasing numbers

of terms, where D = dbh; TS = trees surviving per acre; BA = stand basal area per acre; GB re]a—
tive basa] area index; CR - crown ratio; and CI = compet1t10n 1ndex

x'2F1t w1thout the 1ndex as a check on the contr1but1on of the’ 1ndex

9§



TABLE 5. Squared multiple correlation coeffic1ent$ between lob]olly pine basal area growth and
various compet1t1on and po1nt density indices in the presence of tree size and stand

dens1ty
Squared Multiple Correlation Coefficients (R2) with Growth in. B
Index for Model Including! ’
B B, TS B, BA B, TS, G, CR B, BA,Gg.CR
Distance Independent : , _ |
Gy .2155 .5316 .5252 -- -
G .2608 .4776 .5489 -- © o
CR .4907 .5137 .4972 -- --
Distance Dependent :
A .3877 .4225 .4938 .5948 .5358
A, .3498 .4394 .4954 .5915 .5282
c, .3988 .4648 .4985 .5913 .5285
S, .4569 .4983 .4991 6057 .5369 -
S, .3848 4527 . .4954 .5974 L5312
P, .4063 L4226 .5550 .6576 L6475
Py 5764 .5862 6325 6856 .6688
Check? | .0995 3292 .4937 L5913 .5280

1The model 4B = bo + b]B + bg(TS or BA) + b3Gp + b4CR + bgCI was fitted including 1ncreas1ng numbers

of terms, where B = tree basal area; TS = trees surviving per acre; BA = stand basal area per acre,
Gg = relative basa] area 1ndex, CR = crown ratio; and CI = compet1t10n index.

C2Fit w1thout 1ndex as a check on the contr1but1on of the 1ndex

LS
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vThe addition of stand density measures significantly
increased the explanation of variability in diameter and
basal area growth. Whereas all but Afney's (A1) index
contributed significantly for diameter ghowth, with dbh and
baSai area per acre included, these contributions were small
cbmpared with that of basai area per acre (BA) (Table 4).
‘Trees per acre (TS) contributed relatively iittlez in the
presence- of dbhﬁénd each of the indices except ‘the relative
size ratio indices (GB, GHD)' Spurf's point density'(Sj)
had ' the highest contribution of the distance dependent
indices in the‘pfesence of dbh and either measure of stand
»density. In both cases, however, a distance independent
measure was superior (Gpp with TS and CR with BA). For
basal area growth (Table 5) the weighted APA indéx was
clearly superior in the presence of tree basal area (B) and
either TS or BA. In the‘presence_of,size and BA most of the
other distance - dependent indices had significant but
relatively small contributions. The pelative size: index
vbased, on basal area had the highest R of the“distance
independent indices. All indices had a relatively high R2
compared with B and ‘TS alone.

Up to this point in the comparisons, distance dependent
ihdices have  shown little advantage over  distance

independent measures in describing variability in growth,
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- either singly- or‘ in the presence of tree size and. standn

"density. However, when the distance independent measures GB
and CR were ineluded, in- the model, a number of indices;
particularly Spurr's point density (51) and the APA indices
n(P1, P5), made a sizeable improvement in R°. Further, the
APA  indices had the highest vpartial centribution of all
other variables_forvbasal area growth (Table 5).

Thus, while some distance dependent competition indices

contribute little to desceribing variability in growth when

considered in the presence of tree size, stand density, and
distance independent measures, others, particularly'the APA
indices and perhaps Spurr's point density, are well suited

for growth predictiOn in this typical stand modeling

Situation. Whether the contribution added is WOrth the cost

of additional calculations depends on modeling objectives.
V'Finally, it should be noted that measures related to
those explicitly discussed and tabulated can and do provide
as much information in growth description. Of ﬁhe- size
ratio indices;valmOSt identical results were obteined with
ratios based on basal area, diameter equared times height;
- average height of dominants and codominants, and average
height. Similarly, the weighted APA index based on diameter
squared times height, performed similarly to that based en

basal area (see Appendices).
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Point Density Considerations

The integrated system of stand models, as discussed
earlier, requires é meaédre of competition which may be
reduced to-a stand density measure. Of the indices examine&
only the pqugon or. APA indices and Spurr's poiht density
fall into this category. Arney stated that the mean of his
area‘overlap index reduced to crown.compétition,factor'(CCF)
(Krajicek et al. 1961). However, his index has a lower
bouﬁd of 100 and, therefore, cannot mathematically reduce to
CCF, at least not before CCF reaches 100.

Relationships with gfowth indicate that a weighted APA.
index is a logical choice for inclusion 'in the integrated
model framework. Because it does not sum to the total stand
'areé, however, its inverse does not direct1y4reduce to’ the
stand density measure of* stems per unit érea as is the case'
‘for unweighted APA. The sum of weighted APA values and
‘stand 'aréa were found to be proportional. Weighted APA
‘values were then "corrected" to sum to the total area by the.
relationship

Area

P’i.= Pi(—-—-%P}' )

where. i=1 1

Pil: the corrected pol&gon area

Pi = the original polygon area
-Area = total stand area
N = the number of trees



The interpretation of P' is not that of the unweighted APA

which“*sums~;to. the. total.'area  by Dbeing 0011ectively.’m’

{ ekhaustive of - the area. Rathef; it implies an overlap of
potential growth areas while maintaining the: désirabiévﬂ
',propehﬁy of'defining;open>areas not'avéilable to any tree..;
| The simple and multible corfelatibn.anélyses discussed
~above Were,repeaﬁed;using the adjusted APA»éstimates,‘P',
for all weighted z indices; Simple -correlationé | and .
éontributibns to multiple correlatibn;_were‘ consistently.
higher‘for these ad justed values than thosé,preseﬁted-in.the«v
original. analyéés,' Further;, the usev_of"P' poses  no
‘difficulty in vmbdeling. In constructihg' indiyidual tree
growth models,A_values of P' are used directly as an
independent variablef In implimenting the model, P! méy be
calculated-from P, the‘khown stand,area,sandvthe sum-of‘P}.
| Thé auxiliary indices of Mead'(1965)'aésociated with
each~polygon were;alsO»eXamined erthér;v Although both tﬁe
index of eccircularity and the index:of abcentriéity, given.
: polygonv area, . were,;significantlyb'felatéd- to diameter” and_ 
basél afea g%owth (p < {05),'even in the pfesence of tree
sizé, and Stand,'denSity measures, their contributions  to
mulﬂiple cOrrelation with growth was so small compared with
' the other variables that further ahalySes were abahdoned.v

TheSeumeasufes may be useful in modeling seeded'standsvwheré
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irregular spatial patterns wouid*produce more variability in
polygon'shape and’tree position within the polygon.

Spurr'S’ poinﬁg density provides an estimate of basal
aréa per unit area by variably weighting the sum of angles
subtended by neighboring tree boles  and may be considered an
extension of Bitteflich methods (Spurr 1962). This estimate
does not directly reduce mathematically to .the stand
measuré. But. the relationshipsxbetween peint density and
- basal area per acre are linear and very strong. Regressing

;basal.area ber‘acre on the mean of Spurr's poinf density

produced the equations

BA = 13.806 + 1.0650 S,
r® = .9957 S, . = 2.893
and v .
BA = -.47383 + .93523 5,
;'2 = .9902 5, . = 4.363

~ where

BA = basal area per acre (ft.2/acre)

21
i

mean point density estimate excluding
the subject tree (ft.2/acre)
S, = mean point density estimate including the

subject tree (ft.z/acre).
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Résiduals from this analysis had no observable trendé with
age, stand: density or mean éree sizes. The strength of
these  relationships'  indicates that perhaps mean point
»denSity could be correctéd to correspond to basal area per'
acre whén considered ih the integrated model-framework.

In a similar manner, relationships }between Arney's
(1973) . competition iﬁdex and CCF were examined. Con-
ceptually, if" not mathematically, both may‘-be, considered
estimates of open grown crown overlap; Arney's‘overlap‘is
calculated tree by tree, whereas in CCF the overlap 1is
implicit. Plots of CCF versus the'meah of Arney's index
indicatéd a close linear relationship‘for CCF values greater
than 100. For these cases the regression of CCF on the meén
of Arney’s index was

CCF = -.32985 + .98767 A

r< = .9890 SY-X = 5.031
where

CCF ivcrown competition factor

=1
"

mean of Arney's (1973) competition index.

The slope coefficient was not significantly different from

unity.
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Execution Time

One of the primary factors affecting the choice of
different stand' models - is cost. Distance.‘ dependent
individual tree models are both more costlyfto construct'and
to use than simpler models._;Computer costs in executing
such models can be significant and are directly related to
the iterative calculation of competition values. The time
required by the central processing ‘unit (CPU) at the
Virginia Tech VM/370 installation to calculate each of the
bdistance dependent indices was measured by plot and agé as
an index of relative cost. |

Execution time was nearly identical for area o?erlap,
size ratio/distance, and Spurr's point density “indices
(Table 6). This is due in large part to the similarity of
the algorithms used to calculate each‘of these  indices. The
APA indices required considerably more time to computé, due
in part to an‘admittedly inefficient algorithm and  in part
to the large number of calculations required to construct
polygons.

' Execution time per plot was a function of density
(Table 2); more trees require more calculatibns. Whereas
this relationship was nearly 1linear for APA indices
indicating that execution time per tree was nearly constaht,

time increased geometrically with density for the overlap,
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VTABLE76 Mean computer time requ1red to caleulate distance dependent
compet1t1on and point dens1ty 1nd1ces

| | . Execut1on Time per .25 Acre Plot (seconds x 100)}
oo Index " Density Treatment. (Trees/Acre) ’
. 7000 600 300 200 100

© Area Overlap 227 95 21 13 4
(A Ay) |

© Size Ratio/Distance . 245 100 29 15 4
'(C) | |

_ Spurr'Squint“Deﬁsity <1 : 97“ 29 15 5d u4“’
(Sys Sp) - | |

© Area Potentially Available 574 343 157 108 48
PPy | | B
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SlZéffatio/distanoe,.andfSpunr“indioes. :This;:again;'is.aﬁa:
n‘funotion‘ofvthejalgohithmséemployed’to loeate’oompetitorsi,
‘I" general, area: overlap 7indices cons1dered fewer?b
compet1tors but requlred more computatlons per competltor
than~ e1ther the -31ze,'ratlo/dlstancev:or' Spurnzrlndlces
~resulting in similar time »requlrements 'for*Athese three,i‘
indicesa B ;Thei,”number },°f competltors inoreased with

~jinoreaSing,ageﬁaswtrees' 1nfluence areas expanded,’resultlng“

in. inereasing execution time with 1ncreas1ng‘age. Executlon"

tlme for APA 1nd1ces decreased over tlme due to mortallty.

Growth and Surv1val Models

: The Hill Farm growth data used in the correlation'
‘analyses dprov1dedy'anu exoellent’ opportunlty"to eXamine
kivarlables Iaffecting 'gnowth;‘ HoweVer; for.:ai ‘number of -
lreasons, the data are not espe01ally well sulted for flttlngf

Hoperatlonal growth and surv1val equat1ons. First, the data

s'Vrepresent only one s1te and thus- 31te quallty effects and“:

1nteract;on53scannot«'be «lncorporated. into 'the»‘growth, and5
survlval funcﬁidns} Second, the range in, ages (five to' '
l‘tWentyVYears), while.very'good for modeling early growth; ls'
_'foo7young for:modelingnlaten'stand‘development.'zOne could .
‘vnot'eXpeot‘equation31derived}fnom these databto-behave well

fOf’_older ages. Finally, although trees were measured.
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~annually up to age ten, gapsvof thfee and:seven years exist
in the meésurement periods. from agés ten to twenty. The use
Vof'average growth values for these later years make the data
appeér very linéar and tend to mask relationships -in these
very important years of stand growth. In addition, the year
of mortality was ﬁot known for trees which died during these
_measurement gaps.

Although -limitations exist, the Hill-'Fafm: data were
used: for demonstration purposes. Equations were_fitted'fo
observed height and basal area growth using the general

| gfowth model
- . m _
AX = AXp(b1X ) bzx)

which was discussed earlier. The coefficients b1 and bo
above were replaced with functions of variables chosen from
the analyses of growth correlation and inéluded crown ratio
(CR), relative basal area ratio (GB); height to dominant
height ratio,(GHD), and adjusted APA weighted by basal area
(Pé). Othervvariables, including different relative size

ratios and APA variations,wmay be equally suitable.
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Height Growth

_Height growth'was quite ?ariable in the Hill Earm daté.
Relatibﬂships between ‘observed - height increﬁénts' and
‘qompetifion,. stand 'density, and tree size measures: were
_weak.

Potential_height growth was considered to be the change
in observed average dominant height. An individual‘tree may
'ngW’ more or less ‘than this potential  depending on ‘its
“attributes. 'The‘finél’form of the height incremént equation

was

- - bq/APA; ¢ bs _ :
or ‘ ,
- bq/APA; =boyg bo L b
AH, = AHDe 1 i[(by/H"2)H, "2 b3Hi]
where
AH = annual height increment
AHp = potential height increment = AHD
= average height of dominant'and‘codominant

‘HD
m trees
H = tree height
- APA

adjusted, weighted polygon  index
GH = Hi/Ha
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The use of GH rather than B was chosen to facilitate latef
analyses.  As seen in the second formulation, the'desirabie
,,effécts,of inéorporating H are maintained. Values of thé
coefficients by - by and associated fit statistics are

presented>in Table 7.

- Basal Area Growth

Basal area grbwth was highly reiated to a number-§f”
tree. and sfand measures as was shown earlier. The maXimum :
rbasal area‘for~a7tree bf givengheight and age was consideredf
td be that.if open grown. A'relationship'betweén-bpen grown
basal area and héight and age was déveloped'uSing'data fomf
81 open grown loblolly pine trees (see Déniels aﬁd'Burkhabt

'1975) which took the form

Bog = boA + bqAHZ
where '
Byg = open grown basal area
A = age
H = total height.

| Poténtial basal area growth was then calculated by the'
difference, with fespéct to age of the BOG'funétibnwas

ABp = ABoe,=vbof,,+ b1{(A+1)(H+AH)2 - AH2} .



- TABLE 7. Individual tree‘growth and survival functions for'integrated 1oblo]]y pine stand models.

Equation! S : R2:; “ . Sy-x
AH = 1.047 aHp e~ ]0000 APA (G - .003361H) ' _ 0;2507 ' ].094
Bp = 0.01415 A + 1.644 A H2/100000 » 5 0.8928 ' 0.4177_v
- 2463 3009.0.2155 - '- e T
B2 = 1.722 aBp e” TO000-APA (CR>""" 6y 1% - 0.01371B) - 0.7817 | 0.008622
o278 5 964 0.2603 | - '
AB3 = 1.740 aBp e~ 10000-APA. (CR"" GB' - 0.040368) 0.7455 : 0,008554
o A 1.276 DU,
S = (1+CR -8. 255(] _ Kl)"' er(6.816 + 7.771TAPA ]0000))-] L » .
YWhere = height, Hp = potent1a] height, APA = area pbtent1a11y available, GH = H/H, H = mean

'he1ght,_B = basal area, Bpg = Bp = open grown or potential basal area, .CR = crown ratio,
Gg = B/B, B = mean basa] area, A = age, HD he1ght of dominant and codom1nant trees,
S = tree survival probab111ty :

'2ABp ca]cu]ated with observed height and he1ght increment.
3ABp ca]cu]ated with observed he1ght and potent1a1 he1ght 1ncrement

0L
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‘Thq3abpve equatithwas evaluated'for potenﬁiéi basal area
_gbdwth‘by sﬁbstitﬁting»age and,obServed héigh£3k'In,order to
”make ultimate.baéal'area grthh’projectionsxleés:dependent"
on.Qbsefved'heiéht,fthé.abGVe eqUatianWas also evaluated
_USihé aVérage height_ofdthe dominant and codom}nant trees.
TvThe final.growth model for tree basal area took the
Tform.’ |

B - am o=D1/APA; (n o b ba m hom
AB; = ABpe™ "1 i (byCR;°2 Gp;°3 - byB;)

where

AB basal area growth

R e
n

ABp.: pqtential basal area[growthv*

 APA

adJUsted,‘weightedprIYgOn"index

erown ratio

CR
Gp = thevratio of basal area to mean basal area

B = basal area.

Again, the use Qf  the' relative basal areaﬂlratiO"GB
‘facilitates vlatef“:analySes while still maintaining the =
~effects of B. Values of the coefficients bo.-'bu-as well as

appropriate fit statistics are included in Table 7.
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Survival Probability

Survival was very high in the early years‘ofithevHill
- Farm- mutual competitionv study;. mortality" was‘ significaht
only after age ten'for the-most”dense'plots. Uﬁfortunatély,»
the'year of mortality was not recorded for ages between ten
and thirteen or between thirteen and twenty; ihis precluded
the developmeht;vqf ‘operational individuél tree sﬁrvival
probability functions*and hindered comparisons of sufviﬁal;*
‘”predictors. ‘ Using vériableS' chosen from  the -analysis :bf
_groﬁth corrélations a survival function was fitted to
demonstrate <components df the*’ihtegrafedﬁ-system of stand
models.

»Individual‘treefsurvival»probabilitvaas defined using

the.logistic function as

where
'A1 = age at beginning of projectionAperiod“
A2 = age.at'end»of projection period

Coefficients (Table T7) were estimated from binary

survival data using maximum likelihood procedures.



AN INTEGRATED SYSTEM OF STAND MODELS

v The_ inerement<~>-d‘ survival- probablllty equatlons

developed earlier’ prov1de the central core for an 1ntegrated;,.

'_system of stand prOJectlon models ranglng from 1nd1v1dualg"‘h'

,»tneeu d1stancez dependent models tou ‘whole stand growth;; DR

proaectlon models. Although the llmltatlons 1n‘-availables

data precluded ‘the development of operatlonal models, theﬁs

"equatlons which were developed do prov1de a means oft}.ﬁ

’demonstratlng} an- integrated system of stand models forff;ff:e'

' loblolly pine.

Individual Tree Models

Distance'Dependent.'

~The individual’ tree increment and survival functions:

developed'_earlier (Table 7)‘mayh‘bei'inconporatedﬂ;directlyﬁ

into:a’distance»dependent.individualvtreeﬁmodelgsuch:as;thatjgvf‘-ef.;t

of Daniels and Burkhart (1975). Initial tree sizéé-nandV,”""'

'coordlnates may be read as input to the model or generated

fMethods for initially generatlng loblolly p1ne stands for"

11nd1v1dual ‘tree s1mu1at10n ‘a‘ descrlbed in detall by{"'5‘

Danlels ‘and Burkhart (1975) and Danlels et al (1979b) :

73
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Once planting ‘lqcations are assigned, mortality- may be
,‘predicted using a Surﬁivai function and»assigned at randomn.
The survival: fuhétion of Feduccia et al. (1979)"may> be
i.applicable-fCr“this purpose because it was déveloped for the
L same geographical régioh éstthe'Hill Farm.
| | A two parameter Weibull . distkibdtion was used to
.generate dbﬁ’inithe studies of Daniels and Burkhart (1977)
' and Daniels et g;;‘ (1979b}: This same distribution may be
modified to ~consider basal area as the wvariate. = Strub
(1976) demonstrated the utility of the normal distribution.
for describing-vbésai ‘area distributions, and related its

parameters, u and‘cz; to stand attributes as

= B = po + b,HD + b,/TS

!
o= by + byHD/ TS
where
1 HD = averageuhéight of dominant and codominant
trees |
TS = surﬁiving number. of'tréés per acre.

,Height'may be predicted using the equation of Daniels and

Burkhart (1975).

Once an initial stand has been determined,A.annualg’;i‘

'growth’vcalculatianV may begin." Competition or growing _H ”
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';space,':in ~terms- of' weighted'*APAv s calculated, at theg»f:'

5~?}beg1nn1ng of' each year.. Crown ratio may be est1mated u31ng53H

,,ithe equatlons of | Feduccxa, et al. (1979) and ‘the Pelatlvetgf"”l

.~ size ratio lndlces GB and GH‘may be- calculated.i Survavalj°

vaPObabllltYa (Table 7) is evaluated for each tree and
Vl mortallty 1s a331gned u31ng Bernouli trials. Growth ofi_

"surv1vors is then calculated

Potentlal helght growth is evaluated as the change 1nif-~'”w

E average helght of domlnants and oodomlnants obtalned as the";,:m*

l flrst dlfference of an approprlate 31te 1ndex equatlon.> Tﬁe.,V

”31te index equatlon of Popham et gly.e (1979) may be

a_approprlate for this purpose 31nce it is based on data. from

.;Vthevsamergeographxc:reglona ‘The height growthrequatlonlln-,d

Tablec7-may“theu*be used to'assign individualetree.height»jfav

growth. Basal area potentlal growth may be con31dered ase
the  change in open grown‘ basal area for eltber currentl“
”heightl age,‘and reallzed-helght growth,_or for,potentlalf
helght gfthhv : Iudividualefbasalzﬁafeaf'gfowtﬁ “is then
“5.ass1gned u51ng the approprlate equatlon 1n Table T
Competltlon,'b surv1val,:; audu growth afé?e coﬁputed'f-?

ﬂannually. Summarles of stand development may be obta1ned at -

Haﬁy desired" age.‘ Yleld values may ‘be obtalned by applylngV'ﬁ

lany des1red 1nd1v1dual tree volume or welght functlons to-

Sftherarray of SLmulated‘heights and»basal~areas,»summlng;over“'
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| edtrees cf 1nterest and~applyingfappropriateeareazexbénsienni

’factors

':Distance Independent ,*U

. The distance independent model is obtained from the
ﬂ dependent model by 'simpiy' collapsing: the point;vdensity.

'measure, APA to the 1nverse of stand den31ty,-1/TS' ‘df

course ‘there is. no need for: spatlal pattern generatlon or

[éssoclated-arraySvfor;coordlnateflocatlons fon_thlswmedel"v

'"_Otherw1se, theJMOdel-structure is*similar‘tozthatudeeenibed‘,"'

for the dlstance dependent model.ﬂ
By collap31ng APA to /TS the helght and basal area~

ﬂgrowth functlons reduce to

) AHiv= bO(HDA+1 - HDA)G 1 | (GH 2“b3Hi) .
and » | . |

»ABi =4b0§BOG)A*1-BOGQA)e

“b1TS;rp box Ba p o v
177(CR; 20, 3-byBy)

‘52‘The;sunnival‘functien-takes'the~form-

L . CRibj (1‘;'A1/A2)b2 e'(b3'+7bu/TS)] =1
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Size Class Models

' Dlrect Projection by Slze Class -

The classical approach to size class projection models
is to con31der the number of .trees in each of several s1ze
classes of fixed w1dth and-progect the number : of trees per
 size class. A typical case lsTthe classical-stand table

projection method: in which the number of - trees in fixed

(e.g., one or two inch) diameter class are projected over

time.

An.alternatiye approach is to consider Variable‘width
- s8ize classes, -each with roughly equal numbers vof' trees
initially, and to project the mean attrlbutes and survival
in each class. The size ratio. 1nd1ces may be cons1dered to

represent the mean s;ze_ln the class, j, over the stand mean: . -

or

Thus given an initial distribution of numbers of trees,.

total height, and basal area in each of j size classes,

along'with stand vafiables-age, density,randesite'index;,the‘s'.f?

equations in Table 7 may bekused‘to projéct:attribﬁtes_inb
each class. These equations would take the form shown above

- for distance independent‘individUal tree-models except’ that

‘individual tree variables AH, H, GHD5 AB, B, Gp, CR, and S .
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would represent mean attributes within a size class, rather'
than individual tree attributes.
Using the above nqtation a projection model for basal

area per acre by size class takes the form

BA, . = 1 {[B.+ ba(sB.)e~P1TS(CR P2c, P3-b éf)]N.s.}
AR A 37BN
where '
n = the number of size classes
Nj =;the_numbér of trees in class J
Sj = survival probability for class j
g& = mean basal area in class J

Note that all variables on the right hand side of the
.equation are at time ¢t. The above model assumes _that

mortality is uniform with a size class.

Pdf Relationships

Bailey (1980) noted'thaﬁ growthnfunctioﬁS'are implféd
by assuming a common family of probabilityvdensity functions
to model tree size over the life of thevétand. He:defived
these implied growth relationships from transformatiohs
~which, when applied to a random variable, kept the new
variable in the‘same~family of pdf's. Growth functions thus

derived were presented for a number of pdf's commonly used
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to,mOdel'tree size'diStbibutiOns includingfthe exponential,’

normal, beta, Johnson's Sy, log normal, Wéibull;,’énd;

'genéralized gamma - diStributioné;_niThe~ gerth‘jfunctibns: ”*

" derived earlier will be examined with  respect to‘~pdfif'
>félatiohships."

By collapsing the 1nd1v1dual tree 1ncrement equatlons

o ;to stand level attrlbutes, the models obtalned are

=
ja s
]

bo(AHp)efb1TS(1;b3§)

,and*

>
td
1

bo(ABp)é‘b1TS(CRb2 - byB).

1*, These equationsutaké.the>generalvform

AX = coi+ cq1X
‘to yield the linear size projection model
thT =;cQu+v(cj+1)Xt

where °O and 01 are functlons of stand level varlables.’ler.

"basal area

bo(AB ye~P1TSERD2

o
~ and i

c, —bobu(AB ye=b1 TS,
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The results of Bailey (1980) indicate that Sueh a
"tfansfbrmatibn fiéﬁ approprlate to malntaln e number of“:'

1 dlstrlbutlons 1nclud1ng the exponentlal beta, Johnson S SB,

'f;and'normal., Strub (1976) has already demonstrated the ‘use

~of ‘the normal pdf for: modellng basal area dlstrlbutlonsfy e

Thus jthe~ normal pdf~ will be ‘considered = for further.
‘_ development of'thls:example;i |
The relatlonshlps between the growth functlon and pdff@{

‘not. only 1ndlcate that the pdf famlly is malntalned over*

'tlme, 1b t -prov1def a dlrect means‘ df‘ ppOJectlng pdf - -

| Parametef’s from the growth function. Considering a random |
‘varlable-
X~ NCw, o2)

it isvknoWnlthat

§OJ+‘a1X «'N(aovf aqi, 51202).

 Thus; given

,tfthetbasal area.grewthﬁfunction develbped.here’impiies that

Bt+1 ~ N(CQ‘+:(cT+1)pé;v(c1+1)2032).:
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7In3otherfwords, the growth functlon prov1des the ab111ty tof'i'

prOject' the parameters of the normal dlstrlbutlon -(and?fuf‘i‘3“3°

others) over tlme, glven 1n1t1al parameter values. Inltialxaf"v

pparameter estlmates have already been con31dered for: the,tﬁh;‘;,.ﬂ,

normal (Strub 1976)
The above formulatlon assumes that mortallty is equally f

dlstrlbuted over -the. basal area dlstrlbutlon or that no

mortality occurs;v,But'mortallty'ratesvare'generally‘hlgherf:":

'fér;smaller’treeSQJ'Thusithe:mean:basaiféréawFErfliving7andfkrw T

,grow1ng trees is hlgher than the observed mean basal area.{

. An adJustment to the mean: then must be made for mortallty:*'e'

and may take the form
Bye1 = co + (eq+1KBy

where - K is an adJustment factor for Bt to account for?’b

differential mortality with respect to size. Note that the

_linear form“df'the grOwth'relatiOnship”i$7 malntalned IAv'

. more. complete explanatlon of the adgustment factor K and 1ts;~,j[- o

'derlvatlon are presented in the sectlon on whole standimhv:.;‘

.‘qmodels. -

i The pdf based: basal -area prOJectlon system descrlbedf:

3here ‘may be used ‘as are ‘typical dlameter dlstrlbutlon models_‘jr’"t

'for.stand y;eld'estlmates..\That is, the number of trees in
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each hasal-area-class:(perhaps.olasses of fixed width of*;OS:
to v.1‘ rt.2 are- appropfiate)*'iS' estimated :u31ng thef
ihteérated=odffand'khown stand density. Volume (or weight)
per class is-estimated’by'substituting olassvmldeInt basal
‘area and ~mean: heightf‘intO‘ tree  volume eﬁpressions fand
'multiplying by‘the numbef of trees per class. Stand yield

estimates are then made by summing over size classes of

’f wintehest.. Mean[ height - per class - may 'beb projected, as

discussed earlier for size class models, or estimated from

“tree and stand varlables._ Alternatively-local‘volume tablesas‘

based solely on basal area may be used to estimate volumeg'
hlper class. The class-lnterval free methods of Strub and_
.Burkhart (1975) would also be applloable for dlreot whole
B stand yleld estlmates from the pdf.

Whole Stand Models o

When" collapsed to stand level measures the basal area.

projection model takes the form
Brar = co + (cq+T)By

where Cy and cq are defined earlier. The height projection

model becomes

Ht+1 = ao + (a1+1)Ht
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where

bo(ay)e 1T

aq

The survival function now representsrthe proportion‘of TS

surviving until the next‘year. This relationship is writtén’

as

TS¢e1 = 8 TSt

where

S = [ 1+ CRP1(1-A,/p,)P2 e=(b3 = by/TS) =1

An initial stand level model for_projecting basal area

per unit area may be derived as

BAy, 1 - [BAy + TSy (e + ¢4By)1S
= [epTSy + (cq+1)BAL]S
= [cg + (cq+1)BL]TSS
‘where
BA = basal area ber unit area
gt-z'mean basal area = BAy/TSyg



8l

~Thus BAt 1 is a linear function~»of BAy. This model

_>1mp1101t1y assumes that the proportlonal reductlon in basal

area -per unit area due- to mortality is. the ‘same as that for_,--

trees per unit area,'Qr in other words, that-the mean basal

area, ‘after mortaiilty, is~uﬁchanged. This assumption must
. sure1y be questionéd; mortality' is generally higher for
small tfees,ﬁpesulting in an increase in mean basal afea»
'Aafter mortality.; R | |

Instead of" redu01ng BAt by S, a factor R, interpreted'

 "*jas the proportlon of basal area surv1v1ng, waS*appliéd‘to

BAt to account for mortallty. The.model now,beéomeS'

BA

ts1 = coTSg 8+ (cq+1)BAy R i

= [cg + (cq+1)B'y] TS, S

f:whére

B't = mean basal ‘area after mortallty*
= BAtR/(TSt S)
= B (R/S)

- Thus - Bt i;gf(R/S).
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vThe.relationshipsAbetWéén 1?'andfbthef;variableS”wéréa’

~examined. The ratio K = B'/B = R/S was found to be almost

_constant in the Hill Farm data (X = 1100Q8),j Since R must

o befrélated:to surVival;-S;;it was hypothesized that R»was a

function'vof -some'-power of S, R '=-'bosb1;>'vThus,_ the

felationship»developéd'was}

=
1

S or |

X = s--4659
The model finallyibeoomes;
BAg,q = [cg + (cq+1KBy] TSy S

- The projection equation for average basal area becomes =

. which was shown earlier for pdf relationships. Note that
f'.the_model retains the linear relaﬁionship;With Bt,- '

A similar model for height is

Ht+1b:fao;+f(a1+1)KHHt
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- where

Ry = s-8218”:",' (r? = .9903)

_ g 1782

Thus equations to project basal area per unit area,¢T

‘trees per unit area, mean basal area and mean height have

' beeﬁJ derived from individual tree growth and survival

‘models, Stand‘yield'estimates may. be méde by subétituting:‘f

mean: sizes into known individual tree volume expressions and

*lmultiplying by the: number of;trées~per unit area as

Y = TS V(B, H).

‘Alternatively relationships‘between projected?baSaleanea'péf e

acretand méan:height may be used to estiméte volume yields., »

COnsiderationS‘for Numerical Cbnsistency~

'.’_fThe integrafed‘systemfdf”stand‘modéls deVéloped'hehef':
f;neliés"on a common mathematical' structure:vfor models of
differen; levels of'resolutidn. Thus ﬁodeiS’at éachklévei

should behave similarly~with respect to_growth,projectiqnslf

waever{ these vmodels may still  provide numerically  ;

‘inconsistent  estimates = when  interchanged. = Numerical
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.con31stency may be obtained for .some resolution levels and'
jnotﬂ oftiers . Fop ,lnstance, if growth ‘and: surv1va1 are,
dveliocatedvbstdchastieallyf in ‘1nd1v1dual tree models, then
" individual estimates would be 1ncon$?stent=althoughAthe mean
of sevenal»evaluations of.the*model could be consistent with
cher*models. Three épproaches:to numericél consiStency-May
be COnsidered* i)_ identifying 'nelationShips .énd' chosing
“among model variables, 2) applying constralnts in estimating_
- model parameters,: and 3) ,applying. constraints in -the-
n'appliéatienpvof’ modeis; All  three- approaches ma&'*be
‘nequired. | | ’
It was;'noted that}'the vafiables of . growth and_
_,meéeurement are»nep-necessarily tnose‘of nltimatewinteneSt,
Basal area wasbehOSenvever'dbh for'growth;nodelingVBeeause \d
it is more closely related to volume. Other-ehoiceSdmey'
.aleo be’made."The_relative_size»indiees~GH,;andjgg_wéﬁel
‘chosen. s0 that th__ev gr'reWth models, ‘w'hen-" "eo-l‘lap‘s*ed-,

represented average height and average basal- area. Itnmayf

~be de31rab1e to use: ‘a size 1ndex based on- squared dbh times

'.height (or B*H). Collapsing this 1ndex to one at the stand

level '1mp11es the tree of  average B: H,_ where B H- is
generally con31dered to be linear with: total volume.
_Other’variables.must-also be con51dered. It may or -may

not  be reasonab1e7te_assume;that the tree of»mean APA or -
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'.erown‘raﬁio:repfeseﬁts the tree of mean baSalarea,»basal”7
 area growth, orvvolumeu In the*example presentedlmeao‘orown,.
»rratiofvas»asSoeiatedbwith'mean‘dbh‘using'the»equationsﬁof

' aFedﬁccia,,gg“,al.’ (1979) . Thus the relationships aﬁongﬂ
“different variables must be examined. Modifiers may bes'

. incorporated to‘adjust variable means to apply‘to mean basal

" _area or volume. - A variable of this type was 1ncorporatedf

for stand level proaectlons ‘to adjust mean sizes- ‘in
”faocountlng for d1fferent1al mortallty with respect to size.
A detalled examlnatlon of these relatlonshlps would require
complete' spe01flcatlon of '4all: size and attribute
.dlstrlbut1ons, whlch may not be practlcal |

A second approach may be:: cons1dered in whlch conditions
- and/or - constraints "are | applled in estimating  model
coefficients. For example growth MOdelsfmay be conditioned
in such 'a Way’aS~to.pass.through giveneoolnts; Coostraints
- may :further be'imposed so that means or sums of individﬁals
tree values follow: ‘some predlcted or observed stand level
attribute values.
| Constralnts may also be applled durlng the appllcatlon’
of ’models. ;If» coefflclents are estlmated at the stand
llevel, as ‘ﬁellﬂuas at the indiwvidual- tree level, .then-
predicted stand level response . could be ‘used tol'scale

' predicted tree level values and "force" = numeriecal




cohsistency’with stand level attributes. ThiS“procedure has

‘”the advantage that stand level data,vfrom a much broader‘

fbase tban would ‘be avallable at the tree level could be -

llncorporated to broaden the appllcablllty of the 1ntegratedr
’bsystems O0f course, in- thlS context, the 1nd1v1dual ‘tree__e

models  serve only to allocate varlablllty of predlcted

Z;aggregate response and tree-level models lose some of thelr

appeal 'in terms of flex1b111ty



CONCLUSIONS AND RECOMMENDATIONS!

o An,integratéq:é&stem of stand models for loblollyfpine
was déveloped and demonstrated which incorporatesrvirﬁuélly-
all‘of,thenstand:§r0jecti0ns methOdecurrently inque~£§day;
Data were not available to fully calibrate this system of
- modélS"for  operationa1 use, but model ¢omppﬁeﬁts ‘were

identified énd", preliminary parameter estimates» werep;'
presented. It 'is hoped that these studies will help to
 pr§mote*the development»of'more general bperatiOnal spaﬁdv

»mddéls, encoupagev 'others to investigéteg ‘fuﬁther ~the
: relatipnships.beéween tree gerth,and stahd dynamics,'énd;
provide guidelinés férvfuture data collection aﬁd analysis;,

In many ways the present study may “bé considered a

"pilot™ or ffeéSibility study for future ‘development of .

- integrated systems of stand models. Indications are that
‘such systems are well within reach and that'futufe-mOdéIingg"
efforts should addreSs more'géneral ébjéctives thaﬁ‘in"the]
past. Further déVeiopment of integrated;model«system ma&,
take place in a_nﬁmber of areas in paraliel. |
Data from a broader inference base must bé:évailable~

’.béfore;aﬁlintegrated system, as described here, can be fully

90
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‘f_féalibnated }and-*testedl:.7A-1number ’bf*fdata"sé£s5 cufrentlYffaf'-f””b'”

o ;ex1st whlch may be ‘used- to- callbrate and test the dlstancey"'"'

"tlndependent components.~ Dlstance dependent data ooverlng a N

lar'°‘e por‘ulon Of the r»ange. of lOblOlly plne- is curr’ently:;.

cbelng collected through ‘the VPI and SU- Loblolly Pine Growthfﬁ;x.ﬁ"

and. Yleld Cooperatlve.

ln the meantlme work: may contlnue on the development of”.:«:.j»“

7~model components Further development vof blologlcally]pff’k

frat1ona1 growth relatlonshlps must contlnue. The~ exampleﬁf-=~ -

presented-here wasmgust one‘of many posslble formulations*

‘prSSible. The ratlonal behav1or of growth functlons gis5 s

"fcruclal to the l1nk between tree level and . stand 1evel;_;«ff::”'*f

"fmodels Development of dlfferentlal growth equatlons maydd

allow varlable prOJectlon perlods and prov1de addltlonala»

.flex1b111ty over the annual growth prOJectlons con31dered7

1dhere. Surv1val relatlonshlps may also be 1mproved as welll

. as. the representatlon of mortal1lty related changes in 51ze:;§~

d15tr1but1ons : The pdf relat10nsh1ps may also be developedﬁ_gly

| further." Growth: r'e]-"=”310f151’1113'5 fdf”‘ more dlstrlbutlon;;fi""”‘

l,families.-may beifexamlned;. J01nt helght basal area d1s-;“"”

.’trlbutlons may be p0551ble as well.

Questlons related to numerlcal cons1stency are wide '

'_;open fOP study. - The relatlonshlps between attrlbutes at‘*-\“‘

\'both ‘the tree and stand levels must be examlned closely.-
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Cibsef}ekaminaﬁion of“the'distributithIOf attributes wili

'hélp in model~¢0nstruction. Parameter estimation and model -
application;prdcedures, must also'be'examinedfwith;respéct‘
~to numerical consisténey. v o

| Future work4~may also cohcentrate on development: ?f
flexible stand management routines such as those used by
Daniels and : Burkhart_. (1975) ‘and  Thurmes = (1980).
| Ideﬁtificatibn_ofJappfoﬁniate‘tree and stand components for.
inclusibn-of theséafoutines is:also importanﬁ.

As management 9intensiﬁy incrééséé;_'éﬁd- iﬁf6fﬁation,5
-needs become mcfe, varied, sténd models must becomev’mOre; 
._flexiblé. Integrated?systémsboﬁrstandijGQIS'should prdvide
mﬁchlgreater flexibiiity in meeting“theée neédsfthan have -

singlé»purposevapprOabhes used in the past. -
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APPENDIXfIL

Corre‘latwn of vamous compet1t1on and oomt dens1ty indices w1th
annua] growth of" 10b10]1y p1ne.;

TYPE OF “INDEX "

SYMBOL-.

CORRELATION ‘COEFFICIENT (%)

WITH GROWTH 'IN -

AUTHORS REMARKS: oy B
o= 6490
Distance. Indepgﬁden::. o . Lo . L
Relative Size - ¢ Glover and Hool (1979) (D;/5)2 .2329 .4027
o Gy Variation. 8¢/5 L2355 L4332
Gy - /8 .2537 - .3950
Ggi- o " ByHy/BR L2333 L4329
, Gup. . - ©Hy/HD 230570 L4937
Crown Razio &R Cli/Hy J77037 L4772
" Distance.Dependent :
Area Ovi."et‘lap:. ) Ay Arney- (1973).- Unweignted. -.6604: - =,4347"
' A7+ Ek.and Monserud (1974) - Weighted. -i6316. - =.4920.
Dbh Ratio/Diszance ~ C; - Damiels (1976) - T(Dg/D3)/1g ~.687227 =.5574
Spurr's. Point Sy . Spurr . (1962) Excluding sub. tree - =-.7143 =.4175
Densi*v Sz - Spurr:.(1962) Including sub. tree.:. =i6545: -.3807
,.Ar,eaﬂ Potentially. By ~Brown (1965):" .- - 'Unweighted. 33297 6367
Available ’ Py + Iwore-et-al. (1973) Weighted by B.. .3888. - L7463
o Py Variation’ ’ Weighted by BH - L3872 L7487
Py - Weighted: by H .3638. . - .6855"
¢! . Py modified to' 13934 - 7480
- sum to total. area:
Inree Dimemsional  PH = Pelz (1978) Py x By L0832 L5122
Indices Phy: . P> x Hy 1359 (5800
) PHy " Py x Hy 1420 5803
“PHy . " Py = Hy .1023.7. - .5350
- Iree Si,ze»‘ .
-.1876 " . .3571
-.1860 3154
=.4705 . NS
Stand. Level- lieasures : :
TS -.3332. -.5707"
BAL . : -.7388- - =:4032°
Krajicek, ef: al. (1961) -.7536~ =.5184

I

where B = tree.basal area; H = tree: neight; HD = average heignt:-of dominant énd» codominant: trees;

CR = crown ratio; €L =-cTown Ieng:h; D = dbn; L =:distancej TS'= surviving trees fp'er acre;:’

Ba.= basal.area per-acre; CCF * crown' competition factor; NS =-nonsignificant:(.03).
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Squared mu1t1p1e corre]atlon coeff1c1ents between 1ob1011y pine. growtha
and: various: competition and: pomt density 1nd1ces in the presence of

tree s1ze and stand dens1ty

INDEX

Square:. Mulna.l.e (.otrelauon Cogfficient. (R') with. Don

© Growzh for todel lxa.J.ud:mgl

D D,IS D,Ba D,I5,65,CR D,Ba,G5,CR  D,T5,0up,CR  D,Ba,Gyp,CR -
DISTANGE" INDEPENDENT v ¢
' G J1577 W54420 L6121
6 1737 54657 7.6129
Gy 21724745071, 6222
Ggr .1693. %5306 .6130
Sup (2529, 5012 6296
cx- L6121 L6121 - L6157
DISTANCE DEPENDENT : . , v
Ay 4373 44L3 6027 - L6410 6309 6511 .6478
As L4231 L4TTT 16029 - 16427 6296 .6487 .6432.
¢y .5093° .5390 .6176- (6473 .6350 L6452 L6uEL -
5y .5362. .5430 6082 6476 .6352 .6589 6526
sy (42820 L4686 L6052 . | .6425 . .6305 - (6322 . .6463.
P (2491 2962 .6029 L6434 .6348 - L6518 .6509 .
128 L4018 4281 .6121 6520 L6419 6631 .6597"
3 L4085 L4415 (6143, - .6528: 6422 6627 . .6587
A - .3089 .3378  .6053  .6483 _  .6399 6545 1 o .6536
P 4068 4336 6131 - 6524 6423 6636 L6602
PHy - 212400 .2651- 6044 '
PHy L2141 3166 . 46025
PHy .2160, 13259 .6025.
PH,. <1496 L2721 6034
. CHEGKZ - .0352. .2647. ‘;eoz‘s‘-- 63817 L6270 . ¢ .6kék © . .6418

’ l'rhe model ; D= by oID + bz(IS oz BA) * 53(53 or Gyp) + byCR + 55c1 wis fitted.
including increasing. n\nbgrs of* :erms, where D= dnl’r TS = trees surviving. per: a...re- Ba = szand basal
ares per acre; Gg = rela:ive basal area’, indax' GgD = tela:ive hz:.ght To’ nominan' height indu,
CR-= crown ratio; and CI = conpe:i:ian innex.

2rit vii‘hout:l index--aé a check-on' the coantribution of ‘the indexs:



AN INTEGRATED SYSTEM OF STAND MODELS FOR' LOBLOLLY PINE

e ‘ i ; by T
Richard F. Déniels

' (ABSTRACT)

Angintegrgted*system>of stand models waé devéloped*for*'
1dblolly~ pine“in_ Which modelé of differehtv levels of
~resolution are relatéd,by; a unified matﬁematiCal structure.
A "telescopiﬁg"f*systeﬁ\‘isvpreséhted iﬁ Which, é ‘highI§'~
' detailed overall model Kisfspeéified aﬁd its components:
;("cdllapsed" around: a common set of growth and survival
fﬁhctiohs‘to prévide;strudturally compatib1e models at each

successively lower stage-of resolution.

The most detailed model is a distance  dependent

,individuél ‘tree7 modelv which simulétesﬁ the growthv and
competitive interaction of trees in a stand, ~Tree basal
rarea} and"heigﬁtj growth were modeled uéingf é modified‘
‘ChapmanQRichards fUnctibn in.termsv of poféntiaL  growth,
: curﬁéntrsiZe,, relative size, ‘¢r§Wn ratio, and an indeX‘of 
competitionQ Potéﬁtialvgrowth was cénéidered*a'fUnétiQH of

sité quality3 age,‘énd open—grown*Size rélationshipsu :kTree ‘
survi#al-pfdbability was deégribed using,ajloéiStic fun¢tion'
'ih'tefmsfof‘age, crown ratio, and competition. | |

'Ihe:competitioﬁ:cr'point-denSity'ihdex;isSa:fUnction.éf”

_;Cthé'siZéfand-lbcatibn of neighbors. Pubiiéhedvindices~weré\H fr»



evaluated andrcompared, on . their simple correlatibnslwith e

.grOWth,-amultiple’ccrrelationvwith'growth-in‘the‘presence ofe'

other tree and stand measures,; computer execution time, and

felaﬁionshipsfto standmleVel,’densityvmeasures;'  The area
PQtentialiy-available (APA) - for each tree‘was.chosen as the
most suitable. The APA index is caleulated as the area of
the polygon constructed: from lines whlch divide the distance:
between_avtree and 1ts.ne1ghbors.:”Mean-APA,.or average area,sv
~per tree,”fiSVestimafed by the inVefSe> of trees. per unltf'

area, permlttlng polnt den51ty to collapse to stand density;

resultlng in a dlstance 1ndependent 1nd1v1dual treedmodei.

'ThlS» model was collapsed, dimensionally to' consider
trees grouped- in size classes. Tree growth,iandJSUrvival
equationsvare applied to-ﬁhe' mean attributes.ofT'each»SiZe‘

class, - resultlng in a size class progectlon model. At. the

'.10west level of resolutlon,' the dlmen51ons of the model are

collapsed to one "average" tree. A stand 1evel progectlon

‘model - results from apply1ng the~tree growth and surv1val‘ k
_equatlons to the stand’s average tree attrlbutes |
At the» stand level ‘the basal  area growth-;functions%
provides aktransfarmatlon which; fpr a“nuhber of probability._
'densityffuncﬁions»(pdf's>, ‘will regenerate the initial pdf

' family.  Considering a normal pdf to describe basal area

| distributibns;e a - pdf-based. size distribution»»modelf is:



':fbrééented:”'inHWhich the7'projedtéd~parame%er81éré expreséédn-f‘” e

"ﬁf in terms of the. growth functlon coefflclents.v_:Applications:~5f” o

  to other pdf famllles are dlscussed

| Prellmlnary tree' - growth anq5»‘56rviQél‘ quatlon
: coefflclents were estlmated u31ng data: 'from a loblolly p1ne«
'?stand den51ty ﬁstudy -in North Lou1sxana ;Structurallyﬁ

"gcompatible modeLs;ét)eaChilevel, of resolution{are{detaile&.

",ff1Considerétions~ fof ‘numerically consistant estimates. from

 ivmodels of dlfferent levels of resolutibn~afe ”dis¢USsedgihj'“
.3termS» of. vmodel -~ ‘specification, ‘,.estimationg : ahd

l,:implemehtétionrf'vRecommendations-fbr"~m0dé1 abﬁlidatithahd

" future model devélopménﬁ ére_presented. 
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APPENDIX II (continued)

' 'SqUared;muItip1e‘Cere]ation~coefficientsrbetween,iobioITyvpine;growth:~
and.varwous«tompet1tion1andxpoint'density indices. in- the presence of

. tree'size and stand density.

Squarec ‘Multiple Correlation: Coefficients (P.z‘) with' Basal Ares..

Growth. for Model Imcluding!

B 5,75 B;BA  E,TS,Gg,CR: "B,BA,Gg,CR. - 5,I5;Gyp;CR BjBA,oup;CR

DISTANCE . INDEPENDEKT. .

¢ .19557 .5281. L5194 °
Gg: . 2155 .5316 L5252
Gy 19487 4786 .5280
Ggy © . W211B - .52647 L5263
Ggp' - 2608 4776 5489
CR - . 49077 (3137 L4972

DISTANGE DEPENDERT. , S
Ay -3877° .4225 L4938 .5948 .5358 .5824 .557¢

An | .3498 . L4394 49547 5915 | .5282 .5785. - .5500
¢ : .3988. L4648 .4985 \5913 .5285 5785 . 15500
sy 45697 L4983 .4991 .6057 .5369 5963 .5609"
Sy .3848. L4527 L4954 5974 5312 .5858. 5540
- Py .4063 . 4226 " .5550.. . 46576 6475 .6398 6480
Py . .5764. .5862° .6325 . .6856 .  .6688 .6810: . 6791
Py - L5833 °.5988 .6387 . .6861 - .6660 6801 L6748
B, 4708 L4788 ' \5810.  .6703. .6603 - 6487 6534
B 57867 °.5893. .6336: . .6849 6676 6809 .. .6785
PE; .2704. .3535. .5187 . ' -
Py - .AOT7 L4663 45463
Py o L4052 .4760 .5450
PH .3063: .3772 .5255
CcHERZ . .0995...3292 L4937 . L5913 - .5280 .  .5785. L5498

IThe model’ B = b+ b)B+ by(TS or' BA) + b3(Gg OF Gyp) + b4CR + bsCl was fitted includ=
ing inereasing m.m_hex"s of ‘terms; where B'= tree basal area; IS.=.trees surviving.per acre;
Ba'= stand basal area per ‘acre; Gg-= Telative basal area index} Gyp = relative height: to

dominant height indeéx: CR =:crown ratio; and Cl = ‘competition index.

- 2Fit wizhout index as a cheéck ‘on the contribution.of. the index.
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