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AssTrRACT

Hann, David W, and Mark L. Hanus. 2001, Enbanced mortalizy
equations for trees in the mixed conifer zone of southwest Onegon.
Rescarch Contribution 34, Farest Research Laboratory, Otegon
State University, Corvallis.

Equations for predicting the probability of a tree's dying in the
next 5 years are presented for cight conifer and eighe hardwood
tree species from southwest Oregon. A logistic equation form was
used to chatacterize the probability of mortality. The parameters
hood procedures. These equations are being incorparated inta the
new southwest Oregon version of ORGANON, a model for pre-
dicting stand develapment. In particular, the equations extend the
previous model to alder stands and scands with a heavier compo-
nent of hardwood ree species.







InTRODUCTION

Tree mortality is an integral part of stand dynamics that produces open space which leads
0: (1) increased growth of surrounding trees through reduced comperition, (2) apportus
y for regeneration by the creation of gaps, and (3) the addiion of large woody debris
to the struccure of the stand (Franklin et al. 1987, Oliver and Larson 1996). Morality is
classified as either regular or carastrophic in accurrence (Hamilton 1980, Vanclay 1994).
Regular mortality is the telarively slow loss of individuals from the stand because of sup-
pression due to compeition, senescence, or random, endemic oceurrences that result from

insects, discascs, animals, lightning, cre. In conrrast, the catastrophic mortality of a sub-
stantial number of individuals in a shorr period of ime resulis from epidemic cvents,
e.8., severe insect and discase outbreaks, or from uncommion but sevese events, such as
wildfire or major storms.

Because mortaliry is important to the dynamics of stand develapment, all models used
0 project stand development over time have included equatians for predicting tree mor-
ality rates. For example, ORGANON (Hann e al. 1997) is an individual-tree/distance-
independent stand development model (Munro 1974) for use in theee regions of the
Pacific Northwest, including southwest Oregon. The original southwest Oregon version
(SWO-ORGANON) predicted stand development in relatively young, conifer stands of
mixed-species and mixed-stand scructures. These stands typically are found in an area
situated between the North Umpqua River and the California border to the south, and
between the crests of the Cascade Mountains 1o the cast and the Coast Range/Siskiyou
Mountains to the west. The targeted conifer species for this work were Douglas-fir, grand
and white firs, ponderosa and sugar pines, and incense-cedar. However, non-targeted
species were also measused if they fell on the sampling unic.

The U.S, Fish and Wildlife Service has listed the narthern spotted owl as a threatened
specics under the Endangered Species Act of 1973, This decision has had a major impact
on forestry practices in the Pacific Northwest. In response, research was started in south-
west Oregon to: (1) identify arger stand structures and spatial relationships that wee
effiectively utilized by the northern spotted owl and that could contribute to mainta

a stable populatian over time, and (2) develop silvicultural systems and associaed
mensurationsl tools for applying this knowledge at the stand level, One such tool for
‘managing northern spottcd owl habitat was the extension of SWO-ORGANON, and its
associated mortality equations, into stands with alder trees (250+ years), into stands with
a higher component of hardwood speciss, and into stands with more complex sparial
strucure than was included in the original version.




This report describes the development of equations to predice the probabiliy of indi-
vidual tzee mortaliry for the following species found in southwest Oregon:

Conifers:
Douglas-fir [ Pendotsnga menziesii (Mich.) Franco]
Grand fir [Abies grandis (Dougl.) Lindl)
Incense-cedar Galocedrus decurrens Torr,
Pacific yew Tivus brevifolia Nute.
Ponderosa pine  Pinus ponderosa Laws.
Sugar pine Pinas lambertiana Dougl.
Western hemlock  [Ziuga heterophylla (Rafn.) Sarg]
White fir [Abies concolor (Gord. & Glend.) Lindl ]
Hardwoods:
Bigleaf maple Aver macraphyilun Pursh

California black oak ~ Quercus ellaggii Newb,
Canyon live ok Quercus chrysolepis Lichm.,
Golden chinkapin ~ Castanopsis chrysaphylla (Dougl) A. DT,

Pacific dogwoad  Cormus muttalli Aud. ex T. & G,

Pacific madrone Arbutus menziesi Pursh

Tanoak [Lithacarpus densiflarus (Hook. & Am,) Rehd.]
Willow Salix spp.

Borh the original and the new extended data sces were used for deriving the equations in
our revision of SWO-ORGANON,

Dara DescripTion

Stuovr Area

Data for this analysis are for the southwest Oregon region of the Pacific Northwest, US.A.
A unique combination of weather canditions and geologic fearures means that the conif-
etous forests in the PNW arc some of the mast productive (sie indices of up to 150 fr ar
a breast height age of 50 yr) and ecologically complex in the world. The southwest Or-
cgon foresis grow in the widest range of sail and dli

atic conditions of any region within

the PNW (Franklin and Dyrness 1973). In addition, a number of different floras con-
verge in southwest Oregon, making these forests probably the mose complex of the PNW
(Franklin and Dyrness 1973). A total of 27 coniferaus specics and over 17 hardwood
specics arc found within southwest Orcgon (Burns and. Honkala 199046}, often grow-
ing in mixed-species stands wih & variery of stand structuses.




The modeling data are from two studies associated with the development of the south-
west Oregon version of ORGANON (Hann et al. 1997). The first set was collected dur-
ing 1981, 1982, and 1983, as part of the southwest Oregon Forestry Intensified Re-
search (FIR) Growth and Yield Project. Thar study induded 391 plots in an area extend-
ing from near the California border (42° 10" N) in the south, 1o Cow Creck (43° 00' N)
in the north, and fram the Cascade crest {1227 £ 15° W) on the cast 1o approximarely
15 miles west of Glendale, OR (123° 50' W). Elevation of the plots ranged from 900 ro
5100 fr. Sampling was limired to stands under 120 yrand having at least 80% basal arca
(BA) in dominating conifer species. The second study covered about the same area, bue
extended the selection criteria to include stands with trees over 250 yr as well as younger
stands with 2 greater component of hardwoods. An additional 138 plors were measured
in this study. Stands treated in the pasc 5 yr were not sampled in cither study.

Thirty tree species were identified on the 529 plots in the two studics. The most com-
mon conifers were Douglas-fir (527 plots), incensc-cedar (244 plots), grand fir (235 plots).
ponderasa pine (191 plots), sugar pine (191 plots), and white fir (161 plots). The most
commion hardwood species were Pacific madrone (270 plois), golden chinkapin (156
plots), California black aak (88 plots), canyon live aak (82 plots), Pacific dogwood (81
plots), and tanoak (75 plots). An average of nearly five specics were found on each plot,
with @ range from 1 to 12,

Structures in the sample area varied fiom cven-aged scands of one or two stories to un-
even-aged stands. OF the 529 stands sampled, 363 had an even-aged overstory while 166
were classified as uneven-aged.

Samrunc DesiGn

In both studies, cach stand was sampled with 4 t0 25 poines ar 150-f spacings. The
sampling grid was established so that all sample points were at least 100 ft from the edge
of the stand. For each poin, a nested-plot design comprised four subplots: trees < 4.0
in. DBH were selected on a 1/229-ac fixed subplot; trees 4.1 to 8.0 in. DBH on a 1/57-
ac fixed-area subplot: trees 8.1 1o 36.0 in. DBH on a 20 BAF va
and trees > 36.0 in. DBH on a 60 BAF variable-radius subplor.

able-radius subplot;

Tree MEASUREMENTS

The measurements recorded at the end of the previous 5-yr growth period (indicated by
a subscript of 2 on the variables) included an indicator of individual tree mortality over
the past 5 yr, DBH,, total tree height (H,), height to live-crown base (HCB), and hori-
wontal distance from plot center to tree center (DIST). In addition, the previous 5-yr
radial and height growths were measured on subsamples of trees.

‘The dating of mortality was based on physical featurcs of the dead tree, as described by
the USDA Forest Service (1978) and Cline . al. (1980). DBH, was recorded o the last
whole tenth of an inch with a diameter tape. H, and HCB, were measured to the near-
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est 0.1 fc on all trees, either directly with a 25- to 45-f¢ telescoping fberglass pole or, for
taller trees, indirectly via the pole-tangent method {Larsen et al. 1987).

For trees with broken or dead tops, H, was measured 1o the tap of the live crown. To
determine the HCB, for trees of uneven crown length, the lower branches on the longer
side of the crown were menzally transferred 1o fill in the missing paction of the shorter
side of the crown. Epicormic and short internodal branches were ignored in this process.
Procedures for measuring H, and HCB, of leaning trees depended on the severity of the
lean, with all measurements taken at right angles to the direction of the lean. If lean was
<15, it was ignored and H, and HCB, were measured directly to the leaning tip and
crown base. If the lean was >15°, the trce tip and crown base were mencally swung t0 2
vertical position and H, and HCB, were measured to those imaginary points.

T can be difficult to aceurately and preciscly determine  trec’s H, and HCB, ar the time
of death, especially if it has been dead for several years and, as a result, is missing foliage
or part of the top at the time of the measurement. Therefore, the measured H, and HCB,
for the dead trees wese compared with predicted H,, and HCB, for severely damaged but
living trees with the same class of damage. We could then determine if the values for the
dead tree were biased and, if so, develop adjustments for this bias. These procedures are
described in detail in the Appendix.

Our comparisan revealed thar the measured H, for dead crees did not differ significantly
from the predicted value. However, the HCB, for dead trees was significantly different
from the predicted HCB,, Hanus et al. (2000) found that severely damaged rees ofien
had higher HCB, values than those predicted for undamaged rees. In the current suudy,
the HCB, for dead trees always was higher, on average, than the predicted HCB, for
severely damaged. living trees with the same class of damage. This difference was deemed
# result of measurement error. Thercfore, the HCB, for dead trees was adjusted down-
ward to those values expected for severely damaged, living trees, and these adjusted val-
ues were used in all subsequent analyses,

DIST was determined by adding onc-half che value of DBH, 1o the horizontal distance
from plot center to tree face. Past radial growth at breast height was measured with an
increment borer on all trees having a lurge enough DBH,,. Five-yr height grawth of all
undamaged Douglas-fir, grand fir, white fis, ponderosa pine, sugar pine, and incense-
cedar trees under 25 w 45 ft (based upon the sizc of the telescoping pole used 1o mea-
sure H, and HCB,) was measured dirccrly with the pole if the top of the trec was clearly
visible. For trees taller than the relescoping pole, a subsample of up to six trees on each
plot were felled for stem analysis, This involved sectioning the pole ac the first and sixth
whorls, and detcrmining the ages at these whorls (o ensure a true 5-yr growth period.
Finally, distance berween the two whorls was recorded as the 5-yr height growth.

The expansion factor (EXPAN,), or number of trees per acre (tpa), for any particular
sampled tree alive at the end of the growth period was assigned according to rules based
on sampling design:




1. DBH,<4.0in,, EXPAN, is 229.18 tpa;

2. DBH, > 4.0 in. but £ 8.0 in., EXPAN, is 57.30 tpa;

3. DBH, > 8.0in. but £ 36.0 in., EXPAN, - 3666.93 (DBH )%
4. DBH, > 36.0 in., EXPAN, = 11000.79 (DBH,)?.

Point AnD PLor MIEASUREMENTS

Aspect and slope were measured at cach sampling point. Measurements for the plot or
stand included ownership of the stand, elevation at the center of the stand (from USGS
topographic maps), area of the stand (from aerial photographs), the number of previous
cuts on the stand, and the number of years since the last cur (YCUT). The last two items
were gained from the appropriate managing agencies. One of the sclection criceria was
that the stand could not have been treated within the past 5 yr. Therefore, 5 yr was the
smallest value possible for YCUT,

BackpATING OF TREE ATTRIBUTES

Because our abjective was 1o prodict future rather than past mortality rares, we had to
backdate all the measuremencs for each sample tree on the plor. Values could then be
estimared for the start of the previous S-y growth period, a5 indicated by 4 subscript of
1. Procedures used in backdacing each variable are describid in the Appendix.

DerivaTion oF Abpitionar Tree anp STanD
ATTRIBUTES

Afier the basic tree measurcments had been backdated, a nurmiber of tree and ssand vari-
ables previously used in madeling martality were calculated. A dichotomous mortality
vasiable was formed for each tree by giving it a value of ‘1" if the tree died in the next
5-yx growth period, or a value of ‘0" i it did not. Crown ratio, a measure of tree vigor
previausly used by Hann and Wang (1990) and Monserud and Sterba (1999) to model
mortality, was determined at the start of the growth period (CR,) for each tree:
S -

where

HCB, = Height to live crown base at the start of the growth period
H, = Toul tree height at the scart of the growth period

BA in lasger trees (SBAL,) is a varlable used to quantify the amount of one-sided com-
petition for light experienced by relatively smaller trees within the stand at the start of
the growth period (Weiner 1986, 1990; Vanclay 1994). SBAL, has been previously in-
cluded in tree moruality equations (Hann and Wang 1990, Monserud and Sterba 1999),
and is the sum of the BA in trees with DBE,s larger than the subject trees DBH, . There-
fore. the largest-diameter tree in the stand would have a SBAL, value of ‘0', while the
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smallest-diameter trec would have 2 SBAL, value near bur somewhat less than the stand's
total BA.

Another variable for quantifying the amount of one-sided, within-stand compeiion for
light is crown closure at the top of the tree at the star of the growth period (SCCH,).
SCCH, has been previously implemented by Hann and Wang (1990) to characterize
tree mortality of ponderosa pine. To calculate SCCH, of a particular tree, its H, was
used to define a reference helght (RH). Crown widths ar RH for all other rees in the
stand were estimated with equations described in the Appendix, Crown wideh was con-
verted ta crown area according to A, The crown areas were then summed across all
sample trees in the stand and expressed as a percentage of acreage covered. This proce-
dure was repeared for all trees in the stand.

To berter characterize within-stand variation in competition, Stage and Wykoff (1998)
have proposed rescaling SBAL,, i.c.. multiplying it by the ratio of the appropriate plot
BA (PBA,) divided by stand basal (SBA,):

PBA,

SBA,
Another meastire of within-stand variability is the direct calcularion of BA in larger-di-
ameter trees at the point level (PBAL,). Both Scaled PBAL, and PBAL, were calculated
0 evaluate their cffectiveness in characterizing within-stand variability.

Scaled PBAL, = SBAL, x

Other variables calculated included the Douglas-fir site index (S1) (from Hann and Scrivani
1987) for the stand, and the average height (H5,) and DBH (DS5,) ar the start of the
growth periad of the five largest-diameter trees per acre in Douglas-fir, grand Fir, white
fir, ponderosa pine, sugar pine, or incense-cedar on each plot. To separate the “younger”
and “older” stands, H3, and DS, were combined into an index of stand marurity (OG)
through the following tansformation (Hanus er al. 2000):
{D5,)(H5,)
10,000

A summary of the stand-level variables used in developing the individual-tree mortalicy
equations is presented in Table 1; tree-level variables are summarized in Table 2.

QG =

Dara AnaALysis

“The original mortality equations for southwest Otegon used the following logistic model
form (Hann and Wang 1990):

1.0
Ern=CE ]
where

PM

PM = The prabability of a particular tree dying in the next 5-yr growth period




Table 1. Means and ranges of the plot-level explanatory variables in the martality data

sals.
Species Number  Douglas-fir oG Proportion ¥ since
of piots  site index treated treaiment
Conifers
Douglas-fir s2r 989 0.330 031 175
415-1469 0.003 - 1523 50-540
Grand/whita firs 261 1000 0367 049 5.9
61.6- 1469 0.003 - 1.402 50-540
Incense-cedar 236 9%.8 0325 040 17
415 - 1469 0.004 - 1.249 6.0-520
Pacific yew 23 96.8 0.445 045 154
66.2-135.2 0.004 - 1523 60-330
Ponderosa ping 187 9.1 0272 0.41 175
415-1469 0.000 -0.978 50-520
Sugar pine 183 2.7 0.307 043 175
47.2-1388 0.002-1.168 50-540
Westem hemlock 38 1048 0382 50 137
740-1356 0.016-1.207 70-300
Hardwoods
Bigleaf maple 34 106.1 0501 021 134
T40- 1425 0.038 - 1.523 50-300
California black oak 84 a04 0284 037 173
415-1349 0.002 - 0.978 60-470
Canyon live oak 2 B7 0342 021 165
472-1388 0.002-1.248 70-330
(Golden chinkapin 15 100.4 0289 029 163
B1.7-1355 0002 -1.249 50-390
Pacific dogwood 78 1020 0342 044 155
66.2-1352 0.009- 1.345 6.0-520
Pacific madrone 265 986 0.288 028 165
415-1469 0.000 - 1.249 60-520
Tanoak 72 9.1 0.386 0.18 17
472-1388 0.002 - 1.523 80-300
Willow 3 1041 0133 0.44 147
662 -1350 0.031 - 0.826 60-290
11
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Z = Kb
X = amay of independent variables
b = amay of additional regression parameters

This model form has been used extensively in individual-tree models (Hamilton and
Edwards 1976, Monserud 1976, Ferrell 1980, WykofF er al. 1982, Hamilion 1986,
Monserud and Sterba 1999, Cao 2000).

The dichotomous mortalicy vaciable was the dependent variable in equation [1]. The
regression cocfficients, b, can be estimared by either the weighted least squases ar the
weighted maximurn-likelihoad estimation procedure (Hamilion 1986). Here we used the
maximum-likelihood estimarion procedures in SAS to estimate the parameters. Because
the sampling design resulted in trees having unequal sampling probabilities, depending
on their DBH, and DIST (sec Appendix), each observation was weighted by EXPAN,.

Afier carcfully examining numerous aliernatives, Hann and Wang (1990} selected the
following twa funcrions for Z to predicr mortality:

Z = bytby (DBH, )+b;(CR,)+by(S1) +b,{SBAL,) @
Z = bytb; (DBH,J+0,{CR,)+b,(S1) +b,(SCCH,) 13

Choice of particular function depended on the species being modeled. The resulring lo-
gistic models predicted a decline in mortality with increases in DBH, and CR, and an
increase in mortality with increasing SBAL, and SL All of thesc responses met behav-
foral expectarions for the popularion being madeled then,

‘The decline in mortality with increasing DBH, s consistent with the relacive yourhful-
ness of the trees and stands in the data set of Hann and Wang (1990). However, as a tree
matures into old age, the probabilicy of mortality should begin 1o increase with age or
size (Buchman et al. 1983, Harcombe 1987, Monserud and Sterba 1999), thereby pro-
ducing a U-shaped mortality curve. To mimic this behavior in their older stands, Monserud
and Sterba (1999) added 1/DBH and DBH? to the follawing Function for equation [1]
o predict mortality in Norway spruce (Picea abies L. Karst):

Z = by#by(DBH,Y ' +by (DBH,)+bs(DBH,) "+ (CR, ) +b(SBAL) [41

Function [4] can be modified to include the S1and SCCH, variables in the functions of
Hann and Wang (1990):

Z = by#by(DBH,)" +b,(DBH,)#by(DBH, +b,(CR,) +be(S1)+by(SBAL,) Is]
Z = bg*by(DBH,)" +bADBH, ) +by(DBH, '+ b,(CR )+ by(SI)+b(SCCH,) [6]

‘The expected U-shaped behavior will accur in these two functions if the sign on one of
the DBH, parameters is apposite from the others,




The Douglas-fir data set {the largest available for modeling) was used to evaluate these
four functions in equation [1] and to develop additional functions for evaluation. This
evaluarion was based on: (1) whether the parameters were significantly different from
zero at P = 0.05, (2) whether the predicted behavior met expectations, and (3) the size of
the reduction in the sum of maximum-likelihoed loss funceion reported by SAS for cach
model. We chose a P-value of 0.05 for these t-tests because we did not wish to remove a
predictor variable from the equation unless evidence was strong that the variable was not
significandy different from zero.

Al the paramerers for the four alternative functions were significantly diffecent from sero.
The predicted behavior of funcions (2] and [3] met expected behavior for younger stands
(i.e., predicted mortality rates decreasing with DBH, ). However, the predicied morality
rates from funcrions [5] and [6] over DBH, did not meet behavioral expectarions for
both younger and older stands (i.¢., predicted martality rates first decreasing and then
incteasing over DBH,). For function [5], the moriality rate first increased, then decreased
and, finally, increased again over DBH, . In contrase, function [6] first predicred an in-
crease and then a decrease in mortality over DBH,.

Apparently, the inclusion of three DBH, rerms in functions [5] and [6] was an over-
parameterization of the funcrions, Therefore, the following simplified funcrions wese evalu-

ated next:
Z = byby(DBH,) tby(DBH,) + bCR )+ b(SI)+ by{SBAL,) 7
Z = byby(DBH,)+by(DBH ) +by(CR Y+ b(SI)+be{SCCH,) (8]

Again, the predicted behavior of function [8] over DBH, did not meet the expectation,
with the predicred mortality rate first increasing, then decreasing over DBH, . Therefore,
function [3] was the only one invalving SCCH, that gave behavior mesting cxpectations
aver DBH, for younger stands (but not slder stands).

The predicred hehavior of funcrion [7] did meet behavioral expectations for both young
and old stands. Unfortunarely, the sum of loss for funcrion (7] was considerably larger
than thar for function [3] (76,841 versus 71,598). Apparently, CCH, better character-
ized the competitive impact on mortality than did BAL,.

Previous work by Hanus et al. (2000) on predicting height to crown base for the same
data set showed that older stands (characterized by large OG values) displayed longer
erowns than did younger stands (with small OG values), using the same values for the
comperition variables. The following model, therefore, was firted 1o the Douglas-fir data
set 10 cvaluate whether including OG might explain some of the differcnce in sum of
loss between function [3] and funcrion [7]:

2 = by by (DBH, ) +b,(DBH, +by(CR )+b,(Sl)y+by(SBAL ) +bdSBALY(OG)  [9]

All in this function were signi ly different from zero, and the sum of loss

for the function was reduced to 74,305, The sign on b was negative, which indicates




that the impact of SBAL, on mortaliy rare decreases as OG increases. This formulation,
however, would allow the impact of SBAL, to reduce the rate of morality if G in-
creased enough. The following formulation was created to avoid this porential problem:

Z = bytb;(DBH,)*+ by(DBH,)+by(CR,)+b,(SI)+ bs(SBAL+by(SBAL (™%  [10]

All of the b regression parameters in this function were significantly different from zero,
and the sum of loss for the funcrion was further reduced to 74,252, Therefore, function
[10] was chasen as onc of the base functions thar would be fitred to all of the specics-
specific mortality data sets.

The data sets to be used in this analysis included stands that previously had been cut.
Our past experience with fitting mortalicy models to thinned rescarch plors indicated
that, i the chinning was done carefully, the mortaliy ratc of those stands could be pre-
dicted by equations developed for unthinned stands (ic.. thinning had no addirional
impact on the rate of morcality other than how it changed DBH,, CR,, and BAL, over
time. This lack of a cutting impact may not be true in operatianal curs if the trearment
either damaged the residual trecs or degraded the site. Because quality of treatments may
differ by ownership, the following approach was applicd] o cach species’ data set 1o evaluate
the impact of opesational cuttings on predicied mortality, and to correct for the impact
if it was found to be statistically significanc:

L. Seven indicator variables were defined according ro ownership of the sand:
10, = 1.0if Ownership was i, i= 1,7
= 0.0 Otherwise

2. The following Z function was firred in equarion [1] 1o cach species’ data st

2= Db, (DBH )+, {DBH, by {CR+b,(S)
+hi(SEIAL‘}+b,(SBALJ(e""°°’:+TL:oiID‘ o
3. The paramete of the indicator varisbes wese teseed i significance from o st
P = 0.01 using the t-est, In this case, a Pevalue of 0.01 was used to reduce the
amount of dac remaved in the sext seep. We wanted very seong; proof cha the

ot weee diffzct bkt they e v,

4 Forthose hips in which the | were not significanty different from

2800, the cutting dara were kept in the modcling data set and treated as if they
were uncut data,

5. Those ownerships with significant parameters were pooled tagether. The following
five indicator variables were then defined to determine how long the impact of
cutting remained:

IC, = 1L.0f6<YCUT £ 10,
= 0.0 Otherwise;




IC, = 1.0if 11 SYCUT <15,
= 0.0 Otherwise;

IC, = 1.0if16 < YCUT <20,
= 0.0 Otherwise;

IC; = 1.0iF21 SYCUT <25,
= 0.0 Otherwisc;

IC; = 1.0 if 26 or greater;
0.0 Otherwise,

6. The following Z function was then fitted 1o each species’ data set:

Z = beth,(DBH,}+b,(DBH,+b,(CR)+b,(S1)

+h,(SBAL‘)+b‘(BBAL‘)(aM°")4Zn,l(), 2l

7. The parametcrs of the indicaror variables again were tested for significance from
zcro using the t-test. A Povalue of 0.01 was used to reduce the amount of data
removed in the next step.

8. Ifc, was significandy different from zero, those data were removed from the mod-
eling data set. IF ¢, also differed significantly from zero, they 100 were removed
from the modeling data set. This process continued until the data for al signifi-
cant parameters contiguous to the previous parameter’s YCUT values were removed
from the dara. The resulting, reduced data sct formed the final madcling dara ser
for the specics in question.

With the final modeling data sets defined, two ather base Funceions that included the
Scaled PBAL, and the PBAL, variables were formed:

Z = bgtb,(DBH,}+b{DBH,*+by(CR, J+b,(S1)
13
+b,(Scaled PBAL J+b [Scaled PBAL )(s" %)

Z = bytb, (DBH,)+ by(DBH) by {CR 1+ b,(S1)+b,(PBAL) +bPBAL ) ("%  [14]

Funcrions [10], (13}, and [14] wee then fitted in equation [1] to the final modeling
daa sets. Parameters not significantly different from zero at P = (.05, or parameters that
provided unceasonable predictive behavior, were removed, and the reduced function was
fitted again to the final modeling data.

The equations were then tesced in ORGANON by performing 200-yt projections on 96
plots with different stand strucrures. The patcern and rates of martality for the various
specics were then examined. The behavior fram the equations of Hann and Wang (1990)
were used as the basis for comparison. In making these runs, no limie was placed on
maximum stand density index.




ResuLrs Anp Discussion

OF the 15 spocics or species-groups dara sets for which significant mortality equations
were found, 11 had significant cutting-effects indicaor variables. The four exceptions
were Pacific yew, tancak, willow, and Pacific dogwood. When significant, the signs of
the parameters were akways positive, indicating that cutcing increased moreality. In gen-
eral, the effect of cutting was most severe in the first S-yr pesiod afier trearment; the
effiect declined as time since cutting increased. Total dusarion of the curting effect ranged
from 15 yr {for ponderosa pine and incznse-cedar) to 25 yr (for California black oak),
with the remaining species having durations of 20 yr cach.

“The final number of observations, S-yr marealiy rates, and annual mortality rates for
cach species ase presented in Table 3. Annual martality rares were computed from the 5-
ye rases under the assumprion that martaliry was a compounding process (Hamilton and
Edwards 1976). Table 3 also includes Minore’s (1973, 1979) ranking of rolerance for the
conifer species, with a ranking of ‘1" indicaing the most tolerant and 7" indicating the

Table 3. Final number of observations, 5-yr mortality rate, annual mortality
rate, and ranking of tolerance for conifers in the mortality data sets.

most intolerant. The rate of mortality generally in-
creases with inolerance. The most notable excep-
tion was sugar pine, which had a much larger mor-

Species N Sy Annual Ranking of talicy rate than any other species.
mortality rate  mortality rate lalerance
(%) () (conifers onty)!  White pinc blister rust (Cranassium ribicola) caused
almost 35% of the mortality in sugar pine. OF the
Cantiers five-necdled pines, thar species is the moss suscep-
thuges bt Yl e o G tible o infection by this agent, with the widest in-
Grand fir 1,610 601 1.23 2 Lo i s
Incansecedar 1403 1076 225 4 cidence and most serious infections occurring in
Pacifc yew = 425 088 1 southwest Oregon and northern California (Kinlack
Ponderosapine 1,382 1313 278 7 and Scheuner 1990). When plors with white pinc
Sugar pine 423 1778 384 6 blister rust infection were removed, the resulting
{w biister rust) mortality rates fell into line with the other conifcr
Sugar pine 25 1298 274 6 species (Table 3).
{wio blister rust)
Western hemlock 118 a7 075 1 Tables 4, 5, and 6 show the parameter estimates,
White fir 25 666 137 3 their standard errors, the mean square ecror for the
Ve specics group-specific equarion, and the number of
Bigleat maple 111 087 017 trees in a particular dara set used to estimate the
Califomia black oak 471 684 141 parameter values for functions [10], [13], and [14],
Canyon live cak 472 755 1.56 respectively. If none of the BAL, parameters in those
Golden chinkapin 1,127 622 128 funetions differed significancly from zero, the st
Paciic dogwood 334 a4 069 tistics for the species group were seported only for
Paclc.madone: 2,11 6.27 129 function [10] in Table 4.
Tanoak 803 1189 250
Willow 352 0.45 0.08 Except for the sugar pine plots infected with whire

1 from Minore (1973, 1979)

pine blister rust, the signs of the staristically signifi-

— 7




cant parameters reported in Table 4 met the expecraions defined previously, When the in-
fected sugar pine plots were included, the signs on CR, and SBAL, were opposie these
expected. This resuled in predicted mortaly increasing with CR, and decreasiag with BAL,.

White pine blister rust s an aitborne discase that infects a tree through its needles (Bega and
Scharpf 1993). When infection reaches the main stem, death is inevicable (Bega and Scharpf
1993). Itis hypothesized that trees with large crowns located in the overstory (and thereby
expased to more wind) are more likely to be infected by this rust and, therefore, moce likely
o die, This hypothesis was supported in our study because sugar pine monaliy increased
with crown size and with. the level of dominance of sugar pine in the stand.

s widespread occurrence in southwwest Oregon may suggest that white pine blister rust
in sugar pine is an endemic rather than epidemic cause of mortality. Thercfore, two
mortality equations are presented for sugar pine: one includes infected plors for those
users who believe it is endemic; the other equation omits those plots. For the lateer case,
the probability of death simply decreases with an increase in DBH,.

In general, incteasing the sample size by adding the *hardwood” and “older” stand data
from the second study in southwest Oregon has resulted in more species with significant
mortality models and more significant paramerers for each species compared with the
equations of Hann and Wang (1990). Equations will now be available for western hem-
lock, Pacific yew, bigleaf maple, canyon live oak, Pacific dogwood, and willow, In the
current version of SWO-ORGANON, western hemlock, bigleaf maple, and eanyon live
oak use Hann and Wang (1990) mottality equations that had been developed for other
species. Therefore, the new equations should provide more realistic predictions of mor-
taliry For these species. It also may be possible o extend SWO-ORGANON 1o include
Pacific yew, Pacific dogwood, and willow as well

The DBH,? variable has been added 1o the equarions far six species groups that aksa
include DBH,: Douglas-fir, grandiwhite firs, incense-cedar, panderasa pine, sugar pine
(including plots infected with white pine blister rust), and California black oak. The first
five groups represent the mast common and lang lived conifer species in southwest Or-
cgon. When inserted into SWO-ORGANON, the new equations will now predict the
expected increase in morality as stands with these specics reach old age. Predicted mor-
uality will increase for a DBH geeater than 37.6 in, for Douglas-fir, 24.6 in. for white
and grand fiss, 27.4 in. for incense-codar, 25.6 in. for ponderosa pinc, 33.9 in, for sugar
pine (including infected plots), and 15,7 ia. for California black oak,

Hann and Wang (1990) reported that SI was significant only for their combination Doug-
las-fitf grand filwhite fir equation. In the new equarions, S1 is significant in eight specics
groups. These include five for which ST had not been contained in the equations of Hann
and Wang (1990): ponderosa pine, California black oak, golden chinkapin, Pacific mad-
rone, and tanoak.

‘The effect of the OG modifier on BAL was sigrificanc only for Douglas-fir. Thisis prob-
ably a consequence of the species’ very large sample size relative o the other specics. The
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OG modifier reduced the impact of BAL on the predicted mortality rate to roughly one-
third of a very young stand BAL value as OG approached infinity. Most of this reduc-
tion accurred very quickly as OG increased. When OG reached 1.523 (the largest value
in the dara se; Table 1), the reduction was almest 100%.

Ten of the fiftcen species groups had significant BAL, parameters in functions [10], [13],
andfor [14] (Tables 4, 5, or 6). Far eight of these groups, using cither PBAL, or Scaled
PBAL, provided a modest reduction in sum of loss when comparcd with the usage of
SBAL,. The exceptions were sugar pinc {including infocted plots) and Pacific dogwood.
For six of the eighr aroups ( i.e., Douglas-fir, incense-cedar, ponderosa pine, Pacific yew,
California black ok, and canyon live oak), function [14] with PBAL, was superior to
function [13] with Scaled PBAL . Both functions were superior to function [10] with
SBAL,. For golden chinkapin and Pacific madrane, function [14] with PBAL, also pro-
vided the lowest sum of loss values, but Function [10] with SBAL, was superior to func-
tion [13] with Scaled PBAL,. The only species group for which function [14] with PBAL,
did nor provide the lowest sum of loss value was Pacific dogwood. There, function [10]
with SBAL, was superior to function [14] with PBAL, and both of these were superior
to function [13] with Scaled PBAL,

The Z function for willow included only a constant value, b, Thercfare, its predicted
mortality rates were constant across all tree and stand conditions.

We compared the EXPAN values for trees afier 200-yr projections using the new mortal-
ity equatlons versus those of Hann and Wang (1990 and found that:

1. for Douglas-fir, martalicy fram the new equacion was less in the 10- to 30-in. DBH
range, but was about the same as Hann and Wang (1990) for bath smaller and
larger DBH classes:

2 for white and grand firs, mortality fram the new equarion was lower for trees with
<10 in. DBH and higher for DBH 10 in.;

3. for ponderssa pine, martality from the new equation was lower for trees with DBH
<40 in. and higher for DBH >40 in.;

4. for sugar pine, mortality from the new equation was nearly the same across all
DBH classes;

5. for anoak, bigleal maple, and California black vak, moreality from the new equa-
tion was greater across all DBH classes:

6. For incense-cedar, western hemlock, Pacific madrone, golden chinkapin, and can-
yon live oak, mortality from the new cquation was less across all DBH, so that
these specics persisted longer in the stands.

The 200y projections using the new mortality equations showed almost 91% of the 96

plots had maore trces per acte, 55% had higher BA, and 90% had smaller quadratic mean

diameters.
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ArPENDIX

EvaLuaming PorenmiaL Bias in ToraL HeiGHT
MEeAsuREMENTS
on Deap Trees

The following process was developed to determine if a bias existed in the measurement
of dead tree H, and to correct for that bias. With ane exceprion, the first two steps of
the process closely paralle] the one described by Hanus et al. (1999). The exception is
the definition of the modeling data sets to which the procedure is applied. Hanus e al
(1999) have defined the modeling dara sets by species, detailed damage codes, and sever-
ity of damage. In the current applicarion, the modeling data sets were defined by species
and by broad damage and dearh chasses, and were restricted to severcly damaged living
trees and 1o dead trees. For cach species, muliplicative adjustment factors (AF, ) to H,
for severely damaged trces in a particular class of damage were calculated as follows:

1. The regional height-diameter prediction equation for undamaged trees (i.c., Equa-
tion [1] with parameters from Table 5 in Hanus ec al. 1999) was calibrared o each
plot o reduce variation caused by between-plot differences in the height-diameer
relationship. Each plot's undamaged tree heights were regressed on predicted tree
heights, using the regression model:

CPH = c”(PHI -4.5) [A1]

where

CPH, = predicied height above breast heighe calibrated ta the i® plor’s undam-
aged, living trecs for a parcicular species

PH, = Predicied height for undamaged, living trees from the i plot from Eq.
[1] and parameters from Table § of Hanus et al. (1999,

Parameter ¢, ; was estimated by using linear regression through the origin and a
weight of 1.0/DBH,. The paramerer was then tested for significance from 1.0 with
a t-test (P = 0.10). A P-value of 0.10 was used in the test to assure broad usage of
the plot-level calibrarion, Values of ¢, judged not significant were set to 1.0 (i,
the regional equation was used for the plot).

2. Fora given damage class, the multiplicative CF,, (correction factor) for those se-
verely damaged, living trees was calculased across all plots containing the class of
damage by regressing the damaged tree heights on CPH from Step 1:

DPH - 4.5 = (CR)(CPH) 1421

where




DPH = predicted height above breast height for living trees severely damaged by
a particular class of agents.

1F CFy was not significantly different from 1.0 using a ttest (P=0.01), then it was
set @ 1.0 for that class of damaging agent.

3. Fora given damage/death class, AF,; for dead trees from thar class was calculated
across all plots containing the chiss of damageldeath by regressing the dead tree
heighes on DPH from Step 2:

MPH - 4.5 = (AF,)(DPH - 4.5) [A3]
whee

MPH = predicted height above breast height for dead trees killed by a particular
class of agents.

AFyy was tested for significance from 1.0 using a t-test (P=0.01). For all species
and classes of killing agents, AF,, was not significandly different from 1.0, There-
fore, the H, measurements on dead trces were unbiased.

Evaruating PotenmiaL Bias In HeigHT-To-
Crown-Base Measurements On Deap Trees

The following process was developed to devermine if a bias existed in the measurement
of dead tree HCB, and to correct for that bias. With one exception, the Frst two sceps of
the process closely parallel the one described by Hanus et al, (2000). The exceprion is
the definition of the modeling data scts 1o which the procedure is applied. Hanus 4l
(2000) defined the modeling daca sets by species, decailed damage codes, and severity of
damage. In this current application, the modeling data sets were defincd by species a5
well as broad damage and death classes, and were restricted to severely damaged living
ttees and to dead trees. For each species, muliplicaive adjustmen faccors (AFy ) 1o
height-to-crown-base for severely damaged trees in a parcicular damage class were calcu-
Lated as follows:

L. The regional HCB prediction equations (i.c., Equations [1], [2], and [3] with pa-
rameters from Tables 6, 7, or 8 in Hanus et al. 2000) were calibrated to each plor
0 reduce variation caused by b plor diff in the heigh n-ba

relationship. Here, each plor's undamaged tree heighe-to-crown-base was regressed
on predicted tree height-to-crown-base, using the regression model:

H,
PHCB = — ML
PR = 0~ exp (= 41 e

where
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CPHCE ; = predicted HCB calibrated to the i® plor's undamaged, living trees for
a particular species

BX = the vector predictors for that species from Equarions [1], [2], or [3] and their
respective coefficients from Tables 6 o 7 in Hanus et al. (2000)

d, = plot-Jevel calibration for the i®* plot estimated using the weighted, nonlincar
regression routine of Press et al. (1989).

The parameter d, was set ta *0" unless more than three undamaged trees were found on
the plot and the predicted value was significantly different from zero using a t-test. A
p-value of 0.10 was used in the t-test to assure broad usage of plot-level calibration.

2. The species-specific correction factor {CFyyey) for severcly damaged trees from a
given class of damaging agents was calculated by regressing che measured HCB for
all severely damaged trees from a given damaging agent ta the calibrared predicred

HCB:

DPHOB=————— 1 31
[1.0+ exp (BX +d; + CFycq)]

where

DPHCB = Predicted HCB for trees of a certain species damaged by a particular
agent

CFycy was estimated using weighted, nonlinear regression. The value was then
tested for significance from 0.0 with a ttese (P = 0,01),

it was not significant,
then CF,,q was sct to 0.0 for the specific class of damaging agent.

3. Fora given class of damage/death, AF,;cp for dead trees from thar class was calcu-
lated across all plots containing the damage/death class by regressing the dead rrec
height-to-crown-base on DHCB from Step 2:

H

PHCB =
MEtER [1.0 + exp (8 + dj + CFica+ AFice)] oy

where

MPHCB - Predicted HCB for dead trees of a certain species killed by a particular
agent
AFHCB. = Predicred HCB for dead trees of a cersain species killed by a parcicular
agent
Ay was estimated using weighted, nonlinear regression. The value was then

tested for significance from 0.0 with a t-test (P = 0.01). Ifit was not significant,
then AFHCB was sct 10 0.0 for the specific class of damaging agent.
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4. Resules of Step 3 n the analysis showed that HCB, for dead trees was significandy
higher than HCB, for fiving trees with severe damage from the same class of dam-
ageideath. For those species and damage classes with a significant AF,y, an ad-
justment was made to the dead trec's measured HCB,:

H
AMPHCB=H- —m——
_MHCB _ A7)
[1.0+ H-MCE exp (AFuce)]
where

AMPHCB = Adjusted predicted HCB for dead trees of a certain species killed by a
particular agent

MHCB = Measured HCB for dead trees of a certain species killed by a particular
agent

Procepures For Bacuoaming VARIABLES

DBH,

For trees with a radial-growth measurement, DEH ar the start of the growth period was
estimared according to:

DBH, = {A‘(DB@"- 25RG)}‘ i

o [A8]
where

DBH, = DBH at the start of the growth period

DBH, = DBH at the end of the growth period (ie., measured DBH)
RG = Measured 57 radial growth of the tree, inside bark

Ap A, = Regression coefficients from Larsen and Hann {1985) for predicting DBH
inside bark from DBH outside bark

Tiwo alrernative methods were used to compute DBH | when radial growth was not mea-
sured on the tree, If a 5-yr height growth measurement was available for the tree, then
DBH, was computed as:

DBH,[(H;- HG - 4.9)]
D [ag]
where
H, = Toul tree height at the end of the growth periad (i, messured total tree height)

HG = S-yr height growth measurement
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This relationship assumed that the DBH-to-HT ratio remained constant aver the S-ye
growth period,

1 HG was not measured, a calibration value for the predicted future 5-yr diameser-groweh-
tate equations of Hann and Larsen (1991) was calculated for each species in the stand
that had at least five measured diameter growth (MDG) rates, as follows:

pecaL = ZMPE. [A10]

L(FDG)
where
DGCAL = Calibration factor for a particular species in the stand having at least five
MDGs
MDG, = Measured past 5-yr diameter growh for a particular species = DBH, - DBH,
PDG, - Predicted furure 5-yr diametet growth from Hann and Larsen (1991) at the

end of the growth period for trees of a particular species having at least five
MDGs

For species in which diameter growth had been measured on less than five trees in the
stand, an average calibration factor actass all species was used. DEH, was then com-
puted for trees withou either 2 measured RD or HG by:

DBH, = DBH, - (DGCAL)(PDG) [Ar1]
H!

For trees with measured HG, total tree height ar the start of the growth period was de-
termined by:

Hy=H,-HG [A12]
where
H, - Toul trec height ar the stare of the growth period

The approach chosen for predicting H, for a tree without a measurcd 5-yr height grorwth
rate depended upon species, the séverity of any damage to the tree, and whether the tree
had a missing or dead top. Two initial estimates of HG were made for Douglas-fir, grand/
white firs, panderosa pine, sugar pine, and incense-cedar. The first estimate (EHG1) used
the height-growth-rate equations of Rischic and Hann {1990) to estimate the furure 5-yr
height growth rate at the end of the growth period. A calibration value for the Ritchie
and Hann (1990) equation was also calculated for each specics in the stand having ar
least five measured height graweh (MHG) races:

L (MHG,)

HGCAL:Z(TGW,) [a13]




HGCAL= Calibration factor for a particular species in the stand having at least five
MHGs

MHG, = Measured past 5-yr height growh ratc for a parcicular species

EHGI, = Estimated fucure S-yr height growth rate from Ritchie and Hann (1990) ac
the end of the growth period for trees of a parcicular species having at least
five MHGs

For species in which height growth rate had been measured on less than five trees in the
stand, an average calibration factor across all species was used.

The second initial estimate was used for all species, and applied the height/diamerer equa-
tions of Larsen and Hann (1987) s follows:

PH4.5 ]
= Hy-{4 5+ ————: X
EHG, = H, [4 PR s 4] [A14]
where
PH, = Predicted H, from DBH, for a particular species, using the height/diamerer
equations of Larsen and Hann (1987)
PH, = Predicted H, from DBH, for a particular species, using the height/diamerer

equations of Larsen and Hann (1987)

For Douglas-fir, grand/white firs, ponderosa pinc, sugar pine, and incense-cedar, the pre-
dicted height growrh rare (PHG) was sct to EHG, if the tre was undamaged; to the
average of EHG, and EHG, for trees with ligh damage; and to EHG, for severely dam-
aged trees. For all ather species, PHG was sct equal to EHG, and HGCAL was set equal
10 1.0, For all species, PHG was set 10 0.0 for trees with missing or dead tops. H, was
then estimated by:

H; = H-(HGCAL) x (PHG) [A15]

Hcs,

Height-to-crown-base at the start of the growth periad (HCB,) was computed via the
HCB equations of Ritchie and Hann (1987). First, the predicred crown ratios at both
the siart (PCR,) and the end (PCR,) of the growth period were computed from the
following relationship to HCB:

PHCB,

PCR, =10- G [A16]
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where

PHCB; = Predicted HCB from Ricchie and Hann (1987) for the i* measurement

PH, = Predicied H for the i measurcment

i = 1 for the start of the growth period, = 2 for the end of the growth period

PCR, was then calibrated ta each specics in the stand having a measured CR,, using the
following equation:

onoa. - LESRINCR) win

where

CRCAL = Calibration factor for a p,
MCR,,

icular specics in the stand having ar least five

MCR, = Measured crown ratia at the end of the growth period for a particular spe-
cies

“The predicted change in HCB could then be computed by:

PHCBG = H,{1.0 - (PCR)(CRCAL)] - H[1.0 - (PCR)CRCAL)] [A18]
where

PHCBG = Predicted 5yt change in HCB

Finally, HCB ar the starc of the growth period was compured by;

HCB, = HCB, + PHCBG [A19]
IFHCB, was predicted to be geeater than 0.95H, . then HCB, was set equal to 0.95H, .

Expan,

The expansion factor, or number of tees per acre (tpa), for a trec ar the start of the
growth period (EXPAN } was used to caleulace a number of point-level and stand-level
attribures at the stare of the growth period (ic., PBA,, SBA,, PBAL,, Scaled PBAL ,
SBAL,, SCCH,, H5,, and D5,; sce definicions under Data Description). The valuc of
EXPAN, was based on DBH,, the distance to the center of the tree (DIST), and the
following rules derived from the sampling design:

1. Fora tree with DBH, 4.0 in., if DIST is <7.78 fi, then EXPAN| is 229.18 tpa;
atherwise EXPAN, is 0.0.

2. Foratree with DBH, >4.0 inches but <8.0 in.. if DIST is £15.56 fi. then EXPAN,
is 57.30 tpa; otherwise EXPAN, is 0.0.



3. Fora tree with DBH, »8.0 inches and <36 in., a critical distance (CDIST20) s
fiest computed by:

CDIST20 = 1.944544 (DBH,)

If the tree’s DIST is less than or equal ro CDIST20, then EXPAN, is compured
by:

EXPAN, = 3666 93 (DBH,}*
otherwise, EXPAN, is 0.0,
4. Fora tee with DBH, > 36.0 in., a eritical distance (CDIST60) is first computed
by:
CDIST60 = 1,122683 (DBH,)
1 the trec’s DIST is less than or equal 1o CDIST, then EXPAN, is computed by:
EXPAN, = 11000.79 (DBH,j*
otherwise, EXPAN, is 0.0,

IFEXPAN, was zera, the tree was excluded from the analysis.

Procepures For CALcULATING Crown WiDTHS

The crown width of @ tree for any reference height (RH) above the ground was calcu-
lated from the following equatian form described by Hann (1999):

CWA = Lo xRpPe" 5 sitim) [A20]
where
CWA - Crown widih above HLCW for R within the crown

LCW - Largest crown width of the tree (in fi) predicred by the equations of Hann
(1997)

HLCW = Height above the ground (in fi) to where LOW occurs, = HCB + a(H - HCB)
RP RH/H, if LOW < RH < H; = 0.0, if RH 2 H; = 1.0, if RH £ LOW

Parameters ag, a,, ay, and a; for the equation are given in Table 7. The values for Doug-
las-fir are the English equivalents of the metic values given in Hann (1999). The param-

eters for grand fir, whice fir, and western hemlack were derermined according to analyti-
cal procedures described by Hann (1999),

Parameter estimates for grand and white firs were computed from data collected an 30
felled trees measured on 13 stands in southwese Oregon. DBH ranged from 5.1 to 17.5 in.
The final cquation had an adjusted coefficient of determination of 0.8225.
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Table 7. Parameter estimates for the crown-width equation [A20].

Species ay a a, a,
Douglas-fir 0.920973 -0.135212  -0.0157578 0.0620
Grand/White firs 0.999291 0.0 -0.0314803 0. 0284
Pines 0.755583 00 00 0.0s
Hemlock/incense-cedar  0.628785 00 0.0 0.2098
Hardwoods 05 0.0 00 0.0

‘The parametet estimate, a,, for western hemlock was computed from daga collected by
Kershaw and Maguirc (1996) on 18 standing western hemlock trees on two uncreated
stands in western Washington. DBH ranged from 6.0 to 9.8 in. The final equation had
an adjusted coclicient of determination of 0.6696.

The 3, values for the remaining species were based an persanal observations of the pro-
files of those species. Incense-cedar was deemed similar o western hemlock, so its value
was ser o that for western hemlock. The values for panderosa and sugar pines were de-
rived from a fit of the Hann (1999) Douglas-fir data set to the simplified equition form
(with just a,), These pine values were chosen because the resultant predicied profile had
a more rounded top than did profiles predicted from the full Douglas-fir equation.

The values for all of the hardwaad species were selected based on the assumption that
their crown profiles could be described by a parabola (Hann 1999), Likewise, the ayval-
ues for the remaining species were decermined based on personal observations of their
profiles. The incense-cedar value was set to that for western hemlock. The pines were set
10 a value berween Douglas-fir and grand/white firs, and the hardwood values were set
based on the assumprion that LCW occurred at the base of the crown.




