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ABSTRACT

The objective of thisstudy wasto develop siteindex curvesfor young plantations of coastal Douglas-fir
(Pseudostugamenziesii (Mirb) Franco). To accomplishthis, aset of height-age equationswere devel oped
whichincorporate an adjustment for stand density, expressed intreesper acre. A referencesteindex system,
based on agefrom seed of 30 yearsand 300 trees per acrewasdeveloped. Equationsto adjust to other stand
densitiesand to convert to the King 50 year siteindex system for natural standswere also developed. Soft-
wareimplementation of the siteindex system devel oped in thisreport can be obtained at:

http:/Amww.cfr.washington.edu/research.smc/pubs.htm
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INTRODUCTION

For even-aged natura and planted stands, site curvesaretypically used to describethe devel opment of
dominant height or top height. For Douglasfir in the Pacific Northwest, the commonly used Site curvesare by
King (1966) and Bruce (1981). Indeveloping hiscurves, King used adatabase of dominant height versusage
for individual plots; past dominant heightswere obtained by averaging measured heightsto whorlsat 5-year
increments. Brucefitted equationsto increment in top helght using dataobtai ned from the remeasurement of
permanent plots. The major difference between theresultant curvesisat theyoungest ages. Bruce extended
thecurvesto agesprior to breast height, and consi dered the effect of fertilization upon height growth.

Stand density affectsheight growth. Thiseffect isgenerally believed to be small andisusually not
considered in the development of site curves. Reduced growth at low densitiesisexpected for specieswith
weak epinastic control (Oliver and Larson, 1996); thisdensity effect has al so been noted for Douglasfir
(Isaac, 1937, Scott et ., 1998). Conversely, very high densities can produce marked reductionsin height
growth; and these effects are sometimes modeled. Examplesfor lodgepole pinearefrom Alexander et al.
(1967), and Cieszewski and Bella(1993). Intheformer, CCF (crown competition factor) isformally brought
intothesitecurveformulation; inthelater acrowding index affectsannual growthinadynamicfashion. Simi-
larly inmanaged stands, itisnot uncommon to modd theeffect of asilvicultura trestment upon height growth;
an exampleisPienaar and Rheney (1995).

Theobjective of thissite-curve project wasto derive site curvesfor plantations of Douglasfir. Site
curvesareviewed asafamily of height over age curvesthat typify height development. The SMC Typelll
ingtalationshad shown earlier that high densitiescould dramaticaly increase height growth (Scott et ., 1998).
Henceit wasanticipated that stand dengity should affect thesitecurves. The SMCingallations, supplemented
with other research ingtalationsused in devel oping the SM C variant of ORGANON, wereavailablefor usein
developing site curves. Dataavail ability and the anticipated usage of the Site curves together suggested thet the
dependent variable should betop height asdefined in the next section. Hencethefdl ling and sectioning of trees
was not required.




DEFINITIONS

Threemeasured variablesrequiredefinition: top height, age, and dengity. Thedefinitionsand estimation
procedures given herereflect what was appropriate for the fitting data set. Variables measured in exact
conformancewith these definitionsmay not beavailableininventory applications. Theuseof dightly different
definitionsfor top height or density will usualy not poseaproblem - aslong astheusersare consistent intheir
usage.

Total age (AGE) isdefined asthe number of elapsed growing seasonsfrom germination. Most planta-
tionsnow use 2-0 stock; thereforeage at planting is2 years, age at the end of thefirst field growing seasonis
3years. Interpolation of agewithin agrowing seasonisnot addressed.

Top height (HTOP) isdefined asthe mean height of thelargest 40 trees per acre (tpa) by DBH. All
speciesare cons dered when defining thelargest 40 tpa. However, the mean computation usesonly the subset
of treeswhichareDouglasfir; inamixed-speciesstand, fewer than 40 tpamay beused. Invery young stands,
treestaller than breast height are considered first, and then the smaller treesranked from tallest to shortest.
Observed tree heights are used in thetop height computation when they areavail able; otherwise heightscome
from height-diameter curvesfitted to other treesmeasured on the sameplot at the sametime. With good local
height-diameter curves, differences between computationsfrom observed tree heightsand predicted tree
heightsshould betrivid. Theuseof predicted heightsfrom regional height-diameter curveswould beinappro-
priate. A usabledefinition of top height should include asampling protocol. The expectation of top height will
vary with plot size. Accordingly, for inventory work, it may be useful to adapt asampling protocol and compu-
tational schemesimilar to that used on permanent plots, or to quantify the differencein expectation that might
arisefrom differing protocols (Rennolls, 1978; Garcia, 1998). The protocol for top height computationinthe
permanent sample plots wasto smply accept existing plot sizes, theseweregenerally 0.2 acresor dightly
larger.

An exampleof atop height computationfroma0.2 acreplot follows. Thetargeted number of top
height treesis40 x 0.2=8. Fromacompletetreelis, identify theeight treeswiththelargest DBH’s. From
that set, exclude non-planted treesand treeswith broken tops. Thusthe number of acceptabletreeswill be
eight or fewer. Inpractice, non-planted treesmay not beidentifiable unlessthey are of another species. The
broken-top exclusionisnecessarily subjective; if there wasabreak many yearsago it may not bereadily
detectable. Withlocally fitted height-DBH curves, treeswith broken topsare usualy excluded fromthefitting
data set; if that isthe case, the decision on whether or not to include those treesin the top height, using
equation-predicted heights, will haveaminima impact on theva ueof top height. Thetargeted number of trees
may sometimes beanon-integer; for examplea0.19 acre plot would target 7.6 trees. The suggested proce-
durewould beto useaweighted averagewith thelargest seven treesgiven weightsof 1.0, and theeigth given
aweight 0.6. Equivaently, assignto each sampletreethe number of treesper acrethat it represents; sort by
descending DBH, and cumulateto 40 trees per acre; thefinal included tree hasitstpafactor reduced so that
thetotal doesnot exceed 40. Thelater procedureiscommonly used within growth model sbased on DBH
classesor cohort lists.

Ininventories, standsaretypically sampled with many small plots, often prism plots. Thisposestwo
problems. First, adecision must be made asto whether the site curves, and any related growth models, areto
beappliedto the plotsindividualy, or to an average stand condition. Theusua decisionfor growth modeling
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of plantationsisto calcul ate the average stand condition, and grow that forward. Given that the growth
models, including the site curves, are constructed from small permanent plots, their applicationto stand aver-
agevauesmay bebiased. Thecomputation of top height using awhole-stand diameter distribution tableis
definitely biased. Anaggregate stand tableiswider than would befound onany individual plot. Hencethe
averagediameter of thelargest 40 tpa from the aggregate tand tableislarger than the average diameter of the
top height treesthat woul d have been selected onindividua plots. We have not studied these differences, but
expect they could be onthe order of severa percentage points; thisleadsto asmall systematic difference- a
bias- between top heights ca cul ated from plots and from aggregate stand tables. Oneway to avoid that bias
would beto calculateatop height at each sampleplot, and averagethosevalues. The second problemisthat
for samplesfrom small fixed-areaplotsor prism plots, the cal culated top heights may betoo low - compared
with what would have been obtained from 0.2 acre plots. Here, theuse of adjustmentsfor plot sizeshould be
consdered. Garcia(1998) givesgeneral methodol ogiesfor the cal cul ation of adjustment factors, and some
resultsfor Douglasfir. For any particular inventory methodology, it should be possibleto derivesmple-to-
apply adjustment factors.

Treesper acre (TPA) isthemeasure of density used here. For plantationswith noingrowth, density
referstolive planted trees. However, ingrowth trees are often present, and are sometimesindistinguishable
from planted trees. Where non-planted trees are present and identifiabl e, thefollowing formulaisused to
caculatean effectivedensity asafunction of planted-treedensity (TPA ), planted-treebasal area(BA.), and
total basal area(BA).

TPA=TPA, X (BA/BA)
@

All subsequent referencesaretothiseffectivedendty. Thecasewhereingrowthiseadly distinguished
iswheretheingrowthisof adifferent species, most commonly western hemlock. Inthat case, or any casewith
many ingrowth treesthat are much smaller than the planted trees, it isimportant that Eqn. 1 be applied. If the
ingrowth trees are about the same size asthe planted trees, the effectivetrees per acre (Eqn. 1) isapproxi-
mately equal to total trees per acre. At very young ages, especially if the planted treesare at or below breast-
height, formulaswith BA inthedivisor should not beused. Accordingly, at thevery youngest ages, usetotal
treesper acreregardlessof species.




POPULATION

Thepopulation of interest are Douglasfir plantationsthat have not suffered from extremeingrowth,
have not suffered severewind damage or pathogen damage, and have not been pruned or fertilized, and do not
haveas gnificant component of advanceregeneration or “leave’ treesfromapreviousstand. Theheight - age
datafrom the permanent sampleplotsused inthisstudy for fitting the site curvesareshownin Figure 1. Note
that none of the observed top heightsreach 125 ft.; ages do not exceed fifty yearson good quality sites, and
arelower onthevery best sites. Thefitting dataset had excluded plotswhich werelessthan seventy percent
Douglasfir by basal area.

BASE SITE CURVES

“Base” dtecurvesrefer to curvesderived from equationsthat do not have density asanindependent
variable. Mathematicaly they arestructured likemost other Site curves. They may bethought of asbeinginthis
form:

HTOP=g (AGE, Sl)
@

wheresiteindex (S) istop height at areference age, inthiscase, total age 30. The software developed by this
project (see Appendix C) allowsthe above formul ation to be used. However, the closed-form solutionis
actudly:

HTOP=g,(AGE, ¥)
©)

where W, or PSl, isaparameter usedindefining aparticular sitecurve; W isthe maximum derivative (ft./yr.)
for aparticular sitecurve. For every valueof W, thereisauniquesiteindex calculated as.

Sl =g,(30, W) “
4

Similarly, for every valueof steindex, thereisauniquevaueof W. Theuser of thesitecurveswill generally
not be concerned with W. However, an awareness of thisunder-lying parameter will facilitate an understand-
ing of the software and of the underlying equations (Appendix A).

Thebasedte curvesaretabul ated for alimited set of Steindex vauesin Table 1. Annua incrementsin
HTOPat variousagesare shownin Table 2. Figures 2 and 3 are another representation of the sameinforma-
tion: top height and top height increment. Thesebase curvesarenot functionsof density; however they apply
to one particular density regime. That density isaconstant 300 tpa. For comparison, King's(1966) site
curvesareshowninFigure4.




DENSITY EFFECTS

The mathematical formulation of the base curves hasno explicit tieto density. Density-dependent
curvesare constructed upon the base curves. Each annual increment isincreased or decreased depending
uponthecurrent density. Thus

(AHTOP) =(AHTOP) x d(AGE, TPA)
®

where (A HTOP) istheannual increment of the base curvesAGE toAGE + 1, d( ) isafunction of ageand
dengity, and (AHTOP)’ isthedensity-dependent increment. Thedensity function, d(), whichisappliedasa
multiplier,isshownin Table 3, and described in Appendix B.

Theform of the density function for any given ageisthat of aquadratic equation in thelogarithm of
density, subject tothedengty limitsinthedatabase. For each agethereisamaximumvaueof d(). Atyoung
ages, the maximum value of d( ), occursat densitiesabove 1600 tpa. At age 20, the maximum predicted
growth occursat about 600 tpa. At age 40, the maximum predicted growth occurs at about 100 tpa.

DENSITY-ADJUSTED SS'TE CURVES

Density-adjusted site curvesare created by applying the density-effect modd to the base site curves.
Thiscomputation requiresthat aparticular base curveand density regimebe specified. Thebase curvecanbe
specified by itssiteindex, theunderlying valueof W, or theheight at any age. Thedensity regimeisspecified
by thearray of dengitiesfrom the planting ageto oneyear shy of thefinal ageof interest.

Anexampleof adensity-adjusted curveispresented in thefollowing tabulation for aconstant density
of 1200 tpa, and abase siteindex of 75 ft. at age 30. The computationsfor thefirst few yearsare shown,
using basevaues(HTOP) from Table 1, and density effectsfrom Table 3. Starting at age2withHTOP=1.40
ft., thebase height versus age curveindicatesthat HTOPwill grow to 1.63 ft. inayear - aheight increment of
0.23ft. Heightincrement at adensity of 1200tpa, rather than 300 tpa, isgreater by afactor of 1.299, making
the density adjusted increment 0.30 ft., and the age 3 density-adjusted HTOP 1. 70 ft.

Age HTOP (ft) | A HTOP Density Effect A HTOP' HTOP' (fr)
2 1.40 0.23 1.299 0.30 1.40
3 1.63 0.64 1.220 0.78 1.70
4 2.27 1.02 1.167 1.19 2.48
5 3.29 1.39 1.130 1.57 3.67




Curvesfor siteindex 75, for the base 300 tpa and for 1200 tpa, areshownin Figure5. Thetwo
curvescrossat age 32. Theassgnment of asiteindex to the adjusted curve posesadilemma. The assignment
could bethat of the base curve (75.01t.), or could bethe predicted height at age 30 (75.91t.). Theconvention
weuseisto alwaysrefer tothesteindex of thebasecurve. Henceboth curvesinthefigureare Sl 75 curves,
oneisfor aconstant 300 tpa, and the other for aconstant 1200 tpa.

Other dengity regimeswill exhibit different patterns. To gain perspectiveonthis, density-adjusted site
curveswere constructed for aset of four diverseregimes, al withabase Sl of 75 feet:

1. Constant 1200 tpa

2. Constant 400tpa

3. Constant 100tpa

4. 1200 tpathrough age 17; 300 tpa from age 18 through age 34, 100 tpa after age 34

Thedifferences between thesefour curves and the base curve are shownin Figure 6. Thefirst regime(high
dengity) ispredicted to beten feet below the base curve at age 50. Thefourth regimeispredicted to befivefeet
abovethebasecurveat age50. Inconsdering radicdly different density regimes, the density effect modd will
sgnificantly impact predictions. However, in gpplying the curvesto individud standswhich arenot subjectedto
extremedengties, predictionsareunlikely to beradically different whether the density effect model isused or
not.

In agrowth modeling context, the cal cul ation of density-adjusted site curves may have an additiona
complication dueto mode interactions. Many growth model suseheight from sitecurvesasadriving variable.
Assuch, height growth affectsdiameter growth and mortality. Mortdity inturn affectsheight growth. Still, the
annua computationsare straight forward. The height increment ingoing fromAGE toAGE + 1isaffected by
thedengity at thefirst of thefirst of thispair of ages. Themortdity prediction equationfor that one-year period
may useasinput the density-adjusted height increment. Though annual computationsarerequired, eechyear’s
computationsaretractable and do not require s multaneous sol utionsfor height growth and mortality.

RELATIONSHIP BETWEEN NATURAL-STAND SITEINDEXAND PLANTED
SITE INDEX.

It has often been noted that “ exhibited” siteindicesof young Douglas-fir plantations, calculated with
standard site curves, sometimes exceed the highest natural-stand sitesindices observed at breast height age
50. Itisreasonableto believethat plantationswill exhibit faster height growth than natural standsat the same
location. Thesiteindices(natural and planted) are correlated. Thissection quantifiesthisrelationship. The
resultant equationsmay beuseful in predicting planted Steindex for newly planted areas, or in extrapolating the
new curvesto heightsbeyond the plantation data.

Theavailabledataare showninAppendix D. Theseincludeal of the planted instalationsfor whicha
natural stand siteindex wasavailableinthe SM C database. The natural stand siteindex values, with anindex
ageof 50yearsat breast-height, camefrom avariety of sources; they were assembled by Bill Bennett whilehe
wasonthe SMC gtaff. The plantation siteindex va uescamefrom the application of the density-adjusted site
curvesto thefina measurement on each of theplots.
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The geometric mean regression relating thesteindex vauesof theingtalationsis:

Sl =-13.6 + 0.7955 x S

planted natural

(6)

Further exploration of the dataindicated arel ationship between planted Sl and birth year (BIRTHY R): the
morerecently planted standstended to have higher Siteindices. Thesewas confirmed through linear regression
analyss, adding onetermtotheregression:

S, =-136+0.795x% Sl + 040 x (BIRTHYR - 1980)

planted —

()

Birth year isdefined asthe calendar year in which the seeds have germinated; thus 2-0 stock planted inthe
winter of 1999-2000 would have birth year 1998. In applying the aboveregression, BIRTHY R should not
exceed therange of thedata: 1955 to 1993; amore conservative approach might be recommending: limiting
the application to therange 1970 to 1990. Presumably thiseffect isdueto better planting stock, better han-
dling, and better genetics. Thedifferencein predicted planted siteindex between 1970 and 1990 would be 8
feet.

OTHER APPLICATION ISSUES

One assumption that isneeded isheight at time of planting. 1n model application, we assume that
planting age (AGE,) is2 years. Top height at thetime of planting (HTOP,) has been estimated for each
plantation; in modeling thisisset to areferencevalue, fixed at 1.4 feet. Thisisperhapsabit|lower than current
standards, and abit higher than in past decades.

Thedataat thevery youngest ages(agelessthanfive) issparse, andincludesfew annud remeasurements.
Accordingly thedistribution of growth in thefirst threeyearsafter planting should be viewed as soft predic-
tions. Theannual growth predictionsfrom the curves should not be used asabenchmarksfor new plantations
at thosevery young ages.

Atany age, an*“exhibited” steindex can be calculated from the age, observed top height, and density
regime. If at ayoung age an exhibited siteindex hasavery low value, chancesarethat at |ater ages, new
cdculationswill yidd higher vauesfor exhibited steindex. Similarly, sandsthat initialy havevery highexhib-
ited steindex vaueswill tend to havelesser exhibited Steindex valuesat older ages. Theexplanationfor this
tendency withtraditionally fit curvesisexplained by Curtiset . (1974); such atendency probably existswith
the present curves- but to alesser degree. The present curves, and most curvesfit to growth datasuch as
those of Garcia(1983) or Bruce (1981), would be expected to produce distributions of exhibited siteindices
that do not vary muchwith age. Such exhibited Siteindicesare suitablefor most forest-wide planning anayses,
distributionswill becorrect, evenif individual predictionsarenot optimal.




For any particular young plantation it should be possibleto obtain amore precise estimate of Steindex
than the exhibited Siteindex discussed inthe previous paragraph. Anobviousstrategy isto makeaweighted
mean estimator where one of theinputsisexhibited Steindex, and theother input iseither an overall mean site
index or perhapsthe plantation siteindex predicted by applying Equations 6 or 7 to the siteindex fromthe
previousnatural stand. No preciseguidanceonweightsisbeing given. At ages 30 and above, theexhibited
steindex should probably be accorded complete control. At ages10to 30, theexhibited siteindex should be
accorded no morethan half of thetotal weight, and at younger ages, evenless.

Thedatado not extend to the helghtswhere most current plantationswill be harvested. Extrapolations
to those heightsmay not be warranted; some usersmay prefer more conservative aternatives. For example,
King'snatura stand site curvescould beinvoked at the older ages. Oneway to do thiswould be based onthe
planted - natural Sl relationship developed inthe previous section. Using Egn. 6, selected Siteindex valuesin
theplantation sitecurves(Figure2, Sl = 35t095), aretrand ated to aset of natural stand siteindex values: 61
to 136. TheKing sitecurvesfor thesefour valuesareplotted in Figure4. Themajor differencesbetweenthese
and the plantation curves (Figure 2) aretheoveral higher level of the plantation curves, and amuchfaster start
for the plantation curves. A possibleway to switch from the plantation curvesto thenatural curvesisto match
thecurvesat aparticular height. For example, the plantation height curvefor Sl = 75 feet could be used to age
49, wherethe predicted top height is120.8 feet. The plantation site curveswould predict growth for the next
decadeas 17.8 feet. Thecorresponding naturd stand curvehas Sl , = 111feet. That curvereachesthe
sameheight (121 ft.) at total age 65 (breast height age 58). The natural stand curve predictsgrowth for the
following decadeas11.4feet. Thisisatypica result. If thesitecurvesare matched on height at the extremes
of thefitting data(120feet or 75 yearswhichever comesfirst), thenatura stand curves predict ongoing growth
about athird lessthan the predictionsfrom the plantation curves. Adopting thelower estimates of subsequent
growthwould be conservative. Theright choiceisunknowable at present.

DISCUSSION

Thefitting procedures, which have not been presented here, have produced curveswhich arein good
agreement with the observed growth rates. However the data does not represent asingle popul ation. Growth
at the oldest agesisentirely from early plantationsfor which therewas no geneticimprovement. Growth at
young agesisfromamixture of early measurementson early plantations, and recent measurementson recent
plantations. Possibly theresultant curvesare not representative of any constant population. At present, there
can beno evidencethat thesitecurveswill correctly predict futureconditionson recently established planta-
tions.

Thevalidity of extrapolation to older heightsis best addressed by continued data collection, and even-
tua refitting of the curves. That, plustheincorporation of agenetic gain model, and the development of Sl -
biogeoclimatic rel ationships, would seem to be amore sati sfying approach than resol ving the natural -planted
conversion relationships. Still, it would be possible toimprove upon the conversion rel ationshi ps presented
here. A good starting point would be using historical inventory datato find natural stand siteindicesonalarge
sampleof standsthat have since been planted.
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TABLE 1: SITE CURVES: TOP HEIGHT (FT.) FOR SELECTED VALUES OF SITE INDEX.

Tot al Site Index = HTOP at Total Age 30
Age
(Years) | 3 | 45 | 55 | 65 | 75 | 85 | 95 |
| 2 | 1. 40| 1. 40| 1. 40| 1. 40| 1. 40| 1. 40| 1. 40|
| 3 | 1. 46| 1. 49| 1.52] 1. 56| 1. 63| 1. 80| 2. 29|
| 4 | 1. 64| 1. 75] 1. 88| 2. 01] 2. 27| 2. 71| 3.81
|5 | 1. 94| 2. 18| 2. 47| 2. 76| 3. 29| 4. 09| 5. 89|
| 6 | 2. 35| 2. 78| 3. 29| 3. 79| 4. 68| 5. 92| 8. 47|
| 8 | 3. 51| 4. 45| 5. 56| 6. 64| 8.45| 10.73| 14. 84|
| 10 | 5.12] 6. 74| 8.64| 10.44| 13.39] 16.81] 22.09]
| 15 | 10.93] 14.86] 19.29| 23.26] 28.89] 34.03] 40.41]|
| 20 | 18.92] 25.39] 32.06] 37.65 44.90] 51.36| 58.72
| 25 | 27.26] 35.60] 44.04| 51.66] 60.37| 68.54] 77.04|
| 30 | 35.00] 45.00| 55.00] 65.00f 75.00] 85.00/ 95.00
| 35 | 42.19] 53.65| 65.00f 77.50] 88.61] 100.34] 111. 85|
| 40 | 48.86] 61.60| 74.12| 89.07| 101.11] 114.33| 127. 14|
| 45 | 55.06] 68.92] 82.45] 99.66| 112.48| 126.91] 140.71
| 50 | 60.81] 75.66] 90.05| 109.28| 122.73| 138.06] 152.52]
| 55 | 66.15] 81.85] 96.99| 117.96| 131.91| 147.86| 162.68]|
| 60 | 71.11] 87.56] 103.32| 125.74| 140.07| 156.39] 171.31
| 65 | 75.71] 92.80] 109.09| 132.68| 147.30| 163.76] 178.57
| 70 | 79.98| 97.63| 114.37| 138.84| 153.67| 170.10| 184.65

TABLE 2. ANNUAL INCREMENTSIN TOP HEIGHT (FT.) FOR SELECTED VALUES OF SITE

INDEX
Tot al Site Index = HTOP at Total Age 30
Age
(Years) | 35 | 45 | 55 | 65 | 75 | 85 | 95
| 2 | 0. 06| 0. 09| 0.12] 0. 16| 0. 23| 0. 40| 0. 89
| 3 | 0. 18| 0. 26| 0. 36| 0. 46| 0. 64| 0. 91| 1.52
| 4 | 0. 30| 0. 43| 0. 59| 0. 75| 1. 02| 1. 38| 2.08
| 5 | 0.41] 0. 60| 0. 82| 1. 03| 1. 39| 1. 82| 2.58
| 6 | 0. 53| 0. 76| 1. 03| 1. 30| 1. 73| 2. 23| 3.01
| 8 | 0. 75| 1. 07| 1. 44| 1.79| 2. 34| 2.91] 3.59
| 10 | 0. 96| 1. 36| 1.81] 2. 23| 2. 83| 3. 37| 3. 66
| 15 | 1. 45| 1. 98| 2.52| 2. 89| 3. 23| 3. 47| 3. 66
| 20 | 1.72| 2. 11| 2. 48| 2. 84| 3. 15] 3. 46| 3. 66
| 25 | 1.59]| 1. 94| 2.27| 2. 73| 3. 00| 3. 37| 3.65
| 30 | 1. 48| 1.79| 2. 07| 2. 57| 2. 81| 3. 17| 3.48
| 35 | 1. 37| 1. 64| 1. 89| 2. 39| 2. 59| 2.91] 3.19
| 40 | 1. 28| 1. 51| 1. 73| 2. 20| 2. 36| 2. 63| 2.85
| 45 | 1.18| 1. 39| 1. 58| 2. 00| 2. 14| 2. 34| 2.50
| 50 | 1.10]| 1. 28| 1. 44| 1.81] 1.92| 2. 06| 2.16
| 55 | 1. 02| 1.18| 1. 31 1. 63| 1.71] 1. 80| 1.84
| 60 | 0. 95| 1. 08| 1. 20| 1. 45| 1.52| 1. 56| 1.56
| 65 | 0. 88| 1. 00| 1. 09| 1. 29| 1. 34| 1. 35| 1.30
| 70 | 0. 82| 0. 92| 1. 00| 1. 15| 1.18| 1. 15| 1.09




TABLE 3: DENSITYADJUSTMENT MULTIPLIERS

Dengty function, amultiplier to be applied to top height incrementsfrom the base site curves. All total agesup
to 10 areshown; then every fifthage. Thedensity function hasthevaueof 1.000 for 300tpaat each age. The
largest value on eachrow of thetableisin bold typeto indicate which of thetabul ated densitieshasthe highest
growthrate.

d( AGE, TPA)
TPA
| 50 | 100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000 | 1200 | 1600

AGE

[2 | 0.650| 0.714| 0.899| 1.000] 1.068| 1.118| 1.158| 1.191| 1.219| 1.243| 1.264| 1.299| 1.307
|3 | 0.737| 0.785| 0.925| 1.000| 1.050| 1.088| 1.117| 1.141| 1.162| 1.179| 1.194| 1.220| 1.226
|4 | 0.795] 0.833| 0.942| 1.000| 1.039| 1.067| 1.090| 1.108| 1.123| 1.136| 1.148| 1.167| 1.171
|5 | 0.834] 0.865| 0.953| 1.000] 1.031| 1.053| 1.071] 1.085| 1.097| 1.107| 1.116] 1.130| 1.134
|6 | 0.861] 0.887| 0.961] 1.000| 1.025| 1.044| 1.058] 1.069| 1.079| 1.087| 1.094| 1.106| 1.108]
|7 | 0.880] 0.903| 0.967| 1.000] 1.022| 1.037| 1.049] 1.059] 1.066| 1.073| 1.079] 1.088| 1.090]
|8 | 0.892| 0.913| 0.971] 1.000| 1.019| 1.032| 1.043| 1.051| 1.058| 1.063| 1.068| 1.076| 1.078
|9 | 0.901] 0.920| 0.973| 1.000] 1.017| 1.029| 1.038| 1.045| 1.051] 1.056| 1.060| 1.067| 1.068|
|10 | 0.906| 0.925| 0.975| 1.000| 1.016| 1.027| 1.035| 1.041| 1.046| 1.050| 1.054| 1.060| 1.061
|15 | 0.878] 0.936| 0.980| 1.000| 1.011] 1.018| 1.023| 1.026] 1.028| 1.030] 1.031| 1.032| 1.032
|20 | 0.891] 0.948| 0.987| 1.000| 1.006| 1.008| 1.008| 1.007| 1.005| 1.003| 1.001] 0.996| 0.986
|25 | 0.915] 0.968| 0.996] 1.000| 0.998| 0.993| 0.987| 0.980| 0.973| 0.967| 0.960| 0.947| 0.923
|30 | 0.951] 0.996| 1.008| 1.000| 0.987| 0.974| 0.960| 0.947| 0.934| 0.922| 0.910| 0.888| 0.848
35 | 0.996] 1.029| 1.022| 1.000| 0.976| 0.952| 0.930| 0.909| 0.890| 0.871| 0.853| 0.821| 0.763
|40 | 1.047| 1.066| 1.038| 1.000| 0.963| 0.929] 0.898| 0.869| 0.842| 0.817| 0.793| 0.749| 0.674|
|45 | 1.101] 1.104| 1.054] 1.000| 0.950| 0.906| 0.865| 0.827| 0.793| 0.761] 0.731] 0.676| 0.582
|50 | 1.156] 1.143| 1.071] 1.000| 0.937| 0.881| 0.831| 0.785| 0.743| 0.704] 0.668| 0.602| 0.489
|55 | 1.211] 1.182| 1.087| 1.000| 0.924| 0.858| 0.798| 0.744| 0.694| 0.649] 0.606| 0.529| 0.397
|60 | 1.265] 1.221| 1.103| 1.000| 0.912| 0.834| 0.765| 0.703| 0.646| 0.594| 0.545| 0.457| 0.307
|65 | 1.317| 1.258| 1.119] 1.000| 0.899| 0.812| 0.734| 0.664| 0.600| 0.541| 0.486| 0.388] 0.220
|70 | 1.367| 1.293| 1.133| 1.000| 0.887| 0.790| 0.703| 0.626| 0.555| 0.490| 0.430| 0.321] 0.136
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FIGURE 2. Base plantation site curves. top height (ft.) versustotal age, for siteindex values
35, 45, 55, 65, 75, 85 and 95
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FIGURE 3. Annual increment in top height (ft.), for siteindex values 35, 45, 55, 65, 75, 85 and 95




HDOM
1254

.
. 4
/ , -
100 / / g
;

751

50 1

254

0 10 20 30 40 50 B8O 70
TOTAL AGE

FIGURE 4. Comparison of Plantation and King (1996) Douglas-fir Site Curves?

Douglasfir sitecurvesfrom King (1966) areshown assolid lines: dominant heightinfeet (HDOM)
versustotal agefor siteindex values61, 86, 111,and 136 ft. (base age 50 years, breast height). The
dashed lines show plantation curvesfor siteindex 35, 55, 75 and 95ft.
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FIGURE 5. Top height (ft.) versusagefor: 300 tpa (red solid), 1200 tpa (blue dashed).
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FIGURE 6. Differencesin Top Height Dueto Density Regime 2

2Differencesintop height (ft.) dueto density for selected regimes. Vauesare density-adjusted top heights
minus basetop heights (300tpa). Regime1: 1200 tpa (black-solid line); 2: 400 tpa (magenta-short
dashes); 3: 100 tpa (blue-long dashes), 4: 1200-300-100tpa, at ages 2-17, 18-34, 35-50 (red-long and
short dashes).
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APPENDIX A: EQUATIONSFOR BASE SITE CURVES

The algebraic formulation of the base curvesisamodification of that presented by Bonnor et al.
(1995). Theseequationspredict top height asafunction of W, tota age (AGE), and severd parameterswhich
depend onY¥ through equations given here. Those parametersincludeALPHA, b, ¢, A, A, X, X,, HTOP,,
HTOP,andHTOP . _; the parametershaveinterpretationsintermsof growth versus age graphsfor aconstant
steindex. Theequationsto predict these parametersinvolvethirteen coefficients, f, throughf .. Thedefinition

of theindependent variable (x), and theinitia value of top height (HTOPp) areasfollows:

X=AGE-AGE, where ageat planting (AGEp) istypically 2 years.
1)

h,=HTOP, (defaultvalue= 141t
)

The stepsin computing HTOPfor agivenvaueof x and W follow. Each sitecurveistheintegra of agrowth
versusagecurve. The parametersof most interest arex, : thevalue of x a theinflection point; x,.: the upper
valueof x for aagerangewhere growth per year isconstant; HTOP,: thevalueof HTOPat x =x,; HTOP,
thevaueof HTOPatx=x,, HTOP _: theasymptote; b and c: shape parameterscontrolling the curvebelow
theinflection; A, A,, and ALPHA, shape parameters controlling the curve abovetheinflection. All of the

parametersareagebraic functionsof W, whichisthegrowthrateat theinflection.

Forx<x1:
HTOP= h0 +W x{x+(1-b)x xll(c +1)x[(1- x/x1)<c+1> -11}

©)
Forx=x,:
HTOP, =h +x xWx[1-(1-b)/(c+1)]
(4)
For X, s x <x;:
HTOP=HTOP, + (x - x,) x W
©)
Forx > X,
Z=X-X,

HTOP=HTOP, + ALPHA x [ (A )?- 1] + [HTOP, - HTOP__ -ALPHA] x [(,)?- 1]

(6)

The parametersfor thelower part of thecurve(x,, b, ¢) aredetermined as:




b= logiti(f, +f,x W)

logit*(t) = exp(t)/[ 1+ exp(t)] withtconstrainedto[ -8, +8]

X, =[ Max(1,f, +f,x W) ]

c=f+f xW¥

Theuseof theinverse*logit” function doesnot imply logisticregression; thisissmply oneof severd smple
transformsthat map from adomain of [-co, +o0] totherange|[0, 1]

Theparametersfor themiddle (straight section) are:
X, =X, + max (0,f, +f,xW¥)

HTOP, = HTOP, + (X, - X,) x ¥

The parametersfor the upper part of thecurve (ALPHA, A, andA.), arefunctions of W and empirical

coefficientsfy, f, ., f, ,f.,:

HTOP _ =f +f xW

A, =0.05+[exp(2xW/(HTOP,-HTOP, ))-0.05] x Iogit'l(f11 +f,xW¥)

wherelogit-1(t) = exp(t)/[ 1+ exp(t)] witht constrained[-8, 8]

ALPHA = - W2/[ InZ(A,) x (HTOP, -HTOP_)-2xIn(\) x W]

A, =exp{ [W-ALPHA xIn(A )]/ [HTOP,- HTOP__-ALPHA] }

Theempirica coefficientsare:

6464. 0
-1691. 0
-29.23
7.510
0.9075 .
0.1788 ;

0. 3505

10

— o oy ey =y
©

o g M W N P

— oy ey ey oy ey
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w

-102. 4
31. 93
39. 67
66. 58
-42.79
16. 57
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Thefollowing table shows parameter valuesfor siteindices 35 ft. through 95 ft.

| [ voloX Xy |HTOP; |HTOP, |HTOPyayl b | c | A | A | ALPHA |
[Site | [ [ [ [ [ | | | [ [ [
| I ndex| | | | | | | | | | | |
|35 | 1.73432| 17.52| 17.52| 18.1] 18.1] 135.4| 0.00034| 1.218 0.0503| O0.9853| ]
|45 | 2.18503| 16.09| 16.09] 21.3] 21.3| 153.3| 0.00034| 1.298| 0.0513| O0.9835] ol
|55 | 2.59371| 14.55| 14.55| 23.2| 23.2| 169.5| 0.00034] 1.371] 0.5504] 0.9819| 0|
|65 | 2.89195 13.20| 13.20] 23.8| 23.8 181.3| 0.00055] 1.425] 0.9586| 0.9681 224|
|75 | 3.23237| 11.25] 12.06| 23.2| 25.9] 194.8| 0.00700] 1.485] 0.9622| 0.9628] 5041]
|85 | 3.46601] 9.43| 17.70| 21.7| 50.3| 204.1| 0.03916] 1.527| 0.9556| 0.9562| 5414|
|95 | 3.66335] 7.11] 21.68| 18.8] 72.2| 211.9| 0.15210] 1.563| 0.9486| 0.9492| 5730|




APPENDIX B: EQUATIONSFOR DENSITY ADJUSTMENTS
The adjusted top height increment for theayear isthebaseincrement (AHTOP) timesadensity-effect
function:
(AHTOP)’ = (AHTOP) x d(AGE, TPA)
(1)
Thedensity-effect multiplier isaquadraticfunctioninIn(TPA):

d(AGE,TPA) = 1+F (AGE) x[ In(TPA) -In(TPA )] +F(AGE) x [In((TPA) - In%(TPA )]

2
TPA =300

3
F,(AGE) =p, +p, xIn(AGE + p,) + p, X [In (AGE +p,)]?

(4)
F,(AGE) =-2x F,(AGE) x F,(AGE)

®)
F,(AGE) =p, + p, X In(AGE +p,) +p, x [In (AGE +p,)]?

(6)

If TPAisbeyondtherangeof densitiesinthefitting data, it isrecommended that TPA bemoved into
thoserangesbefore being used in the above equations. Those rangesare:

80to 1250 for agesup to 10
4010 1900 for older ages.

Thecoefficientsare:

p, 7.00 p, -2320 p, 1636 p, -.030128
p, 34636 p, -1318 p, 1393

TheF, function controlsthe degree of concavity of thedensity function withrespect toIn(TPA). The
maximum valueof thedensity function for agiven ageoccurswherethelogarithmof TPA equasF/[-2xF)],
ascanbeinferred by differentiating Eqn. 2. Thelogarithm of that TPA valueisreferredto asF,(AGE) andis
empirically estimated (Egn. 6). F, canbecalculated fromF,and F,, asisshownin Eqgn. 5.
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APPENDIX C: SOFTWARE OVERVIEW

Cadllablesoftwarereferred to as DFSI TE hasbeen madeavailableto SMC members. Thefollowingisapartial
reproduction of the user documentation. I’ spurpose hereisto clarify what inputsarerequired to usethese site
curves. The specifications of the user callsmay changeover time; in preparing to usethe software, documen-
tation distributed with the program should bereferred to. The software can befound at:

http:/Amww.cfr.washington.edu/research.smc/pubs.htm

Overview of user calls

DFSITEL Setsup any parametersthat may affect operation of software.

DFSITE2 InitidizesSite operations. Specifiesheight at assumed planting age.

DFSITE3D  Specifiesawholeor partial density regime.

DFSITESH  Specifiesaknown height and age; calculatesand sets Sl and PSI (W).
Specified height may be abase height, or an adjusted height.

DFSITE3P  SpecifiesW (fest).

DFSITE4 Specifiesan age. Returns*“base” height.

DFSITES Specifiesan age. Returnsheights (base and adjusted) for multiplethat ageand earlier.

Typical usage:

DFSITELiscaled once per execution beforeany other call.

DFSITE2 iscdled multipletimes. Cal after DFSITEL, andfor every new simulation -whereadensity regime
isto bereplaced or anew site curveisto beevaluated.

DFSITE3D may becalled beforeor after asitecurveisdetermined. 1t must be called before density-adjusted
heights can beused or caculated. Multiplecalsallowed.

DFSITE3H or DFSITE3P determinethesite curve. Most often DFSI TE3H will beused, but DFSITE3Pis
alsoavalid meansof setting the curve. Multiplecallsnot allowed.

DFSITE4 and DFSITES can be called after the site curve has been determined.
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Specification for user calls

SUBROUTINE DFSITEL(FVEC,NVEC, IER)

Purpose:

Establish control parameters

Inputs.
FVEC
NVEC

Outputs.
IER

Notes:
NVEC (1) =

NVEC (2) =

FVEC (1) =

FVEC (2) =

REAL*4(10) floating point control parameters
integer(10) integer control parameters
integer error code (Ofor noerror)

Maximum ageto ever use. Required: 30-1000r 0
Owill default to 100.

For current applications, suggest dwaysusing 100 (or 0)
Initialization would go abit faster with lower vaues.
Inthefuture, if ageisever used asan output, there

may be areason to want lower valuesfor NVEC(1)

1for Englishunits(feet, TPA), 2for metric (m., TPH)
affectsall user input and output, except ps and fvec(*).

Convergence criterion used in matching to specified ht (ft)

Convergencecriterion, fraction of targeted height.
If both FVEC(1) or FVEC(2) are<=0, defaultsare used.
If only oneispositive, that oneisused.
If both positive, then max error for aspecified htis:
MIN[ FVEC(1), FVEC(2)* (specified height) ]

Other array positions. Suggest that these be set to zero; for future use.

SUBROUTINE DFSITE2(Hplant)

Purpose:

Specify height at planting. Reinitializessitecurve and density history.




Inputs.
HPLANT Red* height at planting. (ft or m); or Ofor defaullt.

Note:

Panting ageispresently hard-coded at two years. Hencetheargument for thisfunction should beheight at two
years. At alater date, planting age might become an input argument.

SUBROUTINE DFSITE3D(IAGEL IAGE2,DENV,IER)

Purpose:
Specify acompleteor partia dengity history.

Inputs

IAGEL integer 1st agewith new specification (>= 1)

IAGE2 integer last agewith new specification. IAGE2 >=1AGE1)
DENV REAL*4(100) densities(array positions IAGE1to |AGE2)
Output:

IER intege Error code (0=0K, 1= WRONG agerange)
Notes:

TPA'Ss(or TPH's) must bein DENV (IAGEL) through DENV (IAGE2)
if IAGEL1> 2, theearlier agesmust havebeengiveninearlier cal.
Generdly, al agesfrom 2to (find-1) aregiven; age lisirrelevant.
DENV/(i) isthe TPA (or TPH) inthestand growing from agei toi+1.

SUBROUTINE DFSITE3H(HT_R4,IHTYPE,IAGE, PSI_FEET, SI_R4,|ER)

Purpose:
Specify aheight (base or adjusted). Calculateps and Sl.

Inputs.

HT R4 red*4 height (feet or meters)

IHTYPE integer 1if HT_R4isaBASE height, 2if density-adjusted
IAGE integer agefromseed [ >2,<=NTROL(1) ]




Outputs.

PSI_FEET red*4 W (ps) with unitsof feet.

S R4 red*4 siteindex (from base curve), feet or meters
IER integer error code (>0 indicateserrors)

Notes:

Typically used to cal culate exhibited site, or to specify asiteindex (with |AGE=30).

SUBROUTINE DFSITE3P(PSI_FEET,Sl_R4)

Purpose:
Specify W infeet. Determineasitecurve.

[nput:

PSI_FEET real*4 Winfeet (metricNOT ALLOWED)
Output:

S R4 red siteindex (feet or meters)

SUBROUTINE DFSITE4(I1AGE, Hbase R4,HADJ_R4)

Purpose:

Find base height at agiven age.

[nput:

IAGE integer total agefrom seed

Output:

HBASE R4 red*4 base (unadjusted) height (ft or m)
HADJ R4 red*4 Reservedfor futureuse.

SUBROUTINE DFSITE5(IAGE, IFILLALL,HV_R4,HADJV_R4)

Purpose:
(2) Calculate base heightsfor agesthrough IAGE
(2) Calculate adjusted heights | F densities already specified.




[nput:

IAGE integer
IFILLALL integer
Output:

HV_R4 real* 4(100)
HADJ_R4 real* 4(100)
Notes:

Inthecaseof multiplecallsto DFSI TES, withincreasing ages, previoudy returned heightsmay not beprovided
again IFIFILLALL hasbeen set to zero. Thereisan interaction between which density historieshave been
provided, and which ages have been requested. Generally the user should not change the vectors between
cdls. Thentheuser canrely onHV R4 dwaysbeing completethrough lAGE, and HADJV R4 being com-
pletethroughthelesser of IAGE, or 1+ thelast agefor which density wasprovided. [cell for age 1: reserved

usage]

total age (maximum agefor which heightswanted)
1if al agesthrough | AGE arewanted.
Oif previoudy requested ages not needed.

base (unadjusted) height (ft or m)
adjusted heights (ft or m)
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APPENDIX D: SMCINSTALLATIONSWITHBOTH PLANTED AND NATURAL SITE
INDEX VALUES
(data are sorted by natural stand site index)

STATE ELEV Bl RTH # FI NAL Pl anted Nat ural Met hod

| NST # I NST NAMVE PROV. ft YEAR plots ACGE Sl Sl
511 DOE - WIH - DF Low WA 1000 1978 6 14.0 58 79 9
731 Dingle 4 WA 3800 1978 7 21.0 50 80 8
501 Last Creek R 3858 1973 1 25.0 57 90 8
705 East Twin Creek WA 2700 1974 9 20.8 75 90 7
716 Quilla Creek BC 760 1978 7 19.0 72 100 8
720 Horton oR 1300 1978 7 20.0 76 100 7
502 Bal dy B oR 3200 1987 3 8.0 47 105 7
913 N npki sh Road BC 820 1987 12 11.0 66 108 9
739 Si | ver Panther 11 R 1150 1983 1 16.0 93 110 9
510 DOE - WIH - DF Hi gh WA 1000 1978 6 14.0 77 111 9
802 Catt Creek WA 2400 1959 5 40.0 65 112 7
935  Skidder Hill WA 1000 1988 6 10.0 86 115 7
807 Viola R 500 1972 5 26.0 80 115 8
724  Vedder Muntain BC 1770 1980 10 17.0 89 115 9
917 Cul tus Lake BC 1700 1987 12 11.0 91 115 9
918 Ginm Road A R 750 1988 6 11.0 88 115 9
938 GinmRoad B (03 750 1988 6 11.0 82 115 9
709 M1l Cr. Mainline R 1950 1971 7 26.0 78 120 7
722 Silver Creek Mainline R 2200 1975 12 21.7 71 120 8
736  Twi n Peaks WA 600 1982 16 14.6 91 120 7
903 Prather Creek oRrR 2000 1984 6 14.0 75 120 8
247 RADI O HI LL WA 2120 1967 6 30.0 83 120 7
725 Sandy Shore WA 550 1980 12 18. 3 88 120 9
932 For ks #3 WA 400 1987 6 12.0 87 120 9
910 King Creek WA 550 1985 9 14.0 75 123 9
914  Lew sburg Saddl e OR 750 1987 6 11.0 88 123 9
937 Ames Creek R 1000 1993 6 6.0 93 123 7
940 Mowi ch WA 1700 1993 6 6.0 85 123 7
717 Gant Creek #1 (03 1000 1981 10 15.9 96 124 9
708 Copper Creek WA 900 1979 12 17.3 92 125 8
734  Upper Canada Creek oRrR 1000 1978 7 18.3 72 125 9
919 Brittain Creek #1 WA 360 1988 6 10.0 90 125 7
706 B & U Plantation WA 300 1975 12 20.1 90 125 7
718 Roaring River 100- REV R 1100 1979 12 18.1 86 128 6
915 Big Tree R 1600 1987 6 12.0 89 128 6
916 Bobo’ s Bench oR 1100 1986 6 12.0 78 128 9
812  Pant her Creek WA 1363 1955 5 44.0 67 130 7
901 Li ncol n Creek WA 350 1983 6 13.0 94 130 7
806 El k Creek R 750 1962 5 37.0 86 132 9
805 Pilchuck Bridge WA 550 1968 5 31.0 86 135 7
726  Tol edo R 300 1982 12 16.1 91 135 9
710 Trail Creek R 600 1976 9 21.0 73 138 7
723  Fornmader Ridge oRrR 1250 1979 5 19.0 87 140 7
729 Gnat Creek OR 500 1981 12 17.1 95 140 7
905 LaVer ne Park R 15 1986 6 13.0 90 150 9

Mean 81.5 119.5

St ardard Devi ati on 11. 36 14. 28

Siteindicesareinfeet. Natural siteindiceshave basis breast-height age 50. The basisfor the planted site
indicesaretotal age 30; these are weighted means of the plot “exhibited” siteindicesat the oldest age not
influenced by fertization; plotswith the ol der agesaregiven greater weight.

Natura stand siteindex methods are coded:
6: Estimated from habitat type.
7: From soil series.
8: From natural stand adjacent to plantation.
9: From previousnatural stand.







