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ABSTRACT

Hann, DW, DD Marshall, and ML Hanus. 2003, Equations fo
Predicting Height-to-Crown-Buse, S-year Diameter-Groweh Rate, 5-

year Height-Growth Rate, S-year Moriality Rate, and Masinm
Sise-Density Trajectory for Douglas-fir and Wessern Hemlock in the

Caastal Region of the Pacific Northwest, Research Contribution 40,

Forest Research Laboratery, Oregon State University, Corvallis.

Using existing permancnr rescarch plot data, we developed equa-
tians for predicting height-ta-crown-base (HCB), 5-yr diamerer-
growth rate (AD), 5-yr height-growth rate (AH), 5-yr mortality
rate (M), and the maximum size-density erajectory for Douglas-
fir and western hemlock in the coastal region of the Pacific
Narthwest. With the exception of the H/CB equarion, the equa-
tions developed for predicting trees from untreated plots agreed
in prediceive behavior with previously published equations for the
study area, The HCH equarion predicted shorter HCB (and there-

fore longer crown lengths ) than previously published equa-

tions for the study area.

Western hemlock showed no response to fertilization. Modifiers
for fertilization response were incorporared into the final equa-
tions for predicting AD, AH, and PM in Douglas-fir. All three
modifiers for Douglas-fir predicted an increase in growth and
moreality races with the amaunt of nitrogen applied and a de-
crease with number of years since fertilization, with most of the
fertilization effect gane within 15 yr of application. For the AD
and AH modifiers. the size of the increase varied by the site index
(87} of the plot, with plots of lower site quality showing grearer
increases. For AD, fertilization response did not appear to vary

by plot density. trec size, o tree position within the plot.

Madiflers for thinning response were incorporated into the final
equatlons for predicting tree AD for both specics and AH for
Douglas fir. Far both species, the AD thinning-cffecrs madifier
predicted an increased growth rate with the proportion of the B4
removed and a decrease with years since thinning: most of the

thinning effec was gone within 10 yr. For Douglas-fir, the AF
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thinning-effects modificr predicred a reduced growth rate imme-

diarcly after thinning, with the size of the reduction increasing
with the intensity of thinning. Most of the reduction was gone

by about 10 yr.

For Douglas-fir, the combined effect on AD and AH of appl

both thinning and fertilization could be adequately characterized

by the product of the thinning medifier and the fereilizarion

modifier. The percent increase in predicted growth rate due 10 a
combined rreatiment thus was greater than the sum of the percent

increases for cach treatmenc alone,

Analysis of the maximum size-density trajectory data strongly

suggests that plocs of neither species approach a single maximum
stand density index value (SDJ) as they develop. The porer
yield for a given sice therefore depends, nec anly on irs 57, bur

alse on its maximum SO, Feriliza

i i e 4t
the intercepr of the maximum size-densic

¢ for Douglas-fir.

The strengths and weaknesses of the existing data seis and the
modeling and anal

cal approaches tested during development of
these equations are presented ro aid futtire modelers, and aleerna-

tive modeling approaches are explored.

Keywords: ORGANON Growth-and-Yield model, stand devel-

opment, Stand Management Cooperative

A users manual (Hann et al. 1997) has been prepared cover-
ing the SMC and other versions of ORGANON. [t and the
ORGANON software are available from the ORGANON web
site: www.cof arst.edu/cafl/Ir/research/arganon

Unit conversions
| acre lac) = 4047 m?
1foot (ft| = 0.305 meters {m)
1inch in) = 2.34 centimeters jcm)
1 pound (ib)= 453.6 grams [gm)
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inTRODUCTION

Because of the unique combination of weather conditions and
geographic features in the Pacific Northwest, its coniferous for-
ests arc among the mast productive and ccologically complex in

the world (Franklin and Dyrness 1973). This situation provides

forest managers with both an oppartuni

' to urilize the produc-
tivity of these unique forests for the maximum benefir of human-
ity and a challenge o do so while pratecting the often delicate
and complex ecosystems.

As a resule of the high productivity of these forests, the manufac-
ture of forest praducts has developed into a major industry in the

region. Therefore, wise management of the forests of the Pacific

Northwest is crucial. Accurate prediction of the development of for-

est stands is

itial vor ol foreae wiinagement Aceivities (Haniiand
Bare 1979 Hann and Brodie 1980). For example, stand-develop
ment information is required for eva

iating (1) the best silvicultural
treatments for stands of trees to meet a host of alternative manage-
ment ohjectives, (2} the patential allowable cur from forests, (3) the
fiture availability of raw waod for manuficturing into woad prod-
ucrs, and (4] quality of wildlife habitat and other values.

d-yicld in-

farmation in the Pacific Northwest will be much more exacting

n the future: demands for accurate, precise growthear

and comprehensive thi

i the past. Currir

g of old-growth stands
is fast coming to an end. As a result, future wood supplics will

increasingly come either from incensively managed young-growth
stands or from scands managed by the “new” forestry practices
currendy under development. In either case, the management of

these stands will require good-quality growth-and-yield inform

tion on their response to alternative cutring strategies (such as

it and pacch
cutting), fercilization, pruning, and genetic improvement, A par-

nning. shelterwood curting, uneven-aged cutting

ticular concern is the cffect of these rrearments on wood qualiry
{Barbaur and Kellogg 1990).

Two of the major commercially valuable tree species in the Pa-

cific Narthwese are Douglas-fir [Prendotsuga mensiesii (Mirb.)



Franca] and western hemlock {7iuga
heserophylla (Raf.) Sarg]. Tn 1990, in-
formation concerning stand develop-

ment and resulting wood quality under

alternative management activities for
both of these species was either lacking
or was based on data collected over a
shorter durarion than was available by
1990, For example. the most recently
developed publicly available scand-de-
velopment information for Pacific
Northwest western hemlock was the
natural stand vield wables of Wiley and
Chambers (1981}, and the widely used
Douglas-fir growth-and-yield model,
DFSIM (Curris ct al. 1981), was devel-
oped with dara collecred no later than
1974 (i.c.; more than 15 yr of addi-
tional data had been collecred singe its

development).

Recognizing these limitacians, the
Policy Committee of the Stand Man-
agement Cooperative (SMC) agreed in
che fall of 1990 to start a new SMC
Modeling Troject to address these
needs. The first phase was to use exist-
ing plot data to develop a new version
of the stand-development model OR-
GANON (Hann et al. 1997} that
would be applicable 1o established man-
aged and unmanaged stands of Doug-
las-fir and western hemlock throughour
the Pacific Northwest. The second was
to reestimate the equations in the
model as the high-quality modeling
data for young managed plats were col-
lected by the SMC Silviculture Project.

ORGANON is classified as a single-
tree/distance-independent stand-devel-
opment model (Munra 1974). There-
fore, ORGANON uses a representative
sample of trees from the stnd as the
basis for predicting stand development,

10

Consequently, diameter distribution
dara are available, as is tree and stand
growth information. ORGANON has
been developed to be user-friendly and
to run on personal computers (PCs), ln
1990, there were two versions of OR-
GANON: SWO-ORGANON for
southwest Oregon and NWO-ORGA-
NON for northwese Oregon.

Both versions of ORGANON can
project even- and uneven-aged stands
compased of pure species or mixed spe-
cies. For even-aged stands. breast-height
stand ages can range fram 15 to 120 yr
in both versions. Species available in
SWO-ORGANON include Douglas-
fir, grand fir [Adies grandis (Dougl. ex
D. Don) Lindl], white fir [A. concolar
{Gord. & Glendl} Lindl. ex Hildebr],
ponderosa pine (Pinus ponderosa B &
C. Lawsan), sugar pine (£ lambertiani
Dougl.}, incense-cedar [Catocedrus
decurrens (Torr) Florin], Pacific mad-
rone {Arbutus mensiesii Pursh), golden
chinkapin [Chrysolepis chrysophylla
(Dougl. ex Hoak.) Helmae.), Califoria
black sk { Quercas kellaggii Newberry),
and five other minor species, including
western hemlock. Species available in
NWQ-ORGANON include Douglas-
fir, grand fir, and three other minor
species. The dara used to develop both
versions came from temporary plots es-
tablished in 391 stands located in
southwest Oregon and 136 stands lo-
cared on the McDonald-Dunn Re-
search Forests, Therefore. the modeling
data sets for both versions included
lirele dara from stands under any form

of intensive management.

ORGANON conrains four sers of
equations for predicring 5-yr changes in
the attributes' of a parricular tree spe-

cies: diameter-growth rate (AD),
height-growth rate (AH), mortality rate,
and change in height-to-crown-base
(AHEB). The morslity rare equations
are composed of a single-tree equation
for predicting the probability of 4 rree
dying in the next 5 yr (PM) and a
maximum-size density trajectory equa-
tion for capping predicted stand devel-
opment by increasing marralicy if nec-
essary. AHCH is predicred from a static
height-to-crown-base (HCH) cquation
and constraints placed on it to guaran-

tee proper behavior

Bath ORGANON versions include a
simple fertilization response, based on
the work of Wang (1990) in southwest
Oregon, in their diameter-growth equa-
tions, Only 200 Ib of nitrogen can be
applied, and the response is a funcrion
only of time since application, Neicher
version of ORGANON includes pos-
sible thinning response in the equa-
tions, other than that predicred by
changes in stand density and subse-
quent changes in the lengeh of

Iree Crowns.

Therefore, the primary goal of the
SMC Modeling Droject was to develop
new H from D (i.e,, H-D). HCE, AD.
AH, and maximum size-density trajec-
rory equations for Douglas-fir and
western hemlock trees growing in
southwestern Brirish Colunshia, wesr-
ern Washington, and northwestern Or-
egon. These equarions were to include
appropriate responses to fertilization
and thinning and would form the basis
for a new version of ORGANON (ic.,

* Frequently sed actribures, variables. and terms ase
defined and dheir abbe
in the test. These abbrevi

T mention

jans given

s are summarized
in the Appendix.
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SMC-ORGANON). Where appropri-
ate, the equations were also ro include
crown size to allow connecriens to the
wood-quality work of the SMC.

The first phase of the Modeling Projecc
was initiated in January 1991, With the
release of the model to cooperators ar
the end of 1997, the project was termi-
nated and disbanded without starting
on the planned sccond phase. Approsi-
mately two-chirds of the project was
devoted to acquiring, reformarring, ed-
iting, correcting, transforming, summa-
rizing, and staring the dara sers and act-
ing on other research requests from the
SMC Policy Committee. Data prepara-
tion took longer than expected because,
first, the project was understaffed as a
result of SMC budger restrictions and,
second, many of the daca sers were re-
ceived in nonstandard formats. Models
were fitted and evaluated during the
last third of the project. A regreteable
consequence of the termination of the
Modeling Project was the loss of the
substantial knowledge gained by the
project modelers about the strengrhs
and weaknesses of hoth the existing
data sets and the modeling/analytical
approaches used or atrempred during
the praject. This loss has greatly ham-
pered or forestalled subsequent efforts

1o improve the equarions,

The objectives of this publication are to
describe

* the development of the HECH, AD,
AH, PM, and maximum size-den-
sity trajectary equations created for
the SMC vession of ORGANON
(The H-D cquarions were reporced
by Hanus et a1, 1999.)

*  the strengths and weaknesses of the
existing daca sets used ro develap

these equations

*  the strengths and weaknesses of the
modeling and analytical ap

proaches used or attempred during

the development of these equations
and o suggest

¢ alternative approaches thar future
modeling effores might explore,

A user’s manual (Hann et al, 1997) has been
prepared covering the SMC and other ver-
sions of ORGANON. Ir and the ORGA-
NON software are available from the OR-
GANON wich site: wwwicoforst.edufcof!
fr/rescarchlarganen.

GeneraL Data
DescrirTION

Data for chis study came from existing
permanent plots previously established
by SMC members in the study area.
The following is a summary of the rasks
that were undertaken to create the gen-
eral modeling dara ser:

(1) Installaion and ploc-selection cri-
teria were developed.

(2) A formac was developed for the
raw dara requested from the coop-
erators.

(2

&

Data-editing programs were devel-
oped and documented
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Cooperators were polled about avail-
ability of existing dara that met the re-

quirements for the modeling work

(5) Inszallations were selected for use
from the results of the poll.

(6) Requests for data were sent out to
cooperators, asking thar the dara be
submirted electronically and in the
raw data formar developed in task 2.

{7} Data were loaded onto the com-

puter as they were received.

(8) IF necessary, the dara were refor-
matted.

(9) Data sets not meesing the criteria
develaped under task 1 were
dropped.

(10) Data were edited.

{11) Data sets with editing problems
were cither cleaned up by SMC
Madeling Project personnel or sent
back to cooperarars for resolution.

(12)A database management sysem
was developed and fully docu-

mented,

(13) Data summariza

fon programs
were developed and documented.

{14) The edited dara were run through

the summarizacion programs.

(15} If problems arase during dara sum-
marization, the data were cither
cleaned up by praject personnel or
sent back to cooperators for reso-
lution.

(16} 1f problems could not be resalved,
the data ser was dropped.

{17) The edired and summarized daca
were loaded on the Plor Data
Analysis Sysrem developed ar the
Pacific Northwest Research Station
of the USDA Forest Service in
Olympia, Washingron,



The project accumulated a database of
3,345 plots from 371 installations in
the study arca. OF these, 1,269 plots
contained no western hemlock, 389
contained no Douglas-fir, and 1.687
conrained both species. The insralla-
tions ranged from 42.00°N ro 50.63°N
in latitude and from 120.7°W to
127.68°W in longitude. The dara were
collected from fixed-area plors averag-
ing 0.17 ac and ranging in size from 0.1
to 1.2 ac. The average breast height age
was 27.8 yr and ranged from 3 o 108
yr. Vatious thinning and fertilization
trearments were represenred, althaugh
most were research, rather than opera-
tional, treatments. All plats were mea-
sured at least ewice. Length of the
growth periads beoween messurements
ranged from 1 to 27 yr. with an average
of 4.5 yr

Tree MEeasuneEmENTS

Attributes measured included diameter
at breast height () for all sample trees
and all measurement tmes: an indica-
tar of whethier the tree had died during
the previous growth period for all trees
alive ac the start of the previous growtl
petiod: total height (5 for a subsample
of the trees measured: and, on some in-
stallations, HCR for a subsample of the
trees measured {usually the same trees
thar were measured for £1).

3 was measured to the nearest 0.1 in.
{0.1 cm in British Columbia) with a di-
amerer tape. H was measured by un-
knawn techniques that could have var-
ied from one installation to anocher.
Unmeasured values of A were estimared
with the plat-level height-diamerer fic-
ting procedutes of Flewelling and De

Jong (1994), combining trearments
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within an installation whesever pos-
sible. J/CB was measured on a sample
of trees; measurement techniques and
definitions of the location of HECB are
unknown. All data measured in merric
units were stored in thar format and
converted ro English unirs during the
creation of the modeling data sers,

CALCULATION OF
Ortuer TrREE AND
Pror ATTRIBUTES

Tree and plot ateribues previously used
to predict A7) (Hann and Larsen 1991;
Zumrawi and Hann 1993) included the
site index (S)) of the installation, basal
arcalac of the plor (BA), the 2 and
crown ratio {CR) of the tree, and the
basal areafac in trees with I larger than
that of the subject rree on the plor
(BAL). Arributes previously used 1o
predicc Aff (Hann and Ricchie 1988)
included 87 of the installation, Ff and
CR of the subject tree, and the percent
crown closure of the plot at the dip of
the subject tree (CCH). Arrributes pre-
viously used to predier PM (Hann and
Wang 1990) included S/ of the installa-
tion, BA and number of creesfac (V) of
the plot. and the £ CR, and BAL of
the tree. Finally, che atributes previ-
ously used to predict HCB (Ritchie and
Hann 1987; Zumrawi and Hann 1989)
included the 57 of the installation, the
BA of the plo, the H and D) of the tree,
and the crown comperition facrar in
trees with D larger chan that of the sub-
jece tree (COFL).

For those trees with the appropriate
measurements, crown lengrh (€7) was
caleulated by subcracting HOCE frem FL
CR was then computed by dividing €L

by FL For those trees withour the ap-

propriate measurements, HCB was cal-
culated from the cquations reported in
this study.

The expansion factor (EXPAN] far each
sample tree (the number of treesfac thar
cach sample tree represents) was caleu-
lared by taking the reciprocal of the

plot area in acres.

S1 values were determined for the ma-
jority (by basal area) rarger species (i.e..
Douglas-fir and wesiern hemlock) on
the installation by compuring breast
eight age and rop height (H40) for the
40 largest-diamecer treesfac of the ma-
jority target species across all of the un-
treated plots on the installation. These
two attributes were calculated for cach
meastrement and remeasurement on an
installacion; the resulting pair of values
with a breast-height age closest to the
50-yr base age of the ST equations was
then used to determine S/ Douglas-fir
SI(S8Ty,) was calculated by solving
Bruce’s (1981) daminant height cqua-
tions for 51 western hemlock 87 (S7,,)
was calculated from 57 equations of
Bonner et al, (1995),

ORGANON projects stand develop-
ment over a 3-yt growth period. The
approach used ro model AD and AH
requires exactly S-ye daca, whereas the
approach taken to medel mortality rate
allows the use of dara with variable
lengths of growth period. The following
approach was used ro caleulare exacr 5-
yr growth periods for installations in
which the rotal duration of measure-

ments equaled or exceeded 5 yi:

(1) Starting wirh the firse measure-
ment, lengrhs of growth periods
were cumulared wndl a roral of 3

it Wit 6 exceeded.
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(2} If a 5-yr growth period was ex-

ceeded by na more than 2 yr, lin-

ear incerpolation was applied to the
measured changes in D and  dur-
ing the last growth period in the
cumulation, The appropriate frac-
tional value of rthese measured
changes was added to the values at
the start of the of the last growth
period in order to calculare D and
H ax the end of a 5yt growth pe-
riod. If; for example, D for a tree
was measured cvery 2 yr over 6 yr,
with resulting values of 6.0, 6.
7.1, and 7.5 in., D ac the end of
the S-yr growth period would be
caleulated as 7.3 in. (i.e.,, 7.1 + (7.5
vr ALY
growth rate would be 1.3 in. (i.c.,
7.3-6.00

- 7.1312) and the resulting 5

(3,

The process then proceeded ta the
next measurement {ie., all 5-yr
measurement periods started with
actual measurements, racher than
interpolations), and steps 1 and 2
were repeated until either there
were no addirional growth periods
available or the cumulation for the

last period was les than 5 v

1

For SMC installatians in which the
total duration of measurements
was only 4 yr, linear extrapolation
was used ro calculare D and H ar
the end of the 5-yr growth period
by multiplying the measured 4-yr
changes by 1.25 and adding these
expanded increments to the 1 and
H at the start of the growth period.
Cumulited growth periods <4 yr
were discarded.

BA, BAL, N, CCFL, and CCH in living
trees were calculated for each plor on

each installation, For the diamerer-

growth-rate, height-growth-rate and
mortalicy-rate equ

ns, the arrribures
appropriate for each equation were
computed from D and H ar the start of
the growth period. For the static HCB
equations, the atrributes appropriare for
that equarion were computed ac each

measurement,

BA was caleulaced by squaring D for
cach sample tree, multiplying it by
0.005454154 and the trec's EXPAN,
and then summing for all sample trees
on the plot. BAL was caleulated by
summing the same values for all sample
trees on the plor with £ larger chan that

of the subject tree. N was calculared by

summing EXPAN for all sample trees

on the plot. CCFL was calculated by
squaring maximum crown width for
cach tree, multiplying it by 0.001803
and the tree's EXPAN, and chen sum-
ming the values for all sample trees on
the plot with D larger than that of the
subjeet tree. The maximum erown
widch of a tree was escimared by the
equations of Paine and Hann (1982),
with the equations of Smirh (1966) be-
ing used for species not found in Paine
and Hann (1982).

To caleulate € ar wree, H

i of a parti
of that trec was nsed to define a reference
height (RH). Crown widchs ((CW) at RIT
For all other trecs on the plot were esdi-
mated with the equations described in
Hann {1999) and Haon and Hanus
(2001). CW for cach tree was converred
w0 crown area (CA) by the formula for
the area of a circle. The CAs were multi-
plied by their EXPANs and then summed
acrass all sample trees on the plor and
expressed as a percencage of acreage cov-
srad Tl proced e vasrepestd il
rees on the plot

Several attributes characterizing the thin-

ing and the ferrilization trearments were
also caleulared. Areributes used to char-
acterize thinning included (1} the num-
ber of thinnings () that had eccurred at
or before cither the strt of the growth
period (AD, AH, and PM equations) or
the current measurement (HCB equa-
tions); (2) the basal area per ac removed
1
I indexing the most recent thinning); (3)

ut, with

in cach thinning (BAR,

the number of treesfac removed in cach

thinning (NR, 7 = 1.0, with 1 index-
ing the most recent thinning)s (4) the
number of growing seasons, in years,

since the # thinning (Y75, i = L.me

with 1 indexing the mast recent thin-

(5) the basal arcafac on the plot

before che most recen thinning (BAET);
and (6) the number of trecsfac on the
plor befare the most recent thinning

(NBT), Artributes used to characterize

nitrogen fercilization included (1) the
numbet of applications of nitrogen (4]
that had occurred ar or before either the
start of the growch period (for the AD,
Af, and PM equations) or the current
measurement (for HCE equations); (2)
the number of Ibsfac of nitragen applicd
£ with

1 indexing the most recent fertilization):

in each fertilizadon (PN, 7

and (3} the number of growing seasons,

in years, since the 7

ars,

fertilizacion (¥F,

aft with | indexing the most recent

fertilization), Installations without an
unchinned and unferrilized conrral

plot(s) were not wsed in this study.

EVALUATION OF THE
Dara

The resulting data sers gachered for

and western hemlock were

Douglas-f

evaluated for their adequacy in develop-

FE:



ing the AD, AH, PM, and HCB equa-
rions in ORGANON. OF particular in-
verest was the adequacy of tecs with
measurements of CR, an important
variable in the core equations of OR-
GANON. This evaluarion indicated
that the number of tree observations
with measurements of M, AM, and CR
was small. IF the measurements were
taken on the plots, they were always
subsamples of the rrees found on the
plot. Hs were not always measured on
the same tree over time; and they were
often concencrated in dominant trees
on the plot. Measurements of CR were
restricted to those trees with at least one
measurement of H. Subsampling was
patticulay severe in the Fertiliztion
data sets from the Regional Forest Nu-
writion Research Project (RENRP), in
which H measurements were restricted
o four dominant trees on each 0.1-ac
plot and there were no measurements of
CR. No CRs were measured on the
other large fertilization daca ser made
available by che Brirish Columbia Min-
istry of Forests. These data problems
Jargely dictated the analytical ap-
proaches taken to develop the four
equations.

We also had problems with dara from
i

lations were established in young plan-

SMC Type | installations. These ins

rarions (most with breast height ages
<10 yr) or recently respaced natural
stands of homogeneous stocking. In
these stands, the AH rates are much
greater than expected fram the domi-
nant height growth equations of Bruce
(1981] and Benner et al. (1995}, Asa
resule, predicring Sf from the Bruce
(1981) and Bonner et al. (1995) equa-
tions resulred in greacly inflared values

4

for the SMC Type | inscallations. We
tried unsuccessfully to derive a “fix” for
this problem; therefore, we decided not
to use the SMC Type 1 installations in
ourarilyses:

Finally, we accasionally encountered in-
stallations or ploes for which the docu-
mentation, measurement, or both, of
initial condirions, past treatments, or
measurement techniques was inad-
equate. For installacions withour infor-
mation on the trees removed at the ini-
tial spacing trearments, we estimated
the initial conditions from data from
the control plots, where possible. In
some cases, we rejected data from the
early measurements of a plor because of
the presence of a large number of un-
measured small trees {as evidenced by
later ingrowth), Where the problems
could nor be alleviated, the dara were

eliminared from further analysis.

DevELOPMENT OF
EauaTions

In developing the follawing equations,
we chose ta (1) ignare possible serial
correlation between repeat measure-
ments, (2 ignore possible lack of inde-
pendence berween trees within a plor.
and (3) nar report indices of fit for the
equations

Serial correlation can bias cstimates of
the variances of the parameters and pro-
duce friefficient estimates of the param:
cters themselves; however, the patam-
erers are unbiased (Kmenta 1986). Se-
rial correlarion can arise from the use of

“time-series data” (repeated measure-
ments of the same tree or plot); rather
than “cross-sectional data” (single mea-
surements of many independent trees
or ploes) (Kmenea 1986). Our data sers
are an example of “pooled time-series
and cross-sectional data,” with many
independent plots and relatively short
measurement sequences. The use of
pooled time-series and cross-sectional
data should lessen the potential impact
of serial correlation. Furthermare, our
AD, AH, and PM equations use a 5-yr
groweh period, and Gertner (1985 has
found that serial correlation decreases
with length of graweh period, being al-
most negligible for a 5-yr period.

The plots used in 2 growth-and-yicld
study are considered independent of
each other because they have usually
been chosen randomly fram the popu-
latian of all possible plots. The trees
within the plot, however, are not inde-
pendent of each other because they
were not chosen randomly from the
populatian of all possible rrees (Green
ct al. 1994). This lack of independence
can result from sparial correlarion be-
toven i e e Bt whigh da v
sult in che individual trees impacring
each other. This problem is commen 1o
all single-tree types of growth-and-yield
miodels and has usually been ignored by
their developers. As with serial correla-
tion, the lack of independence of trees
on a plot can bias estimates of the vari-
ances of the parameters and cause inef-
ficlent estimates of the parameters
themselves; however, the paramerers are
still ‘unbiaséd, We bilieve the ricgative
impact of the lack of independence be-
tween trees can be minimized by incor-
poraring apprapriate variables into the
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“untreated” data, consisting of
all trees with actual HCB mea-
surements from (1) untreared
control plots, (2} plots that had
been just chinned fi.e., Y7, = 0)
and for which BABT and CCFL
before thinning were known,
and (3) all measurements from
plots char had been chinned
more than 20 yr ago. Past ex-
perience with modeling HCB
{Ritchic and Hann 1987;
Zumrawi and Hann 1989;
Hanus et al. 2000) indicated
that the impact of thinning on
crown length {and associated
HCBe) could last for 20 years,
The resulting data sets, includ-
ing variables used in the final
HCR equations, are described in
Table 1.

prediction equations chat characterize the interacrion among the trees on the plot. [n
support of our belief, Reynolds et al. (1988) examined the impact of correlated diam-
cters on the ability to fit diameter distriburions to the data and concluded that the

correlatians among trees were not a severe problem

The HCB, AD, and Af{ equations all use weighted regression to homogenize the vari-
aince. As a resule, the usual indices of fit can be misleading. Furthermare, the PM equa-
tions were fit by using 2 nonlinear logistic staristical package that presented no truly
meaningful measures of fit (Hamilcon 1974). We therefore decided not to report mea-
sures of fit far the equations.

Heigur-ro-Crown-Base [HCB)

DAtA DescriPTion

Data for all Douglas-fir and western hemlack trees with a measurement of HUE were
extracted from the data base. The resulting data were divided inro the following five

groups for each species

Table 1. Description of the height-to-crown-base (HCB) data sets for Douglas-fir
and western hemiock trees on untreated plots, The means were computed from
the number of observations (NOb) reported for each variable

Douglas-fir Western hemlock
Variable (units) Mean Range Wean Range
individual tree NOb = 11,746 Nob = 2.381
HCB (ft) 30.2 3.0-136.0 114 0.3-86.6
CR 0.56 0.01-0.94 0.74 0.11-0.99
H () 64.9 8.0-188.0 36.0 6.6-128.6
D {in.) 9.4 0.6-46.0 48 0.4-15.5
CCFL (ft?/ac) 1335 0.0-532.7 142.0 0.0-457.6
0/H 0.14 0.05-0.27 013  0.06-0.30
Individual plot NOb = 686 NOb = 47
BH AGE 31.2 13.0-108.0 30.8 8.2-108.0
BA (ft?fac) 140.8 36.6-406.1 2016 21.8-352.2
Insialiation NOb = 32 NOb =10
Slep 1185 T7.6-155.0 1021 82.1-1236



“single thinning” data, consist-
ing of all trees with actual HCB
measurements from plots that
had been thinned only once.
Included in these data were
plots that had been just
thinned (i.e., ¥7| = 0) bur, in
this usc of the data, B4 and
CCFL afeer thinning were used
in the dara ser. The resulting
dara sets, including variables
used in the Final HCB equa-
tions, are described in Table 2.

“single fertilization” dara. consist-
ing of all trees with acual HCB
measurements from plots chat
had been fertilized once with
2450 PN (Ib nirrogenlfac. The
resulting data sets, including vari-
ables used in the final HCB equa-
tions, are described in Table 3.

Table 2. Description of the haight-to-crown-base (HGB) data sets for Douglas-fir
and western hemlock trees receiving a single thinning. The means were computed
from the number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 4,073 NOb = 573
HCB (ft) 26.2  2.0-150.0 T 0.3-43.5
CR 059 0.10-0.91 0.83 0.29-0.99
H(ft) 576 14.1-205.0 319 16.0-94.2
D (in.) 83 1.3-441 6.5 1.8-15.4

COFL (ft2fac)
e

Individual plot
BH AGE

BA (ft*/ac)

Installation
Sln

111.6 0.0-431.5
0.14 0.07-0.29
NOb = 179
336 13.0-108.0
127.3  25.0-412.8
1.0 1.0-1.0
12.3 0.0-57.0
0.496 0.015-0.922
NOb = 18
113.3  77.6-142.0

78.1 0.0-302.7
047 0.09-0.30
NOb = 14

27.2 8.2-108.0
121.9 37.5-254.2

1.0 1.0-1.0
101 2.0-57.0
0.474  0.015-0.691
NOb = 4

100.6 83.2-121.0

Tahle 3. Description of the height-to-crown-base (HCB) data sets for Douglas-fir
and western hemlock trees receiving & single fertilization. The means wera com-
puted from the number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 3,524 NOb =17
HCB (ft) 16.1 3.9-51.0 245 5.2-48.0
CR 0.59 0.04-0.88 0.56 0.35-0.89
H () 38.3 7.9-885 542  11.2-81.0
D (in.) 42 1.0-17.0 74 1.5-13.1
CCFL (ft¥ac) 218.2 0.0-472.2 1926 15.0-351.3
DiH 0.11 0.06-0.19 0.13  0.08-0.18
Individual plot NOB = 43 NObB =7
BH AGE 26.8 16.0-43.0 223 16.0-43.0
BA (ft*/ac) 172.9 81.1-2281 1285 81.1-219.8
nf 1.0 10-1.0 1.0 1.0-1.0
YE, 101 0.0-18.0 36 0.0-13.0
PN, 297.8 200.0-4000 285.5 200.0-400.0
Installation Neb =3 NOb =3
Slgn 92.3 78.1-100.7 B7.2 71.6-98.0
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“multiple thinning” dara, con-
sisting of all trees with acaual
HCE measurements from plors
that had been thinned more
than once. The resulting data
scts, including variables used
in the final HCE cquations, are
deseribed in Table 4,

“single thinning and single fer-
silization” data, consisting of
all trees with actual FICB mea-
surements from plors that had
been chinned only once and
fereilized only once. The thin-
ning and ferrilization did nor
have to occur ar the same
time. The resulting dara sets,
including variables used fn the
final HCA equations, are de-
scribed in Table 5.

Table 4. Description of the height-to-crown-base (HCB) data sets for Douglas-fir
and western hemlock trees recsiving multiple thinnings. The means were computed
from the number of observations reported for each variable

Douglas-fir

Western hemlack

Variable Mean Range Mean Range
Individual tree Ngb = 10,112 NOb = 319

HCB (1t) 47.6 6.0-145.0 481 4.0-846
CR 0.50 0.01-0.90 0.51 0.17-0.90
H(1t) 921 18.0-203.0 481 14.0-132.5
D (in) 141 2.7-53.7 12.7 1.7-243

CCFL (ft?rac)
oH

individual plot

BH AGE
BA (ftfac)

Insiailation
Slgp

Table 5. Description

105.4 0.0-461.2
0.15 0.06-0.31
NOb = 888
39.0 16.0-108.0
151.8 62.3-354.9
4.5 2.0-7.0
6.0 0.0-36.0
0.143  0.005-0.608
NOb = 17
124.8 85.8-140.5

155.2 0.0-335.8
0.13 0.08-0.21
NOb = 64
48.2 35.0-108.0
183.1 83.7-300.3
5.5 3.0-6.0
121 6.8-32.0
0.136  0.005-0.513
Nob = 5
102.4 82.1-123.6

of the height-to-crown-base (HCB) data sets for Douglas-fir and

western hemlock trees receiving a single thinning and a single fertilization. The
means were computed from the number of observations reported for each variable,

Douglas-fir Western hemlock
Variable Mean Range MMean Range
Individual tree NOb = 3,403 NOb = 19
HEB (ft) 16.1 2.9-50.0 31.9 7.5-42.0
CR 0.66 0.21-0.89 0.57 0.47-0.88
H(1t) 459 12,4-98.3 72.9 28.9-88.4
D{in) 5.7 1.3-16.2 10.1 2.8-14.0
GGFL (1t%ac) 148.4 0.0-3916 173.4 31.9-304.1
D/H 012 0.07-0.22 0.14 0.10-0.17
individual plat NOb = 99 Nob = 4
BH AGE 27.0 16.0-43.0 315 17.0-43.0
BA (ft%fac) 139.9 75.7-230.7 1823 127.8-230.7
nt 1.0 1.0-1.0 1.0 1.0-1.0
¥ 10.0 0.0-18.0 6.0 0.0-8.0
PREM, 0.459 0.013-0.683 0.237 0.029-0.433
nf 1.0 1.0-1.0 1.0 1.0-1.0
YE; 10.1 0.0-18.0 8.0 0.0-13.0
PN, 296.8 200.0-400.0  300.0 200.0-400.0
Installation NOb = 3 NOb =2
Slep 923 78.1-100.7 84.8 71.6-98.0



DAta ANALYSIS AND RESULTS
Eauation For Untreatep PLoTs

The “untreared” dara {Table 1) were used to estimate the parameters of the HCE equa-
tion used by Rirchie and Hann (1987) and Hanus er al, (2000):

HCB = % m
¥ =dy+dH+ d,CCFL + dJn(BA) + d DIH + d.SI,,

where

Sl = sie index for speces “SP"

5P - DF for Douglas-fir
= WH for western hemlock

Ricchie and Hano (1987), Zumrawi and Hann (1989), and Hanus cr al. (2000) all
found that the variance of the residuals in HCR increased with A, Thus, they used
weighted regression with a weight of (1.0/#)* when estimating the parameters of their
equation. Therefore, weighted nonlinear regression, with a weighe of (1.0/H)*, was also
used to estimate the paramerers in this study. Each parameter was then tested for sta-
tistical significance from 0 (P = 0.03) with a ftest. I nor significant, it was set 1o 0
and the remaining paramerers were reestimated by using weighted nonlinear regres-
sion. The parameter estimates and their standard etrars (SE) for Eq. [1] are provided

in Table 6,

Table 6. Parameters and asymptotic standard errors for predicting height-to-crown-
base (HGB) for untreated Douglas-fir and western hemiock, Eq. [1].

Parameter/

Standard error Douglas-fir Western hemlock
dy 3411317351 8.856979690
SE(dy) (0.062876144135) (0.19321795751)
d, -0.009947861 -0.004739358
SE(d,) (0.00025401814) (0.00078728837)
dy -0.001906272 -0.000842256
SE(d ;) (0.00007665450} (0.000149137386)
dy -0.656269205 -1.661329351
SE{d;) {0.01380472545) (0.04133363527)
dy 4520522655 5.485552578
SE(d,) (0.22927664423) (0.48709621978)
d; 0.002595706 0.0

SE(d) (0.00021596669) (NA)

NA: Not applicable.

Qallﬂ«\ﬁ*ﬁ*\ﬁh‘lﬂﬁﬂ'\ﬂ‘\ﬂﬂﬁ‘\'\\Q‘\‘Q‘\\\‘\‘\“\\\\\“\ﬁ!



Eauartion ror THinneD Prots

Because B4 and CCFL can be modified by thinning, predictions of HC# after thin-
ning from Eq. [1] can be biased because they will predicr an immediate reduction in
HCB, In order to reduce this bias, the impact of pasc thinning(s) on predicred HCR
was modeled as an effect on the CCFL and BA autribures in the following manner:

CCFL, = CCFL+ Y, CCFLR ™

=
BA, = BA+ Y BAR
i=l

where CC

tree removed in the /' thinning

= plot crown competition factor in trees with D =thar of the subject

These combined accributes were then inserted into the following equation form for
estimating HCB for thinned plots:

X =dy+ dH + CCFL + dIn(BA) + dDIH + d ST,

Parameters e, through 2; were fixed ro the values from the “untreared”
Table 7. Parameter and asymptotic standard error for  fic (Table 6), and d, was estimated using the “thinned” daa sets de-
predicting height-to-crown-base (HCB) for thinned

] scribed in Tables 2 and 4 and weighted nonlinear regression, The thin-
Douglas-fir and western hemlock, Eq, [2]

ning parameter estimare and its SE for Eq. [2] arc found in Table 7.

Parameter/

Standard error  Douglas-fir Western hemlock

dg -0.0696453085  -0.0043920792  Eouamion For FermiLizep ProTs
SEfdy) (0.00778484588)  (0.00041779171)

For Douglas-fir, all of the HCE data from fertilized plots came from
three installations that had received only a single fertilization (Table

3). and most of the data originated an only one of the three installations. The dara ser
for western hemlock (Table 3) was too small to analyze. Therefore, the following analy-

Sis was restricted to a single ferdlization of Douglas-fir. The purpose of this analysis
was to explote the potential impact of fercilization on HCH, rather than o develop
fully functioning predictive equation, which would require a more comprehensive

modeling data set

After examining several aliernatives, we modeled the impact of a single feriilizadion on
predicted HCB, using the following variable:

FERT = d (PN I800.0y YE i1 oTE

This variable was then inserted into the following equation form for estimaring //CR

for plots receiving a single fertilizarion:

v = dy+dH + dCCFL + dIntBA) + d,D/H + d,81,, + FERT 3]

Parameters d, through ; were fixed to the values from the unrreated plot equation
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Table 8. Parameters and asymptotic standard errors
for predicting height-to-crown-base (HCB) for a
single fertilization of Douglas-fir, Eq. [3].

(Table 6), and paramerers ., 4, and 4, were escimared by using the
“single fertilization” dara ser for Douglas-fir described in Table 3 and

weighted nonlinear regression. The fertilization paramerer escimares

Parameter/
Standard error

and their SEs for Eq. [3] are given in Table 8.

dy
SE{d;}

{[X
SE(dy)
dy
SE(ely)

Douglas-fir This analysis assumed that parameters ), through &, for the un-
0.3359858889 ereated fir (Table 6) were adequare for characterizing the HCE for
(0,03683906254) untreated trees on the three instlladons with single ferrilization
0.3687658812 data, To check this assumption, Eq. [3] was applied to each tree on
(0.08608144107) the conrrol plots with a measured HCH, and the difference between
-0.0139853300 predicted HCB and measured FCB was then calculared. The mean
(0.00130116711) af the difference for the 1,671 trees on the contral plots was 0.79
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fr, indicating that the assumprion used in the Ferilization analysis
was reasonable.

Discussion

HCB Eq. [1] for untreated plots and the associated parameter estimares for each spe-
cies (Table 6) predict an increase in HOB wich an increase in H, CCFL, and BA, and a
decrease in FICH with an increase in D/H and ST, These results are in agreement with
those of Ritchic and Hann (1987), Zumrawi and Hann (1989), and Hanus et al.
(2000).

The geographic area from which the data used to develop the Zumrawi and Hann
(1989) cquation for Douglas-fir were collected falls within che geographic area for the
SMC study. Therefore, predictions from the Zumrawi and Hann (1989) Douglas-fir
cquation were compated to predictions from Eq. [1] for Douglas-fir. For the same tree
and plot actribures, Eq. [1] predicted shorter HCB {and therefore longer CI) than the
equation from Zumrawi and Hann (1989). Hanus et al. (2000) have shown thar, for
the same tree and plor attributes, undamaged trees have langer CLs than do damaged
trees, The Zumrawi and Hann (1989} data set included all crees on the plor and there-
fore incarporated both damaged and undamaged rrees. The daca used in this study
were subsampled mastly on those trees measured for H. We hypothesized that the dara
used in this analysis were concencrared in undamaged trees, and, therefore, the equs-
tions predicr langer Cis than the overall population would exhibit.

The thinning-effects modifier in Eq. [2] and the associated parameter for cach species
(Table 7) predict that the #7CB will be the same immediarely before and immediately
after chinning. The HCH will stare ro increase as tree and plot aeributes develop and as

the time since thinning increases.

The fereilization-effects modifiers in Eq. [3] and che associated parameters for Doug-
las-fir (Table 8} predice that (1) the HCH fertilization will be the same immediately
before and immediately after ferrilization, (2) HCE will remain lower (or decline) for

I11Q11111&\‘\1‘!&‘\\111‘\11‘\11‘\11&1111111\111‘\11‘



“untreated with CR" dara, consist-
ing of all trees with actual CR mea-
surements ar the stare of the growth
peried from uncreated control plots
of at least 0.2 ac. The resulting data
sets, including variables used in the
final AT equations, are described in
Table 9.

the fertilized tree when compared to a tree nor fertilized until ¥F, = 4.2 yr, and (3)
after = 4.2 yr, the direct impact of fersilizacion will disappear as ¥F, continues to in-
crease. (The indireet impace caused by changing the other tree and plot attributes in
Eq. [1] would remain.) The result would be an increase in crown length for a period

after fertilizing a tree.
Five-Year Diamerer-Growtn Rare [AD)

Dara Descrirmion

All AD data for Douglas-fir and western hemlock were extracted from the dara base
and then divided into the following eight groups for each species:

Table 9. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-fir
and western hemlock trees with measured crown ratios on untreated plots. The
means were computed from the number of observations reparted for each variable.

Douglas-fir Western hemiock
Variable Mean Range Mean Range
Individual tree NOb = 4,093 NOb = 881
AD 0.92 -0.1-3.9 178 0.0-4.0
D (in.) 833 0.6-36.7 341 0.1-143
CR 053 0.05-0.92 071 0.11-0.92
BAL 85.6 0.0-365.1 45 0.0-280.2
Individual plot NOb = 168 NOb = 28
BA (ft2/ac) 198.3 24.6-385.1 199.4  11.6-325.3
BH AGE 348 11.0-77.0 28.0 6.2-44.1
Installation NOb = 27 NOB =7
Slgp 1189 77.6-155.0 109.9 91.9-1236

21



“untreated with predicted CR”
data, consisting of all measurc-
ments with measured Hs such
that CR at the seart of the
growth period could be pre-
dicted from uncreated control
plots of at least 0.2 ac by using
Eq. [1]. The resulting dara sets,
including variables used in the
final AD equations, are de-
scribed in Table 10.

“single thinning” data, consist-
ing of all measurements with
acrual CR measurements at the
scart of the growth period from
plots of at least 0.2 ac that had
been thinned only once. The re-
sulting dara sers, including vari-
ables used in the final AD equa-
tions, are described in Table 11.
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Table 10. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-fir
and western hemlock trees with predicted crown ratios on untreated plots. The
means were computed from the number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 13,149 NOb = 1,955
AD 0.85 -0.1-41 0.68 -0.1-31
o (in.) 8.97 0.1-39.3 8.70 0.2-24.4
FCR 0.55 0.11-0.99 0.39 0.11-0.98
BAL 74.9 0.0-398.3 130.3 0.0-406.7
fndividual plot NOb = 1,060 NOb = 230
BA (ft¥fac) 182.0 9.1-411.1 2386 11.6-411.1
BH AGE 344 10.0-85.1 36.9 6.2-85.1
Installation NOb = 208 NOb = 75
Slgp 108.7 56.1-156.0 1031 43.0-131.0

Table 11. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-fir
and western hemlock trees with measured crown ratios receiving a single thinning.
The means were computed from the number of observations reported for each

variable,

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 2,852 NQb = 68
AD 1.03 -0.1-3.8 an 0.9-4.3
D (in.) 7.07 1.0-43.0 3.59 1.5-10.9
CR 0.63 0.01-0.91 078 0.46-0.90
BAL 431 0.0-279.9 1841 0.0-127.9
Individual plot NOb = 141 NOb =2
BA (it*/ac) 78.7 15.5-298.1 77.8 20.5-135.0
BH AGE 28.0 11.0-77.0 20.1 6.2-34.0
nt 1.0 1.0-1.0 1.0 1.0-1.0
¥I, 8.3 0.0-33.0 00 0.0-0.0
PREM, 0.505 0.043-0.922 0.191 0.069-0.312
Installation NOb = 15 NOb = 2
Bl 110.0 77.6-142.0 109.5 98.2-121.0
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“single fertilization” data, con-
sisting of all measurements from
plots that had been ferrilized
only once. Because of the lack
of measured CRs on most in-
stallations, CR values of trees
with measurcd Hs were pre-
dicted from Eq. [1] (PCRy,, ).
Most of these plots were 0.1 ac
The resulting data sets. includ-
ing variables used in the final
AD equations, are described in
Table 12.

“single thinning and fertiliza-
tion” data, consisting of all mea-
surements from ploes thar had
been both thinned and fertilized
only once. The thinning and
fertilization did net have to oc-
cur at the same time. CR values
of trees with measured #s were
predicted from Fq. [2], Most of
these plots were 0.1 ac. The re-
sulting dara sers, including vari-
ables used in the final AD equa-
tions, are described in Table 13.

Table 12. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-fir
and western hemlock trees with measured heights and predicted crown ratios
receiving a single fertilization. The means were computed from the number of
observations reparted for each variable,

Douglas-fir Wastern hemlock
Variable WMean Range Mean Range
Individual tree NOb = 11,945 NOb = 2258
AD 1.05 -0.1-45 0.76 -0.1-3.6
D {in.) 8.63 1.0-32.0 9.64 1.8-27.1
PCR 0.57 0.11-0.99 0:37 0.10-0.92
BAL 76.6 0.0-409.7 1336 0.0-410.8
Individual piot NOb = 954 NOb = 225
BA (ft%ac) 187.1 9.6-412.3 267.8 54.9-412.3
BH AGE 34.2 10.6-85.1 39.2 11.6-85.1
nf 1.0 1.0-1.0 1.0 1.0-1.0
¥F, 2.8 0.0-12.0 i 0.0-6.1
PN, 281.4 33.8-803.0 343.5 200.0-803.0
Installation NOb = 167 NOb = 47
Sl 108.2 56.1-156.0 107.3 43.0-131.0

Table 13. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-fir
and western hemlock trees with measured heights and predicted crown ratios
receiving a single thinning and a single fertilization. The means were computed from

the number of observations reported for each variable

Douglas-fir _ Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 3,724 NOb = 36
AD 1.13 0.1-39 1.35 03-2.2
Diin}) 7.76 0.8-36.1 8.29 54-105
PCR 0.63 0.16-0.99 0.56 0.47-0.88
BAL 69.6 0.0-342.5 90.0 157-1434
individual plot NOb = 227 NOb =4
BA (ftac) 167.7 11.2-347.6 1446 143.5-144.9
BH AGE 405 10.6-74.2 340 340-340
nt 1.0 1.0-1.0 1.0 10-1.0
T, 46 0.0-12.0 0.0 0.0-0.0
PREM, 0.332 0.005-0.731 0.028 0.005-0.053
nf 10 1.0-1.0 1.0 10-1.0
¥, 48 0.0-12.0 4.0 40-40
P, 2923 200.0-602.2 200.0 200.0-200.0
Instaliation NOb = 31 Nob =1
Slen 101.1 63.0-156.0 98.0 98.0-98.0
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“multiple thinning” data, con-
sisting of all measurements with
actual CR measurements ar the
start of the growth period from
plors of ar least 0.2 ac that had
been thinned more than once.
The resulting dara sers, includ-
ing variables used in the final
AD equations, are described in
Table 14.

“multiple fertilization” data, con-
sisting of all measurements from
plots that had been fercilized more
than once. CR values of trees with
measured Hs were predicted from
Eq. [1]. The resulting data con-
sisted of 19 tree-level measure-
ments from one installation for
Douglas fir and 44 rree-level mea-
surements from one installation for
wesrern hemlock. All other data
from these plots were rejecred for
one of two reasans: {1} many of the
plots had been initially thinned be-
fore the first measurement, or (2)
the multiple ferrilization rrearmenrs
were on a 2- or 4-yr measurement
cyele, making it impossible o cre-
ate a Syt growth period. The re-
sulting data sets, including vari-
ables used in the final AD equa-
tions, are described in Table 15.
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Table 14. Description of the 5-yr diameter-growth-rate (AJ) data sets for Douglas-fir
and western hemlock trees with measured crown ratios receiving multiple thinnings.
The means were computed from the number of ebservations reperted for each

variable.

Douglas-fir Western hemlock
Varlable Mean Range Mean Range
Individual tree NOb = 6,290 NOb = 260
AD 133 -0.1-4.7 0.86 0.0-2.7
0 {in.) 13.45 3.0-37.5 1217 5.9-23.0
CR 0.51 0.06-0.90 0.54 0.17-0.89
BAL 724 0.0-279.6 1091 10.3-219.8
Individual plot NOob = 489 NOb = 54
BA (ft¥/ac) 1351 42 8-3121 147.5 67.5-262.6
BH AGE 38.5 16.0-77.0 386  26.0-441
nt 4.5 2.0-7.0 59 4.0-6.0
Y1, 4.4 0.0-31.0 4.5 0.0-9.0
PREM, 0.159 0.008-0.646 0117 0.026-0.211
Installation NOB =12 NOb =2

Slgp

1234 85.8-137.9

123.3 123.0-123.8

Table 15. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-fir
and western hemlock trees with measured heights and predicted crown ratios
receiving multiple fertilizations, The means were computed from the number of
abservations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree Nob =18 NOb = 44
AD 0.90 0.0-1.7 0.93 0.0-21
Oin) 15.95 9.8-22.7 820 36-12.4
PCR 038 0.27-0.45 042 0.28-0.53
BAL B7.2 0.0-191.5 828 0.0-2404
Individual plat NOb =3 NOb =6
BA (ft%/ac) 2474 230.7-2701 2464 204.2-2646
BH AGE 470 47.0-47.0 219 279-279
nt 27 20-30 30 3.0-30
¥F, 0.0 00-0.0 0o 0.0-0.0
PN, 200.0 200.0-200.0 300.0 200.0-400.0
Instaliation NOb =1 Nob =1
Sigo 116.0 116.0-116.0 100.0 100.0-100.0
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“multiple chinning and ferciliza-
tion” data. consisting of all mea-
surements from plots thar had
been both thinned and fertilized
more than once. The thinning
and fertilization did not have to
occur at the same time. CR val-
ues of erees with measured Hs
were predicted from Eq. [2]
(PCR,). The resulting data
consisted of 25 tree-level mea-
surements from three installa-
tions for Douglas-fir and 70
tree-level measuremenrs from
one installation for western
hemlock. All other data were re-
jected for one of the two rea-
sons given in the preceding
paragraph. The resulting dara
sets. including variables used in
the final AD equations, are de-
seribed in Table 16,

Table 16. Description of the 5-yr diameter-growth-rate (AD) data sets for Douglas-f
and western hemlock trees with measured heights and predicted crown ratios
receiving multiple thinnings and fertilizations. The means were computed from the
number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 25 NOb = 70
AD 1.60 0.2-28 1.06 0.2-20
D{in.) 1007 6.3-15.3 832 39-116
CRor PCR 0.63 0.50-0.71 0.52 0.32-0.67
BAL 60.0 0.0-155.6 70.3 0.0-2256
Individual plot Nob =3 NOb = 10
BA (it?/ac) 1401 123.8-1586 187.0  145.6-226.4
BH AGE 208 20.5-21.0 279 27.9-27.9
nt 20 20-20 30 3.0-3.0
YT 0.0 0.0-0.0 0.0 0.0-00
PREM, 0.187 0.071-0.23 0141 0073-0.218
nf 1.0 1.0-1.0 30 3.0-3.0
Yk, 8.0 80-80 0.0 0.0-0.0
PN, 200.0 200.0-200.0 3200 200.0-400.0
Instaliation NOb =3 NOb =1
Slgp 129.0 107.0-156.0 1000  100.0-100.0

Dara Anatysis AND REsuLTs

The general appraach of Wang (1990) was taken to model A, First, an cquation for

predicting the growth rate of untreated trees was developed. Mulriplicative modifi

to the equation for untieated plots that characterized the effect of thinning and fe
zation on AD were then develaped:

AD=AD, TR, -FR,,

where

AD_ = predicred 5-yr AD of an untreated tree
TRy, = predicted thinning response of 5-yr AD

TRy, = predicied fertilization respanse of 5-yr AD
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Eauation for UNTREATED PLoTs

The following equation form was fit to the “control data with CR” dara sets for both

species by weighted nonlinear regression:

AD, P [4]
where

X, = @)

X, =D

In(St,, - 4.5)

b
I

Inl(CR + 0.2)/1.2]

>4
I

. = BALHI(D + 5.0)
X, = BA”

This equation form has been used previausly to model AD of predominantly untreared
stands in borh SWO-ORGANON (Hann and Larsen 1991) and NWO-ORGANON

(Zumrawi and Hann 1993), As in the previous work, weighting by the reciprocal of

predicted AD was used ro homogenize the variance.

Examination of the resulting parameters indicared thar predictions from the equarion
were not reasonable for either specics, based an our previous experiences with model-
ing A (e.g., Hann and Larsen 1991, Zumrawi and Hann 1993). For Douglas-fir, the
predicied maximum A0 were judged ro be tao highs for wesiern hemlock, the param-
eter on iy, was insignificant (P = 0.05). We hypothesized that these problems were
caused by the small dara seis available with measured CR. Ta expand the modeling

data, the “untreared with predicred dara were combined with the "untreated with
CR’ data and the following equation was fit to the combined data by weighted nonlin-

ear regression:

AD, = g+ iy aky +apsact @l vay (00 e Xy [5]
where
I = LOTF CR was measured

= 0.0 if CR was predicied

X = |n[{PCR -+ 0.2)1.2]

ShC
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The resulting parameters for western hemlock appeared to be reasonably well behaved,
and the parameter on $fy, was significantly different from 0 (7 = 0.05). The param-
eters for Douglas-fir were still judged to be unreasonable, particularly in the cffect of
D on predicied AD, as judged by the previous work of Hann and Larsen (1991) and

Zumrawi and Hann {1993}, Therefore, the D-related parameters (i.c., @, and @) were

fixed at the values from Hann and Larsen (1991) and the values of Zumrawi and Hann
(1993), and the remaining parameters of Eq. [5] were fit to the combined data set by
weighted nonlinear regression. Both fits produced parameters that were judged to be
reasonable in behavior. Because the fit with the 4, and @, parameters fixed at the val-
ues from Hann and Larsen (1991) produced a smaller mean square error (MSE) than
the fic with the values from Zumrawi and Hann (1993), the former were chosen as the
final values for predicting untreated AD of Douglas-fir, The species-specific parameter
estimares and their SEs for Eq. [5] are found in Table 17,

Table 17. Parameters and asymptotic standard errors for predicting the 5-yr diam-
eter-growth rate [-_\ij of untreated Douglas-fir and western hemlock, Eq. [5)

Parameter/

Standard error Douglas-fir Western hemlock
ay -5.252284703 -6.163271737
SE{ay) (0.06200533381) (0.35373005655)
ay 0.401284000 0.349727789
SE{a,) (NA) (D.02607114536)
i, -0.000444053 -0.002303713
SE{a,) (NA) (0.00019786198)
dg 1142705108 1.395206036
SE{a) (0.01398773570) (0.07196248990)
ay 1.191474443 1.000278663
SEfa,) (0.03475820691) (0.05920037290)
ag -0.000048600 -0.000049948
SEfas) (0.00000102903) (0.00000192082)
ag -0.016648482 00

SE(ay) (0.00223926862) (NA)

a; 1.038401774 1.299605189
SE(a;) (0.03374634849) (0.06444912821)

NA: not applicable.

27



28

Ecquation For A SINGLE THINNING

The effect of a single thinning on AD was modeled as 2 multiplier on the untreated-
plot cquations. The untrenced-plot equation was first calibraced to che concral plat(s)
found on each installation that contained plots with a single thinning in order to re-
duce variation caused by between-plor differences in the AD relationship (Hann and
Hanus 2002). This calibration was done by regressing each plor's control-plot data with
a measured CR on the predicred values from Eq. [5] for uncreated plots by weighred
linear regression:

5 PredAD, i

where

AD. = measured AD for trees wich measured € on the untreated plots in the

J® installation that included single thinning dara with measured CRs

x"rm‘d!),:‘_’ = predicted AD from Eq. [3] for the trees with measured CK from the
untreated plors on the /1 installation that included single chinning dara
with measured CRs

£,

o untreated tree calibrarion for all of the untreated plats on the /™ instal-

lation that included single thinning daca with measurements of CRs

the number of sample crees with measured CRs from all of the untreated

plots an che j installation that included single thinning data

The values of &, were estimared by using weighted lincar regression and a weight of
(PredAD,.. ). For each installation and 5-yr growth period, the AD far each tree on
the thinned plots with a measured CR was then predicted by the calibrated untreated
plot cquation, and the ratio of the tree’s actual AD 1o the calibrared predicted A was
calculated:

STRyp, ;= AD, ke PredAD, )

This racio, therefore, escimates any additional effect of a single thinning on AD nat
reflected in the values of the trec and plot attributes incorporated in the equation for
untreared plots.

The STR,), | data were combined across all installations (STR, ). Graphs of STR,
across BAR, BABT, the proportion of BART removed in the thinning (PREM ), the
ratio of the quadratic mean diamerer of the rrees cur in the thinning ro the quadratic
mean diamerer of all trees before thinning (QMD QMDY YT, CR, BAL, and 84
were examined for Douglas-fir, the largest dara ser. These graphs indicated chat STR,
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increased with both PREM, , and QMD /QMD, and decreased with YT, No effect of
D, CR, BAL, or BA could be detected. After cxamining many alternative formulations
with these arrribures, we concluded thar the very high corrclarion berween PREM, )
and QMDD /QMD y adversely affected the ability to estimare the parameters of an equa-
tion form incarpor

g them both. Thercfore, the following equation form was judged
best for characterizing the impace of a single thinning on the AD of Dauglas-fir:

STR,, =1.0+a,(PREM )" 6]

This equation was fit to the combined Douglas-fir STR, , data (Table 11) by nonlin-
ear regression. A graph of the resulting residuals indicated homogeneous variance, so

Table 18. Description of the 5-yr diameter-growth-
rate [AD) data sets for western hemlock trees with
predicted crown ratios receiving a single thinning in
which YT, < 1. The means were computed fram the
number of observations reported for gach variable.

weighting was deemed unnccessary.

The western hemlock data with measured CRs available to fir Eq, [6]
comprised just 68 trees from 2 installaions (Table 11} this was judged
toa small a data sce. As an alternarive, western hemlock trees with
PCRyy,- on single thinned plots were extracted from the data base

Varlable Mean Range (Table 18). Because PR, was used, we felt that only the first mea-

— surement after thinning (... ¥7, at the stare of the growth period was
Individual tree NOb = 221 I lesiti f ISR . 3 T

<1) was legitimate for this analysis because of the impact of thinning

AD 1.89 0.1-43 i G
D 5.76 15-149
Fe 072 033081 isdan TaY swasiahen B b theliomative svoseamn: hemlock darasset
BAL 403 0.0-171.3 : ; . )

_ with nonlinear regression. Because the data were restriceed to V7, < 1,
Individuel plot Non = 20 the a, parameter for western hemlack was set to the value cstimared
BA [it'fac) 17.3 2952463  for Doughis-fir. The species-specific parameter estimates and their SEs
BH AGE 284 62-510 gy (6] are given in Table 19.
nt 1.0 1.0-1.0
Y7, 0.0 0.0-0.0
PREM, 0338 0,028-0.802

EQuATION FOR A SINGLE FErTILIZATION
Instaliation NOb =8
Sl 103.2 83.2-122.0 To evaluace how fertilizer response changes over time, Miller and

Tarrane (1983), Auchmoody (1985), and Opalach and Hearh (1988)

Table 19. Parameters and asymptotic standard errors for
predicting the response of 5-yr diameter-growth rate (AD) to a
single thinning in Douglas-fir and western hemlock, Eq. [6]

Parameter/

Standard error Douglas-fir Western hemlock
ag 0.7935257265 0.723095045
SE{ay) (0.02219882797) (A

g -0.1257128869 -0.1257128869
SE{ug) (0.01127198497) (NA)

EA: Not applicable.

have parcicianed long-term fercilizer response into direct and
indirece effects. Opalach and Heath (1988) defined the di-
rect effect as “...that part of the response due 1o improved
nutrition...”, and the indirect efffct as *...the remaining por-
ing brought on by
fertilizer in previous growing seasons”. In general, the direct

tion of the response due to altered stos
effect is the response that modelers arcemps to estimate in
the development of fertilizer response equations for growth-

and-yield models {Wang 1990

The effect of a single fertilizarion on AD was modeled as a

multiplier on the untreated-plot equations. The unrreared-
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plot equation was first calibrated to the contral plot(s) on the installation in order to
reduce variation caused by berween-plor differences in the AD relationship (Hasnn and
Hanus 2002}, This calibrarion was done by regressing cach plot's control-plot data on
the predicted values from the untreared equation with weighted linear regression:

ADe.,; = ko PredAD,.,,

where

AD. = measured AD for irees with predicred CR on all of the untreated plors
in the /* installation that included single-fertilization data

PredAD,, = predicted AD from Eq, [5] for the trees with predicred CR from all of

the untreated plots on the /" installation that included single-ferriliza-
tion data

kg = unrreated-tree calibration for all of the untreated plots on the ;" instal-
lation that included single-fertilization dara
i - E....»nF
# = the number of sample trees wich predicred CR on all of the untreated

plocs an the j® installation that included single-fercilization data

The values of &, were estimated by using weighted lincar regression and a weight of
(PredAD,., ). For cach installacion and S-ye growth period, the AD for cach trec on
the fertilized plots was prediceed by the calibrated untreatcd-plot equation, and the
ratio of the trec's actual AD divided by the calibrated predicred A was calculated:

SRy, = S0y Mk, PredAD ., )

AL
This ratio estimates the direcr effect of ferrilization on AD.

The SER,,,  dara were combined actoss all installations (SFR, ). Graphs of the raio
acrass PN,y ¥F,, S
response 1o nitrogen fercilization. For Douglus-fir, SFR,), increased with the amount
of PN, first applied and decreased with both ¥F, and 1,5 no effec of D, BAL, o BA
could be detected. After examini

D, BAL, and BA indicared thar western hemlock exhibited no

s

g 2 number of alternatives, we found that the follow-
ing equation form best characterized the impact of a single fertilization on the AL of
Douglas-fir:

SFRy, = 1.0+, (PN, /800)" =% il s-45)1007

This equation was fit to a reduced set of the SFR,;, dara {Table 12) by nonlinear re-
gression. Removed from che final modeling data were the 235 observations that came
from placs fertilized with >450 PN.
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Graphing the residuals from Eq. [7] acrass ownerships indicated that the Ferilization
respanse data from Forestry Canada’s Shawnigan Lake inssallarions were being substan-
tially underpredicted. To verify this, Eq. [7] was modificd as follows to include indica-
tor variables for the Forestry Canada installations:

SFR =10+t +ayq ol J(PN, 1 800)" T s qusclreMSASAE pgy

where

= 10f the dara came from a Farestry Canada ferilizasion installacion ac
Shawnigan Lake

= 0.0 otherwise

The parameters were estimated by nonlinear regression. Both the «,, ;. and the 4,
parameters were significantly different ac P = 0.01, which verified the graphical evi-
dence thar the Faresery Canada dara differed from the other data sers. A graph of the

resulting residuals for Eq. [8] indicated homogeneous variance; therefore, weighting

was deemed unnecessary. The species-specific parameter estimates and their SEs for
Eq. [7] that resulted from fitting Eq. [8] ro the dara are found in Table 20. Param-

crers a,, pand @, - are not reported in Table 20 because their use is limited to one

Forestry Canada installation.

EauaTion For A SinGLe THINNING COMBINED WITH A SINGLE
FermiLizaTIiON

The effect of a single thinning combined with a single fertlization on

e AD of Douglas-fir was modeled a5 a multiplicr an the equations for

untreated plots, The untreated-plot equation was first calibrated to the
Table 20, Parameters and asymptotic standard errors P PRLE

for predieting the response of Syr dametergrowth <ol Ploel) an the inseallation in order to reduce variation caused

rate {AL) to feriization in Dougias-fir and western By benween-plot differences in the AD relationship (Hann and Hanus

hemlock, Eqgs. [7] and [11] 2002). This calibration was done by regressing the control-plot data
from each Douglas-fir plot on the predicred values from rthe equation

E?m;“’?” bosgiastr  Westorn hamfog o unieeated plocs wich wighed lincar rgresion:

andard error ouglas-fir estern hemlog

ay 0850638693 0.0 AD,, = by, PredAD,,

SE(a ) (D.10016556800) (MA)

ayy 1.0 0.0 where

Sl (MA) (A

a -0.199222080 0.0 AD- = measured A} for Douglas-fir rrees with either measured

5‘51-1,(.) (0.01540426706)  (NA) or predicted CRs an all of the untreated plots in the

% -0.587552490 0.0 installacion thae included daa from a single thinning

S'EJ((,,JJ (0.10665511768) (NAY combined with a single fertilization

NA: Not applicable.
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ST&SFR

PredAD,.,. = predicted AD from Eq. [5] for the Douglas-fir trecs with cither measured

or prediced CRe from all of the untreated ploss on the /" installation
that included data from a single thinning combined wich a single fertili-

zation
ks = untreated Douglas-fir rec calibration for all of the untreared plots on the
M inscallation that included data from a single thinning combined with
a single fertilization
i = Lyt
F
n - the number of Douglas-fir sample rrecs with either measured or predicred

CRs from all of the untreared plots on the /" installation that included
data from 2 single chinning combined with a single fertilization

The values of Ay g, were estimared by using weighied linear regression and a weight
of (PredAD., ). For each installation and 5-yr growth period, the AD for each Daug:
las-fir tree on the thinned and fertilized plots was then predicted by the calibrated un-
reated-plot equation, and the ratio of the tree’s actual AD to the calibrated predicted
AD was caleulared

ST&SFR

= AD i Mg PredbD )

Aid, Cig

This ratio estimates the direct effect of a single thinning combined with a single ferrili-

zation on Al

The STESFR,,, dara (Table 13) were then combined across all installarions
(ST&SFR, ). We removed the Forestry Canada fercilizarion data ar Shawnigan Lake
because. as derailed above, it was significantly different from the other data. This re-
duced the number of observations available for modeling fram 3.724 to 1.693. Most
of the remaining data had predicted, rather than measured, CRs. Because of the im-
pact of thinning on crown recession, we further restricred the data 1o those observa-
tions in which ¥T, and ¥F, at the start of the growth period were <1, resulting in a

final modeling data ser of just 270 observations from 18 inslladions,

We hypachesized that ST&SER,,, could be adequately predicied by the product of Eq.
6] (single thinning effect) times Eq. [7] (single ferrilization cffect). The following
model form was used to evaluate this hypothes

5= (10 4y CPREM, eV T (1.0 + i, (PIV 7800 st T+ dodiSEASIN00F v 1] (9]

A 1

where

X, =LPREM )¢
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This formulation uses the parameters previously derermined for Eq. [6] (Table 19) and
Eq. [7] (Table 20) and allows the fereilization response to change with the form of the
thinining, as reflecred by the term a,,X, in Eq. [9]. If parameter a,, in Eq. [9] = 0, Eq,
[9] reduces to the product of Eq, [6] and Eq. [7].

Equation [9] was fit to the reduced ST&SER, , da
resulting value for a, , was 0.0349329987 (SE 0.17440617121), which was niot signifi-
cantly different from 0 ac 2= 0.05. Therefare, the effect of a single thinning combined

nonlincar regression. The

with a single fercil
product of Egs. [6] and [7]

tion on AD of Douglas-fir was adequatcly ¢

ized by the

Eouation For MutrirLe THINNINGS

The cffect of multiple chinnings on AD of Douglas-fir and western hemlock was mod-
cled s a multiplier on the equatians for untreated plots. The untreared-plot cquation
was first calibrated to the control ploefs) found on cach installation in order ro reduce
variation caused by berween-plot differences in the AD relationship (Hann and Hanus

2002). This calibration was dane by regressing each plar’s cantrol-plot data with a mea-

sured €R on the predicted values from Fq. [5] by weighted lincar regression:

AD,,

where

AD,. = measured AD for trees with measured CR on all of the untreated plots

in the 7" installation thar included mul nming data

PredAD., = predicted AD fram Eq. [S] for the trees with measured € from all of

the uncreated plots on
ning data

the /" installacion that included multple-thin-

= unereated tree calibrarion for all of the unrreared plots on the 7 |

lation that included multiple-thinning data wich measurements of CA

" = the number of

ample crees with measured CRs from all of the unereated

plots an the /% installation chat included multiple-chinning data

The values of &, were estimated by using weightod linear regression and a weighe of

vt groweh period, the AD for cach tree on

redAD., !, For each installation and 5

the multiply thinned plots was predicred by the calibrated untreared-plor equation,
and the ratio of the eree’s actual AD ca the ealibrared predicted AD was calculared:

MTR,, PredAD
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This ratio estimates any additional effect of mulriple thinnings on AD nor reflecred in
the values of the trec and plor artributes incorporated in the equarion for untreated

plots. The MTRy,,, . data were then cambined actoss all installations (MTR, ).

Equacion [6] predicts that the cffece of 1 single thinning on AD exponentially declines
as VT increases, Therefore, one way to characterize multiple thinnings would be to
“discount” the HARs in more distant chinnings forward ro the time of the most recent
thinning and to add these discounred BARs 10 AR, and 10 BABT,. Machemarically,
the discounted BAR for the i thinning would be compured by

Discounted BAR, = BAR ™"

The effect of anc or more thinnings would, therefore, be prediceed by

TR,, = 1.0+ a,[PREM,, Je*™ [10]

a
BAR, + Y BAR "
PREM = — b
BABT+Y BAR e '™

BAR, = BA removed in i thinning
BABT = BA before most recent thinning

YT, = number of years since # thinning
w = number of thinnings

Equation [10) has been scructured in a manner that reduces to the farm of Eq, [6]
when enly one thinning is applicd. We therefare fic Eq. [10] to the combined Doug-
las-fir $TR,, dara from singly chinned plots (Table 11) and MTR,,,
ply thinned (Table 14) plots (TR, ). using nonlinear regression and the parameters

data from mulri-

from Fq, [6] as starting values. A graph of the resulting residuals indicared homoge-
neous variance; therefore, weighting was decmed unnecessary. Examination of the re-
sulting fir indicared thar the equarion appeared o adequitely characterize the effect of
one of more thinnings for Douglas-fir.

The multiple-thinning data for western hemlock came from just two installations
(Table 14) and were judged inadequate for ficcing Eq. [10]. Thercfore, the paramerers
fram the fit to Eq. [6] were used in Bq. [
thinnings for western hemlock.

[10] to characterize the effect of ane or more
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Table 21. Parameters and asympiotic standard
errors for predicting the response of 5-yr diameter-
growth rate (AD) to single and multiple thinnings in
Douglas-fir and western hemlock, Eq. [10].

Parameter/

The species-specific paramerer estimares for Eq. [6] (Table 19) and
Eq. (10] (Table 21) were different, and their SEs indicate thar the
differences are probably statistically significant. However, application
of Bq. [10] and the parameters in Table 21 to che single-thinning
dara showed no noticeable trends when the residuals were platred

Western hemlock

over YT, and PREM|, Therefore, Eq. [10] and its parameters in Table
21 were judged adequare for characterizing the treatment response

0.723095045 from bath single and multiple thinnings,
(NA)

-0.2644085320

(NA)
—  EcuaTmion For MuttieLe FERTILIZATIONS

Equation (7] predicts thar the effect of 4 single fertilization on AD of

Douglas-fir declines exponentially as ¥F, increases. Therefore, one way to characterise

mulriple fercilizations would be ra “discount” the PNs in more distanr Fertilizations

forward to the time of the most recent fertilization and to add these discounted PA% to
PN, Mathemarically, the discounted PV far the i fertilization would be computed

by
Discounted PN.= PN'E,W ¥F 1)

The effect of one or more fertilizations (7R, ) would, therefore, be predicred by

FRy, = 1.0+ MFR,, x ADMGD, [11]
o g : Wi

MRy, = ag[(PN, /800)+ Y (PN, /800)"=1% 7 i gonltStoe 4511001
=

ADMOD, = %%

Equation [11] has been structured in a manner thar reduces to the form of Eq. [7]
when enly ene fertilization is applied. Unfortunarely, the Douglas-fir data sers (Table
15) available for muldple ferrilizations were too small either ta fir the parameters of
Eq. [11] or to evaluate the use of the parameters from Eq. 7).

Eauamion ror MuLtipLe THinninGs COMBINED WiTH MuLTiFLE
FerTILIZATIONS

The effect of one or more thinnings combined with one or more fertilizations on AD
of Douglas-fir was modeled as & multiplier on the wuntreated-plot equations. We as-
sumed that our approach ta estimating response an plats recciving a single thinning
and a single fertilization could be applied ta the multiple-thinning and multiple-fer-

tilizacion sicuation. Therefore. the response of plots receiving multiple chinnings and

multiple festilizarions was predicted by the product of Eq. [1 (multiple-thinning ef-

fect) cimes Eq. [11] (multiple-fertilizacion effect). Unfortunately, a lack of Douglas-fir
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data for muleiply thinned and Fertilized plots (Table 16) precluded the evaluation of
this approach.

Discussion

The final, full equation for predicting AD is

AD = AD,+ TR, » FR,,,
AD)is predicted by Eq. [5] and the parameters found in Table 17. TR, , is predicted
by Eq. [10] and the paramerers faund in Table 21, FR, , is predicted by Eq. [11] and
the parameters found in Table 20.

For untreated plots, this equation predices thar AD first increases and then decreases
with an increase in [, that AD increases with an increase in CR and §fgp and that AD
decreases with an increase in AL and BA. These results arc in agreement with those of
Hann and Larsen (1991) and Zumrawi and Hann (1993)

The geagraphic area where the dara used to develop the Zumrawi and Hann {1993}
cquation for Douglas-fir come from fills within the geographic area for the SMC study.
Predicrions from the Zumrawi and Hann (1993) Douglas-fir equation were very simi-
lar to predictions from Eq. [5] far Dougls-fir.

The chinning-effects modifier expressed in Eq. [10] and the associated parameters for
cach species in Table 21 predicr thar AD increases with PREM, , (the proportion of
the B4 removed) and decreases wich Y7 with most of the thinning effect gone once
¥ seaches 10 yr (Figure 1), Wang (1990) found thar the AD equation for Douglas-fir
in the southwese Oregon version of ORGANON, developed dara from basically un-
treared plots, also underestimated the AP of trees on thinned plots for the firse S-yr
growth period since shinning, He further reporced thar the amount of underestima-
tion incredsed with the amount of B4 removed in thinning, supporting the findings of
this seudy.

Thinaing reduces A4 of the residual stand and, depending on the type of thinning
{i.c., from above, from below, or proportional), can reduce BAL of the residual trees.
These reductions will cause an increase in predicted AD from the equation developed
with untreated-plot data. Our results indicate, however, tha the accual increase in A
is grearer than can be explainied by these factors alone, The additional increase may be
duc ra one or more of the following:

(1) Hann and Hanus {2002) have found thar trees with various types of damage ex-
hibit reduced AD when compared with undamaged trees. Thinning usually targers
the removal of dainaged trees first and, cherefore, changes the damage composi-
tion of the residual stand, which should lead to increased AD,

(2) The FICB Eq, [2] shows inbibited crown recession immediately following thin-
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16 = ning, and, as a sesule, CL is longer than would be expected
15 Douglas-fir in an untreated stand wich the same 24 and CEFL There-
i u 0% Rarmived fore, average CL over the 5-yr growth period will be longer
e A 25% Remavad than expected in an untreated stand. The larger crowns
e ¥ 50% Remaved should produce a greater AD.
= LE & 75% Removed
s
= 11 .\.\ ; . e
2 e (B T hiE ool e i ek ctitipertiish B i
g 10 ture and nutrients. Because the fine-roor systems of
2 —
g0 trees are highly dynamic (Santantonio 1982; Waring
2 and Schlesinger 1985) and root graft berween both
'3 . - -
ol cur and uncur trees is prevalent (Eis 1972), the re-
= Western hemlock . - ¢
£ 1 sidual trees can very quickly cake advantage of the soil
= . d P . .
= space made available by chinning, The resulting im-
provement in the availability of maisture and nutri-
ents can cause the stamata of the crown to remain
- open longer during the day, increasing phorosynthe-
Equ_ sis, Thus, trees can demonstrate an inereased growth
¥ rare after thinning even before crown size increases.
Lo z % P 20 We found no response of AD to fertilization in western
) o hemlack. Olson et al. (1979) reparred that western hem-
Years Since Thinning

lock response to nitrogen fertilization was extremely vari-

Figure 1. Thineingeresponse malripliers for S-yr diameter-grouth rate sble berween locations and that the average response was

(AD} in Douglas-fir and Western hemock.

low. More recently, Stegemoeller et al. (1990, p. 10) con-
cluded that “western hemlock stands have not shown any consistent evidence of re-
sponse to ferrilization, whether thinned or unthinned”.

The fercilization-effects modifier in Eq. [11] and the associated parameters for Dioug-
las-fir (Table 20 predlicr thar AD increases wich P and decreases with ¥F, with mose
of the fertilization effect gone once ¥F reaches 15 yr. The size of the increase depends
on the 57, of the plat, with plats of lower site qualicy showing greater increases (Fig-
ure 2). Numerous previous scudies have reported an increase in AD or basal area growch
rate of Douglas-fir trees (c.g., Shafii er al. 1990; Wang 1990; Carter er al. 1998; Shen
et al. 2000) or an increase in B4 growth or volume growth of Douglas g
Curtis et al. 1981; Miller et al. 1988; Zhang ization.
Five of these studies reported that the response increased with PV (Cureis et al. 1981
Miller et al. 1988; Wang 1990: Zhang and Moore 1993: Shen et al. 2000), though the
increase between PV = 200 and PV = 400 was nor statiscically different in che siudies
of Wang (1990) and Zhang and Moore (1993). We found th esponse
increased at a constant rare with PA. The wotk of Curtis ec al. (1981) and Miller et al

tands (e,

i

1d Moore 1993) following fert

fertilizarion

(1988} predicted that fertilizarion response for stand-level artributes increased ar a de-

creasing rate with

Curris er al. (1981) and Miller et al. (1988} reporred thar the annual response to fer-
tilization increased, peaked, and then decreased with ¥

? whereas Wang (1990) showed

37



14/ 0yr

Sie Index

that 5-yr response to fer-
Syr o
tilization decreased ex-
prmentially:with an -
crease in YE The re-
sponse peaked bevween
2 and 3.5 yr in the

Curtis et al. (1981)

study and berween 3

Fertilization-Response Multiplier

and 5 yr, with a later

1] 10¥F 15y peak on lower values of
w8 1y i the Miller er al.
2 (1988) study. Tt is likely,
o therefore, thar these cwo
o pgpet studies would also show
- " v == * T an exponencial decrease
0% 100 200 300 400 500 0 100 200 00 400 500 with an increase in YFif

summarized by $-yr,

PN/ac

rather than annual, peri-

Figure 2. Douglas-fir fertilization-respunse multiplicr for Syr diameser-growth rate (AD) 0, 5, 10, and ~ 09s-
15 yr after fertilization.
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Curris er al. (1981} and
Zhang Moore
(1993) reported thar fer-
tilizarion response decreased with an increase in S, as we found in this study. Miller

and

et al. (1988) found thar fertilization response increased, peaked. and then decreased
with 5/, with the location of the peak varying by sand age.

We could detect no variation in fertilization response associated with plot density, tree
size, or tree posicion within che plor. In concrast, other scudies have reported that the
relative density (Miller et al. 1988), by N (Zhang
and Moore 1993), by tree size (Shafii er al. 19901, and by tree position wichin the ploc
(Shafii er al, 1990; Shen er al. 2000}, However, Shafii ec al. (1990) did nor seacistically
test whether the tree size and pasition cffects were significantly different fram those
usually found in untreaced-plot dara, and Shen et al. (2000) found tree position to be
statistically significant from the untreated-plot cffect in only 1 of 10 subsets of the
dara (P = 0.01).

fertilization response varied by in

Finally, we found thar the combined effect of applying borh thinning and ferrilizarion
on AD could be adequately characterized by the product of the thinning modifier (Eq.
[10] and the paramerers in Table 21 times che fercilization madifier (Eq. [11] and the
parameters in Table 20). As a result, the percent increase due to @ combined treatment
is grearer than the sum of the percent increases for cach trearment alone. For example,
a predicted 20% increase due ro fertilization alone combined with 4 predicred 10%
increase due to chinning alone would result in a 32% increase.
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“dominant untreared” plot data,
consisting of all AF40 measure-
ments from plots that had been
untreated. The resulting data sets,
including variables used in the
final AH40 equations, are de-
scribed in Table 22.

“dominant single ferrilization”
plot dars, consisting of all AFH#0
measurements from plots that
had been fertilized only once.
The resulting data sets, including
variables used in the final AH40
equarions, are described in Table

28

In coastal Douglas-fir, Miller ct al. (1986) reparted thar increases in live-stand basal

area were greater after fertilization in combination with thinning than after ferrili

tion. Curds et al. (1981) also used a mulriplicative approach, such as ours, to ch
terize chis effect for gross volume, gross BA, and net QMD growth rates of Douglas-fir
stands.

Five-Year Heigur-Growrn Rare

DAta DEescriPTion

All 5-yr plor-level dominant height-growth-rate data (A7740) and all 5-yr wree-level AZJ
dara for Douglas-fir and western hemlock were extracted from the data base. The re-

sulting daca were divided into six groups for each species:

Table 22. Description of the top-height growth-rate (AH40) data sets for Douglas-fir
and western hemlock on untreated plots. The means were computed fram the
number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual piot NOb = 1,016 NOb = g1
AH40 9.48 0.8-216 10:35 33175
BH AGE 34.2 8.0-81.0 307 6.2-70.0
Instaliation NOb = 196 NOb = 6
Slgp 108.9 56.1-156.0 1116 91.9-1236

Table 23. Description of the top-height growth-rate (AH40) dala set for Douglas-fir
and western hemlock plots receiving a single fertilization. The means were computed
from the number of observations reported for each variable

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual plot NOb = 1,010 NOb = 164
AH40 10.23 0.5-204 948 23-15.2
BH AGE 349 10.6-85.1 352 11.6-70.2
nf 10 1.0-1.0 10 1.0-1.0
YF, 25 0.0-12.0 22 0.0-6.0
PN, 279.3 33.0-8030 3530 200.0-803.0
Instaliation NOb = 163 NOb = 32
Slsp 108.8 56.1-156.0 1112 92.8-127.0
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“dominant muldple fertilizacion™
plot daca, consisting of all AH40
measurements from plots that
had been fertilized more than
once. The resulting dara sers, in-
cluding variables used in the fi-
nal AH#0 equations, are de-
scribed in Table 24.

“untreated” tree data, consisting
of all AH tree measurements with
actual CR measurements at the
start of the growth period from
the untreated concral plots. The
cesulting data sets. including vari-
ables used in the final AH cqua-
tions, are described in Table 25,

40

Table 24, Description of the top-height growth-rate (AH40) data sets for Douglas-fir
and western hemlock plots receiving more than one fertilization. The means were
computed from the number of observations reported for each variable.

Douglas-fir

Western hemiock

Variable Mean Range Mean Range
Individual plot Nob =3 NOb =2

AH40 653 51-7.56 9.80 83-113
BH AGE 47.0 47.0-47.0 279 27.9-279
af 27 20-3.0 3.0 3.0-3.0
Y& 00 0.0-0.0 0.0 0.0-0.0
PN, 2000 200.0-200.0 3000  200.0-400.0
Instaflation NOb =1 NOb =1

Slep 116.0 116.0-116.0 Sl 1000 100.0-100.0

Table 25. Description of the 5-yr height-growih-rate (AH) data sets for Douglas-fir
and western hemlock trees with measured crown ratios on untreated plets. The
means were computed from the number of abservations reporied for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual treg NOb = 3.200 NOb = 873
AH 9.61 0.2-30.7 13.09 0.2-203
H 52.31 7.0-147.9 2440 52-1165
CR 063 0.09-0.97 0.72 0.13-0.99
CCH 233 0.0-364.4 244 0.0-307.6
Individual piat Nob =139 Nob =23
AHA0 1057 1.5-19.0 13.01 7.2-230
BH AGE 266 11.0-60.5 2786 6.2-441
Instaliation NOb = 24 Nob =7
Slep 1150 77.6-142.0 109.9 91.9-123.6
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“single thinning” cree data, con-
sisting af all A tree measure-
ments with actual CR measure-
ments ac the start of the growth
period from plors thar had been
thinned only once. The resulting
data sets for Douglas-fir, includ-
ing variables used in the final AH
equations, are described in Table
26 for Douglas-fir. No data from
western hemlock met these crite-
ria,

multiple thinning” tree daca,
consisting of all A/ tree mea-
surements with actual CF mea-
surements at the start of the
growth petiod from plots thac
had been thinned more than
once, The resulring data sers for
Douglas-fir, including variables
used in the final AH equarions,
arc also described in Table 26.
No data from western hemlock
met these criteria.

Table 26. Description of the 5-yr height-growth-rate (AH) data set for Douglas-fir

trees with measured crown ratios receiving a single or mere than one thinning. The
means were computed fram the number of observations reported for each variable.

1 Thinning >1 Thinning
Variable Mean Range Mean Range
[ndividual tree NOb = 2,113 NOb = 4,495
AH 7.33 0.8-30.0 10.20 0.1-282
H 46.05 9.0-178.0 81.25 18.0-167.0
cAR 0.65 0.14-0.91 0.55 0.08-0.90
CCH 10.98 0.0-250.2 8.99 0.0-190.1
Individual piot NOb = 137 Nob = 412
AH40 9.00 1.7-189 11.28 3.9-195
BH AGE 26.9 11.0-65.0 333 16.0-65.0
m 1.0 1.0-1.0 46 2.0-6.0
¥, 8.0 0.0-301 33 0.0-20.0
PREM, 0.503 0.043-0.922 0.140 0.002-0.463
Installation NOb =14 Nob = 11
Slge 108.6 T76-142.0 1235 85.8-137.9
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Data Anatysis anp ResuLts

The “potential/medifier” approach of Hann and Ritchic (1988) was taken ro model
AH. The pocential AT (PAH) of the tree is first predicted and then a multiplicarive
madifier is used to adjust PAH to the vigor and competitive status of the tree:

AH = (PAH)AHMOD)

where
AHMOD = height-growth-rare modificr function and

PAH is *...a theoretical estimate of the growzh rate of a dominant tree of that size...”
(Wensel et al. 1987},

EquaTions For PoTentiaL HeiGHT GrowTH of UNnTreaTED PLoTs

The dominant height-growth (F/40) equations of King (1966) and Bruce (1981) for
Douglas-fir were evaluated against the measurements of actual 40 from the control
plots to decermine which o use for estimaring PAF for untreared trees. The control
plots fronr both the Levels-of-Growing-Srock (LOGS) installations (Williamson and
Stacbler 1971) and the Type 11 SMC installations (Chappell and Osawa 1991) were
chasen for this evaluation because their rotal area was ar least 0.5 ac. In addition, the
LOGS plots had measurement periods ar lease 20 yr long. Based on this evaluation,

Bruce's (1981) equation was chosen as berter representing the H40 of Douglas-fir

For western hemlock. the /40 equation of Benner er al. (1995) was chosen over thar
of Wiley (1978). The Banner ec al. {1993) equation was developed using most of the
western hemlock data available for chis analysis. As a result, any comparison would
most likely demonstrate its superiority over that of Wiley (1978).

PAH for untreated trees was then calculated from these equarions in the fallowing man-

ner
PAH, = f,[So(GEA+5.0)]- H 17
where

PAH, = potential height-grawth rate of unereated rees

for = the 40 function for species "SP”

GEA = the calculated graweh-effective age for the cree

GEA is the age of a dominant tree (as defined by membership in the 40 hrgest-diam-
eter trees per ac) with the same height and on the same site as the tree of incerest
(Hann and Ricchie 1988):

GEA= £ 3181, H)
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EquaTion For PoTenTiaL HEIGHT GROWTH OF TREES WITH A SINGLE
FerTiLIZATION

The data available for modeling the cffect of fertilizasion on AF were limited on most
installations because (1) many plots were small (i.e. ~0.1 ac), (2) heights were mea-

the dominant trees), and (3) no

sured only on the 40 largest-diamerer trees per ac (i

measurements of CR were taken. Because of these limi

tions, it was hecessary to model
the effect of fertilization as a multiplier on the S-yr growth in A4 for the control
plocs:

PAH, = (AHA0_)FR, ), (3]

AHL0. = fpl81cp (PGEA +5.0)]-H40

where
PAH, - porential height-groweh rate of ferrilized trecs
FRyyyy = Fertilization sesponse

AH40. = height-growth rate of H40 for untreated plors
PGEA = the calculated growth effective age for the plot

in[SL,. 0]

A0 should be an unbiased esiimator of PAH_for the dominant trees in the stand

We first evaluated whether predicred ARG, (PredAH40,) from Eq. [13] agreed with
the measured AH40, on the cantrol plots (Table

. Of concern was the potential
impact of small plot size used in most of the fertilized installations on the estimares of
H40 (Garcia 1998, Magnusson 1999) and, therefore, of 81, and whether the H40 equa-
tions of Bruce (1981} and Bonner et al. (1995) fully characrerized AH-

range of 87 found in the fertilization dara. (The previous analysis of /40 had mercly

0, over the full
established which of two alternarives was betrer for each of the two species.)
This analysis was done by farming the ratio of measured AH40- to PredAH40,. and

plotting this ratio across ST, of the installation and breast-heighe age of the plot. No
trends were observed far western hemlock. A trend across $7,,, was observed for Doug

las-fir. but there were no trends for data from installations in which the toral arca in

unereared plots was at least 0.5 ac. This finding agreed with the previous analysis that

resulted in our selecting Bruce’s (1981) Hifl cquation for Douglas-fir. Daca from in-

stallations with <0.5 ac in contral plots were primarily from che fercilizarion srudies.

An equation was then farmed to carrecr the rrend in the Douglas-fir dara from the
fertilization installations. Preliminary fits o the duta indicared chat the trend of the
dara from the Brirish Columbia Ministry of Forestry was somewhar different from thar

of the other fertilizaion dara sets. This led ra the following correction equation:

2T g WS

STt -0.002

CAHA0, = (AH 40, )1.0+0.358324716¢ "
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where

CAH40. = corrected AH40,-

Lywe = 1.0 data came from the British Calumbia Ministry of Forestry fertiliza-
tion inseallation

= 0.0 otherwise

To cvaluate whether there was a single ferdlization cffect on AF40, che racio SFR,
was formed by dividing measured AF#46), (Table 23) by predicted CAHA40,. (for west-
ern hemlock, CAL40,
fertilization, The SFR,
the ratio across PV, VF

AH40,). using the daga fram all plors that received a single

» data were then combined across all inseallations. Graphs of
id Si, indicaed chat western hemlock exhibited no re-
sponse o nicragen fereil
of P, first applied and decreased wich both ¥, and SI. After examining many alter-
natives, we found thae the following equation form best characterized the impact of a

tion. For Douglas fir, SFR;,, increased with the amount

single fertilization an the AH40 of Douglas-fir:

SFR 4 = 1.0+ (PN, /800)"3 hMitfallne 90001 15 [14]

Table 27. Parameters and asymptotic standard errors
for predicting the potential 5-yr height-growth rate

This equarion was fit to the SFR,,,  data with nonlinear regression.

it
A graph of the resulting residuals indicated homogencous variance, so

{AH) of fertilized Douglas-fir and western hemlock, weighting was deemed unnecessary. The &, paramerer could not be

Egs. [14] and [15]. estimated by nonlinear regression. indicaring thar the impact of a

e single Fereilization was over after 5 yr. Thercfore, &, was set to -1.0,
which results in a value of 1.0 for SFR, ) when YF, 2 5. The param-

Shiimgamr DoMiesdl Welmhemoot st ore i By 0] G Bl T,

hy -1.0 0.0

SE(h} (NA) (WA}

by -2.328442529 0.0 Eouartion For PotentiaL HeigHT GrowTH oF TREES WITH

SEing) {0.174139441) (NA) MucripLe FERTILIZATIONS

NA: Not applicable
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Equarion [14] predicrs thar the effect of a single fertilization on A0
declines exponentially as YF, increases. Therefore, ane way to charac-
rerize multiple fertilizations would be to “discount™ the PNs in more distant fertiliza-
tions to the time of the most recent fertilizarion and to add them to PN, Mathemari-

cally, the discounted PV for the i

Discounted PN, = PN,g" "1

fertilization would be computed by

The effect of one or mare fertilizations (FR, ;) would, therefore, be predicted by

o . g -
FRyy oo =10 H[(PN, 800)+ 3 (PN, /800)e 4T I3[ A sl €510 sl

Eaquation [15] redices o the farm of Eq. [14] when only one fertilization is applied.
Unfortunarely, the dara sec available for mulsiple fertilizaions (Table 24 was too small

either to fir the parameters of Eq. [15] or to evaluate the use of the parameters from

IR EE E E E E R E R R
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Eq. [14]. Therefore, we assumed chat parameter estimares and their SEs for Eq. [15]
are the same as for Bq. [14] (Table 27).

ErFect oF THINNING ON H40

Thinning can affect the value of £46, particularly if the thinning was conducred from
above in a manner thar removed dominant trees, To evaluate whether thinning affected
top height, the £40 immediately after thinning was subtracted from the /40 imimedi-
arely before thinning for those plots receiving one or more thinnings. The average of
this difference was 0.12 fi for Douglas-fir and 0.03 ft for western hemlock. Both val-
ues were within the measurement precision of /40 therefore, we concluded that the
thinnings applicd in the data set available for this study did not impace 7140,

Mooirier Equation For HEIGHT GrowTH oF Untreatep Trees

The following equation form was fit to the “untreared” tree data with CR (Table 23)

for both specics by nonlinear regression:

J\HMODL. :bi[b_,é‘,"irﬁ __L(Emm o *b_:E’JkL(H}G By {(10-CRY B ] 116]
where
AHMOD . = AH modificr for trees on untreated plors
= AH fPredPAH,
PredPAH,. = predicted potential A for crees on untreared plots using Eq. [12]

Table 28. Paramelers and asymptotic standard errors
for predicting the vigor-and-competition modifier ta
potential 5-yr height-growth rate (AH) of untreated
Douglas-fir and western hemlock, Eq. [16].

Parameter/

Standard error  Douglas-fir Western hemlock
by 1.052301385 13
SE(hy) (0.01272028536) (MA)

b, 0.638569239 1.0

SE(h,) (0.03774281231) (NAY

by -0.005328221 -0.0056949357
SE(hy) (0.00064201525)  (0.00066717738)
b -0.049351159 -0.0018047267
S%(hﬁ) (0.00689948052)  (0.0045432342)
b 0.464049843 6.1978

SE(h) (0.14670785979) (NA)

b 0.485384235 0.0

sty (0.06903822266) (A

F\IA: Not applicable.

This equation form has been previously used to model AH of pre-
dominantly untreated stands in SWO-ORGANON (Hann and
Rirchic 1988; Ricchic and Hann 1990). As in the previous work, the

residuals about the equation appeared o be homagencous

Examination of the resulting paramerers indicared that the values for
Douglas-fir were all significantly different from zero (P = 0.05) and
chat the parameters had the correct signs and were of reasonable mag-
nitude. The western hemlock parametess. on the other hand, exhib-
ited many problems, Afrer examination of numerous alternatives, che
final sct of parameers was determined by fixing four of the six pa-
rameters to values judged to be reasonable in sign and magnitude and
estimacing the remaining twa by nonlinear regression, These prob-
lems probably were can

d by the small dara ser available with mea-

sured CR The paramerer estimates and their SEs for Eq. [16] are
found in Table 28
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Mopirier Equation For HEIGHT GROWTH OF TREES AFTER A SINGLE
THINNING

Individual tree measurements of AH and CR from plots with a single thinning were
available only for Douglas-fir. Therefore, the effects of a single thinning on Douglas-fir

AH was modeled as a mulriplier on the individual-rree modifier equation

AIMOD, = (AHMOD.)(STR,;)

where
AHMOD, = mudifier function for trees receiving a single thinning
STR,, = response far a single thinning

Ta evaluaie whether single thinning affected AH, the ratio STR, ;. was formed by
dividing measured AZF, | (Table 26} by the product (PrdPAH ., ) (AHMOD, ). using
the dara from the 7 tree on plots fram the " installation that included a single thin-
ning, The STR,,,  data were then combined across all installacions (STR, ). Graphs
of the ratio across PREM,, YT, 81, CCH, CR, and H indicated thar a single thinning
teduced Aff and thae the reduction increased with the ameunt of PREM, removed and
decreased with Y7, After examining many aleernatives, we found that the following
equation form best characterized the impact af a single thinning on AJ/ of Douglas-

fir:

STR,, =1.0+b,[PREM ;, " [¢""™] (7
where
PREM ., = Ak,

T BABT

An attempe was made to fit this equation to the full SR, , dara (Table

Table 29. Parameters and asymptotic standard errors 22 by nonlinear regression. Unfortunately, the program weuld nat con-
for predicting the thinning-response changes to the verge to an estimare of the final paramerers. Further examination indi-
vigor-and-competition madifier of potential 5-yr cared substanial variation in the data, particularly those with YT, 15 yr.
height-growth rate (AH) for Douglas-fir and western Convergence was achieved when the data with 7, »15 were removed

hemlock, Egs. [17] and [18].

from the dara ser. A graph of the resulting residuals indicated homage-

Parameter/ Western ncous variance; thercfore, weighting was deemed unnecessary. The pa-
Standard error  Douglas-fir hemlock rameter estimates and their SEs for Eq. [17) are found in Table 29.
by -0.3197415492 0.0
SEthg (0.00001422247) (NA)
Eauation For A SinGLe THINNING COMBINED WITH A
b Dpastidy 4 SingLe FermiLizamion
SE(f) (0.07271920898) (NA)
by, -0.2268800162 00 The effect of a single thinning combined with a single ferrilization on
SElhyy) (0.07878170031) (NA) AH of Douglas-fir was modcled as a mulriplier an the unrreated equa-

NA: Mot applicable.
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tions, Given the lack of modeling data, we hypothesized thar the mul-
tiplier could be adequately portrayed as the product of Eq. [14] (single
fertilization cffect) and Eq. [17] (single thinning effecr).
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Mooirier Eauation ror HeigHt GrowtH ofF Trees ArTer MuLtipLe
THINNINGS

The effeer of mulriple thinnings on A of Dauglas-fir was modeled as 2 muleiplier
on untreated AH. Daga for western hemlock were insufficient. For each installarion
and S-yr growth period, the rado MTR,,,, was formed by dividing the measured
AH,, o each tree an the multiply chinned plots with CR (Table 26) by the prod-
uct (PredPAH,, ) (predicted AHMOD,). This raio estimates the direet effect of
multiple thinnings on A, The M7R,

w7, dara were then combined across all installa-
tons (MTR,

asrh

Equation [17) predicis that the effect of a single thinning on AZ7 declines exponen-
tially as YT, increases. Therefore, one way to characterize multiple thinnings would be
to discount the BARs in more distant thinnings to the time of the most recent thin-
ning and to add these discounted B4ARs o both 8, and BABT, in order to form a
discounted PREM. Mathematically, the discounted BAR for the /" thinning would be
camputed by

T

iy,
Discounted BAR, = BAR ¢™

The effect of one or more thinnings would, therefore, be predicred by

TRy, =1.0+ 0, [PREM,, " [e*™) 18]
) "“nr )
BAR, + Y BAR ™
PREM ,, =— =2

TV

t By
BABT +Y BARe™
Equation [18] reduces o the form of Eq. [17] when only one thinning is applied.

The STR, , data for Douglas-fir fram singly thin

ed plots and the MTR,,, daca for
Douglas-fi from multiply thinned plats (Table 26) were combined (7TR,). An actempt
ta fit Eq. [18] to the combined data ser with nonlincar regression failed because the
parameter estimates wauld not converge. Arremprs o obeain convergence by reducing
the combined dara st (which was successful for the single thinning equation) also
fuiled. The MTR,, data for Douglas-fir was then divided by predicions from Eq. [18]
{with the paramerer estimates from Eq. [1

and the resulting ratios were gxamined

for trends. Eq. [18] (with the parameers from Eq. [17]) appeared to characerize the
cffect of multiple thinnings on AH of Douglas-fir adequately. The parameter estimates
and their SEs for Eqs. [17] and [18] are found in Table 29.
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Eauation For MuLtipLe THINNINGS COMBINED wiTH MuLTirLE
FERTILIZATIONS

The effect of one or more thinnings combined with one or more fertilizations on AH
of Douglas-fir was modeled as a multiplier on the untreated-plot equations. Because of
the lack of adequate modeling data, we hypothesized that the multiplier could be ad-
equately predicred by the product of Eq. [15] (multiple ferdlization effect) and Eq.
[18] (multiple thinning effect).

Discussion

The final, full equation for prediccing AH is
AH = [(PAH )(FR, , JIPLAHMGD (TR, )]

PAH - is predicted by Eq. [12). FR, ., is predicied by Eq. [15] and the parameters in
Table 28, AHMOD,. s predicted by Eq. [16] and the parameters in Table 28, TR, is
predicted by Eq. [18] and the paramerers in Table 29.

For untreated plots, this cquation predicts thar A7 will increase, peak, and then de-
crease with GE; increase with an increase in 81 decrease with an inerease in CCH (a
measure of vertical position and one-sided light competition); and increase with an
increase in CR. These findings closely agree with the previous work of Hann and
Ritchie (1988) and Rirchic and Hann (1990}, who used the same model form for char-
acterizing the A for Douglas-fir in southwest Oregon. They also agree with the work
of Ritchie and Hann (1986) and Wensel et al. (1987}, both of whom used different
model forms from that used in this srudy to characterize the AH for Douglas-fir in

norchwest Oregon and northern Califarnia, respectively.

However, the unweighted MSE far the fic of Eq. [16] in this study was miore than
double thar reported by Hann and Rirchie (1988) and Rirchie and Hann (1990) for
Douglas-fir. The most likely cause for this difference is the large measurement error
that can oceur when heights are measured on seanding rrees (e.g., Larsen et al. 1987,

Williams er al. 1994}, rather chan felled trees, as was done by Hann and Rirchic (1988)
and Ritchic and Hann 1990).

Because crown size is affected strongly by stand density (Curtis and Reukema 1970,
Oliver and Larson 1996}, it can be viewed as a surrogate for density. The results of this
study indicate that if CR of Douglas-fir draps below 37%, even the tallest rree in the

scand will not grow at the parential for the 5
western hemlock (Hardin et al. 2001). The negative impact of density on PAS, has
been previously reported by Curris and Reulkema (1970} for Douglas-fir, Lynch (1958)

This was not true for the very rolerant

for ponderosa pine, Alexander (1966) for lodgepole pine, and MacFarlane er al, (2000)
for loblolly pine, All of these species are intermediate in tolerance or intolerant to com-
perition (Hardin et al. 2001),
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——  For Douglas-fir, Eq. (18] for 7R, and the associated
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Years Since Thinning

parameters in Table 29 predict 4 reduction in AH im-
mediately Following thinning, with the magnitude of

the reduction increasing with the intensity of thinning,

Mast of the reduction is gone by about 10 yr after ol
ning (Figure 3). No reduction in AH due to thinning
was found for western hemlock. The difficulties in fir-
ting Eqs. [17] and [18] for both species may also have

resulted from measurement crror described carlier

20
Reduced AH for Douglas-fir after thinning has been
previously reported by Staebler (1956), Harrington

4
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and Reukema (1983), Maguire (1983), and DeBell &t
al. (2002). Harringron and Reukema (1983} found
thar the reduction lasted for 10 yr.

We found no fertilization PAH response for western hem-
lack. As with AD, this result is supported by the studies of
Olsan et al. (1979) and Scegemoeller et al, (1990}

The fertilizarion effects modifiers in Eqs. [14] and [15] and
the associated paramerers for Douglas-fir (Table 27) pre-
dict that S-yr PAH, as defined by the dominant trees on
the insallacon, ineresses with 12V and decresses with 17,

with all of the fertilization ct gane after 5 yr. The size

of the increase depends an the plor 87, with plots of lower
site quality showing greater increases (Figure 4}, Several
studies have reported an increase in PAM following fertili-
aation (eg., Curtis ec al, 19815 Wang 1990). Curris et al,
(1981} reported that the response increased with PV, while
Wang (1990) could not detect a statistically significant dif-

ference berween fertilizing with PV = 200 and PV = 400,

Curtis et al. (1981) reporred thar the annual response to
fertilization increased, peaked, and then decreased with ¥,
while Wang (1990) showed that 5
tion decreased exponentially

 tesponse to fertiliza-

an increase in ¥E The

rred between 2

peak in the Cureis et al. (1981) sudy oce
and 3.5

s The Curtis et al. (1981) study, therefore, also would

with a later peak occurring ar lower values of

Uk:\\ show an exponential decrease with an increase in ¥F

if summarized by 3-yr, racher than annual, periods

Custis ct al. (1981) also reported thar fertilizacion response of PAJT decreased with an

increase in 81,

 as we found in chis study. We found no trend in fertilization response of
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“untreated” data, consisting of all
measurements fram untreated
control plots, CR was predicred by
HCB Eq. [1] for western hemlock
and by the HCB equation of
Zumrawi and Hann (1989) for
Dauglas-fir. The resulting data
sers, including variables used in
the final moraliry rate equations,
are described in Table 30.
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PAL by plot density. Because of the structure of the modeling data available, we could
nor examine whether tree size or tree position within the plor affecred fertilizer response,

As with AD, we found that the combined effect on AH of applying both thinning
and fertilizacion could be adequately characterized by the product of the thinning
modifier (Eq. [18] and the paramerers in Table 29) and the ferrilization modifier (Eq.
[15] and the parameters in Table 27). As a result, the percent increase in AH resulring
from a combined treatment is greater than the sum of the percent increasés for each
treatment alone,

The need to carrect the AF/40 predictions from Bruce's (1981) equation was caused by
the small acreage in control plots in the fertilizarion data sers. The rrue SV of the fertiliza-
tion installacions was often underesrimared because the small number and size of the con-
trol plors decreased the likelihood that the trees with the largest 40 diamerers ar the site
would be adequately sampled. Under this sicuation, the frequency of widerestimarion
would increase as the size of the estimate of S7 of the concral plot(s) decreased (i.e., a 5/
estimate of 70 ft would more likely underestimate the true S7 of the installation than
would a S/ estimare of 130 ft). This behavior is exactly whar was found in this study.

Five-Yean Mortaury Rare

Dara Descrirmion

All Douglas-fir and western hemlock DM data for trees wich a growth period between
3 and 7 yr were extracted from the dara base and divided into six groups for each

specics:

Table 30. Description of the 5-yr prabability-of-martality (PM) data set for Douglas-fir
and western hemlock trees on untreated plots. The means were computed from the
number of observations reported for each variable.

Douglas-fir Weastern hemlock
Variable Mean Range Mean Range
Individual tree NOb = 153,660 NOb = 44,354
P 0.0704 NA 0.0876 A
o .07 0.1-671 4.86 01-258
PCR 048 0.13-0.97 0.53 0.16-1.00
BAL 151 0.0-400.2 1621 0.0-416.9
indtvideal piot NOb = 1,768 NOb = 3971
PLEN 518 3.0-70 5.18 3.0-7.0
BH AGE 354 8.0-87.0 336 6.2-85.1
BA 191.8 9.1-417.2 199.4 9.1-417.2
Instaliation Nob = 250 NOb = 185
Sl 1.2 56.1-156.0 103.4 43.0-138.1
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“single thinning” data, consisting
of all measurements from plors
that had been thinned only once
CR was predicted for all trees by
Eq. [2]. The resulting data sers,
including variables used in the fi-
nal mortality ratc equations, are
described in Table 31.

“single fertilization” data, consist-
ing of all measurements from
plots thar had been ferrilized only
once. CR was prediceed by Eq. [1]
for western hemlock and the
cquation of Zumawi and Hann
{1989) for Douglas-fir. The re-
sulting data ses, including vari-
ables used in the final mortalicy
rate equarions, are described in
Table 32.

Table 31. Description of the 5-yr probahility-of-mortality (PM) data sets for Douglas-
fir and western hemlock trees receiving a single thinning. The means were computed
from the number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 49,256 NOb = 12,673
PM 0.0208 NA 0.0416 NA
D 6.49 0.2-68.7 6.30 0.2-32.0
PCR 067 0.14-097 0.67 0.24-1.00
BAL 57.0 0.0-390.4 109.4 0.0-352.8
Individual piot NOb = 755 NOb = 540
PLEN 505 3.0-7.0 5.29 3.0-7.0
nt 10 1.0-1.0 1.0 1.0-1.0
YT, 27 0.0-200 26 0.0-20.0
PREM, 0.389 0.009-0.922 0.352  0.009-0.888
BH AGE 296 8.0-79.0 329 6.2-77.0
BA 105.8 6.6-393.8 128.7 6.6-3545
Instaliation NOb =75 Ngb =72
Slgp 105.8 63.0-156.0 97.6 58.1-124.8

Table 32. Description of the 5-yr probability-of-mortality (PM) dala sets for Douglas-
fir and western hemlock trees receiving a single fertilization. The means were
computed fram the number of observations reported for each variable

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 76,534 NOb = 41,503
& 0.0688 A 0.1045 NA
7] 7.34 06-327 584 0.6-30.7
PCR 0.46 0.15-0.95 049 0.16-0.99
BAL 1176 0.0-408.7 167.2 0.0-411.7
Individual plot NOb = 1,510 NOb = 953
PLEN 5.44 3.0-7.0 554 3.0-6.1
nf 1.0 1.0-1.0 10 1.0-1.0
YF, 32 0.0-16.0 29 0.0-16.0
PN, 284.1 33.9-803.0 309.0 33.9-803.0
BH AGE 35.6 10.6-87.0 353 10.6-85.1
BA 197.7 96-4123 2218 1694123
Instaliation NOb = 197 NOb = 159
Sig 1106 56.1-156.0 Sl 1030 43.0-136.0
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“single thinning and fertilizacion”
data, consisting of all measure-
ments from plots that had re-
ceived one thinning and one fer-
dlization. The thinning and fer-
tilization did not have ro occur at
the same time. CR was predicted
for all trees by Eq. [2]. The re-
sulting data sers, including vari-
ables used in the final morealicy
rate equations, are described in
Table 33.

“multiple thinning” data, consist-
ing of all measurements from
plots thar hiad been thinned more
than once. CA was predicred for
all trees by Eq. [2]. The resule-
ing dara sets, including variables
used in the final mortality rate
equations, are described in Table

34.

Table 33, Description of the 5-yr probability-of-martality (PM) data sets for Douglas-
fir and western hemlock trees receiving a single thinning and a single fertilization
The means were computed from the number of observations reported for each

variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 26,350 NOb = 20,564
PM 0.0318 NA 00643 NA
0 73 0.3-36.1 7.88 04-39.2
PCR 0.53 0.17-0.95 0.55 0.23-1.00
BAL 86.2 0.0-3425 1383 0.0-3473
Individual plot Nob = 622 NOb = 660
PLEN 5.80 3.0-7.0 5.92 3.0-7.0
at 1.0 1.0-1.0 10 1010
17, 33 0.0-15.0 28 0.0-80
PREM, 0.322 0141-0.731 0310 0.141-0.854
af 10 1.0-1.0 10 1010
YF, 3.3 0.0-15.0 28 0.0-6.2
P, 332.9 200.0-803.0 359.2 200.0-803.0
BH AGE 40.5 10.6-74.2 469 10.6-74.2
B8A 156.0 11.2-3476 186.5 11.2-347.6
Installation Nigh = 48 NOb = 51
Slsp 100.2 60.0-156.0 955 55.4-122.0

Table 34. Description of the 5-yr probability-of-mortality (PM) data sets for Douglas-
fir and western hemlock trees receiving multiple thinnings. The means were com-
puted from the number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual free NOb = 65.644 NOb = 7,634
P 0.0218 A 0.0296 NA
o 11.07 12-59.2 7.04 15-23.0
PCR 056 0.19-0.95 075 0.35-1.00
BAL 80.8 0.0-297.7 985 0.0-2639
Individual plot NOb = 1,596 NOb = 757
PLEN 474 3.0-7.0 457 3.0-70
at 38 2.0-7.0 36 20-7.0
v, 21 0.0-20.0 21 0.0-19.0
PREM, 0157 0.007-0.646 015 0.007-0.578
BH AGE 337 11.0-81.0 315 11.0-81.0
BA 1207 327-3121 1203 32.7-2642
Installation Nob =24 NOb =18
Bl 1230 85.8-156.0 107.3 78.6-124.8
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“multiple ferrilizarion” data, con-
sisting of all measurements fram
plots that had been ferrilized
more than once. CR was pre-
dicted by Eq. [1] for western
hemlock and by the equarion of
Zumrawi and Hann (1989) for
Douglas-fir, The resulting data
sets, including variables used in
the final mortalicy rate equarions,
are described in Table 35.

Table 35. Description of the 5-yr probability-of-mortality (PM) data sets for Douglas-
fir and western hemlock trees receiving multiple fertilizations. The means were
computed from the number of observations reported for each variable.

Douglas-fir Western hemlock
Variable Mean Range Mean Range
Individual tree NOb = 9,734 NOb = 3,577
P 0.1091 NA 01770 NA
o 975 1.5-316 5.70 15-186
PCR 036 0.17-0.76 0.44 0.23-0.84
BAL 1541 0.0-3596 191.7 0.0-359.3
Individual plot NOb = 230 NOb = 107
PLEN 4.04 40-51 41 4.0-5.1
af 2.42 20-3.0 242 20-3.0
YE, 0.1 0.0-4.0 0.1 0.0-4.0
Pl 200.0 100.0-400.0 2104 100.0-400.0
BH AGE 407 23.0-59.0 383 23.0-57.0
BA 250.0 118.0-361.0 2620 118.0-376.2
Installation Ngb = 73 NOb = 40
Sigp 117.0 70.0-151.0 109.3 64.3-132.7

Data AnaLysis AND ResuLts

The general approach taken o modeling S-yr mortality rate was to develop 2 logistic

equation for predicting P of untreated trees and then to evaluate whether that equa-
tion could be applied to predict the PA in thinned and/or fer

ized plots. If the equa-
tion for untreared plots was not applicable to a trea

€ type. it was modificd ra
include the effects of treatment. The general logistic moadel form used in che analysis
was Hamilton (1974):

PM =[1.0+¢ et 2 t2r tuar) ot .

9]
wheie
Z. = morality on untreaced plots
Z, = fentilizarion cffects on morrality
Z, = thinning effeces on mortality
Zpgr = fertilizacion and thinning effects on morzalicy

PLEN = length of the grawch period in S-yr increments

= (length of the growth periad in yr/5
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EauaTion For UNTREATED PLoTs

The following cquation form for Z- was determined by ficting the logistic Eq. [19] 1o
the “untreated” dara for bath species {Table 30} with the weighred nonlinear program
RISK (Hamilton 1974):

Zp =y +,D + ¢, PCRyg + 1,5l + 6, BAL 120]

Table 36. Parameters for predicting the 5-yr
probability of mortality (PM) for untreated and
thinned Douglas-fir and western hemlock, Eq.
[20] inserted into Eq. [19].

where
PCRy, = predicted CR from HER equation *VER”
VER - SMC for equarians developed in this study

= Z & H for equation of Zumrawi and Hann (1989)

Western
Parameter Douglas-fir hemlock This equarion form for Z,. has been used to model PM of predominandly
in SWO- JON (H: 7 990). Numet-
. i o7oisng e sunds in SWO-DRGANON (Hann and Wang 1990}, Nemer
3 _0.381656 0520366 ous alternative formulations were cvaluated, but none proved superior to
f ; -2 98006 474019 this formulation, The resulting paramerer estimares are given in Table 36.
€ 0.0182393 00119587
& 0.0112023 000756365  Lhesigns and magnitudes of the parameters were reasonable for both spe-

cies when compared with previous studies (e.g.. Hann and Wang 1990).

54

Summary tables were prepared to examine how well the equations fit the
dara acrass the following artributes: predicred probability of survival (PS, which is 1.0
- PM), Dy PCR ey, Sl and BAL, Each auribute of inrerest was divided into size
classes, and the actual and the predicted number of trees surviving in cach class were

determined. The following statistics were then computed for cach class:

*  the dilference of predicred survival rare minus acrual survival rare, expressed as a

percentage of the actual survival rate {the "% difference”)

+  the difference of predicred survival rate minus acrual survival squared and then
divided by predicted survival rate (the “chi-squared value’).

Because P is often very small, 8 was used in the summary tables te avoid problems

of excessively large staristics caused by dividing by values near 0.

TPerfect predictions would result in values = 0 for both statistics across all classes in the
summary tables. When the predictive equation is less than perfect, it is desirable cha
the percent differences not be always positive ar negative or that there be no long runs
of positive or negative values across the classes of an attribute, indicating  trend nat
explained by the arcribuce in the equation.

A chi-squared “lack of fic" staristic can also be formed by summing the chi-squared
values across all classes. and a significance test can be formed by comparing this “lack
of fir” statistic against a crirical chi-squared value, Examination of these values and test
statistics for the two species indicated that the equations predicied PM well in ua-
rreated plocs.
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Table 37. Parameter for predicting the fertiliza-
tien response of 5-yr probability of martality
(PM) for Douglas-fir and western hemlock, Eqgs.
[21] and [22] inserted into Eg. [18).

EcuaTion For A SINGLE THINNING

The effect of a single thinning on PM was cvaluated by using PCR,,, to predice the
PM and PS with Eqs. [19] and [20] for untreated plots and then preparing the previ-
ously described summary tables across PS, D, PCR,, . Sl and BAL for cach of 12
subsets of the single-thinning data, These 12 subsecs were formed by first div

ing the
overall data sets (Table 31) into three classes by PREM, (0.0-0.33; 0.34-0.66, 20.67)
and then further dividing each of thesc three classes into four additional classes by ¥7,
(0-3, 4-7, 8-11, 12-15}. Examination of these tables and the associated chi-squared
test staistics indicated that the PAf an thinned plots was adequately predicred by the
combination of Eqs. [19] and [20] for uncreated plars

EcuaTioN FOR A SinGLe FErTiLIZATION

The effect of a single ferclization on PAf was evaluated by wsing PERy to predice PAf
and PS with unteeated-plor Eqs. [19] and [20] and then preparing the previously described
summary ables acrass S, D, PCRy. STn and BAL for each of 10 subsers of the single
fertilization data. These 10 subsets were formed by firse dividing the overall data sees (Table
32) into two classes by £V, (200 and 400) and
classes inco five additional chisses by ¥, (0-3

1 further dividing each of these two
811, 12-15, 16-20).

Examinarion of these tables and the chi-squared test statistics for western hemlock in-
dicared that the P on fersilized plots was adequately predicsed by the combination of
Eqs. [19] and [20] for untreated plots. In the case of Douglas-fir, however,
the PA o fertilized plots was not adequately predicred by the combing-
tian of Eqs. [19] and [20] for untreated plots. Afier cxamining 4 number
of aleernarives, we found thae the effecr of 2 single ferrilization (Z,,) can
be predicted by

Parameter Douglas-fir Western hemlock 2, = ¢, PN, e 9% [21]

o 0,0000552859

0.0

The resulting parameret esimare is given in Table 37,

EQUATION FOR A SinGLE THINNING COMBINED WITH A SINGLE
FERTILIZATION

Because the maruality rare of a single thinning was the same as that predicted by the
untreated-plot equations (Eqs. [19] and [20]), we assumed thar the effect of a single
chinning combined with a single ferrilizarion on 5-yr mortality rate of Dougls-fir
could be adequarely modeled by the equations for a single fertilizacian (Egs. [19], [20],

and [2

Eauamion rorn MuitieLe THINNINGS

Because a single thinning had no additional impact on the mortality rate and could be

characeerized by the combination of Eqs. [19] and [20], che effect of multiple chinnings
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on 5=yt mortality rate of Douglas-fir and western hemlock was also modeled by the
combination of Eqs. [19] and [20].

Eauation For Mutipie FErRTiLIZATIONS

Equarion [21] predicts that the effect of a single fertilization on PM declines exponen-
tially as ¥F, increases. Therefare, one way to characterize multiple fertilizations would
be to “discount” the PNs in more distant ferrili
recent fertilization and to add these discounted PN w0 PV,

rions forward to the time of the mest
Mathematically, the dis-

counted PV for the i fertilization would be computed by

Discounted PN, = PN,g "7

The effect of one ar more fertilizations (7} would, therefore, be predicted by

‘
2, =[P+ S P s g -

The form of Eq, [22] has been structured o reduce to the form of Eq. [21] when only
one ferlization is applied. The effect of mulciple fertilizatians on PM is. therefore, pre-
dicted by the combination of Eqs. [19] and [22] with the paramerer estimate in Table 37,

Eauation For MurtipLe THinninGs Comeinen with MuimieLe
FeRTILIZATIONS

Because we assumed that the moreality rate from multiple thinnings was che same as
that predicted by the untreated-plot equations (Egs, [19] and [20]), we further assumed
that the cffect of multiple thinnings combined with multiple fertilizations on S-ye
mortaliry rare of Douglas-fir could be adequaely modeled by the cquations for mul-
tiple fertilizacions (Eqs. [19], [20], and [22]).

Discussion

Combined Eqs. [19] and [20] for untreated plocs and the associated parameter esti-
mates for each species in Table 36 predict a decrease in PAf with an increase in D and
CRand an increase in PM with an increase in ST, and BAL. These results agree wich
those of Hann and Wang (1990).

The analysis could not derect an addicional influence of thinning on the PA. Appar-
ently the tree and plor ateributes in the combination of Eqs. [19] and [20] were ad-
equate to characterize the mortality races after thinning. This implies thar the thinnings
applied on these experimental plots were canducted carefully and. therefore, avoided

logging damage.
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The analysls did detect an additional influence of ferilization on the PM of Douglas-
B

eter in Table 37} predicrs an increase in PAf after fertilization. The predicred PM in-

. The combination of Eqs. [19] and either [21] or [22] (and their associared param-

creases with an increase in PV and decreases with an increase in ¥ Miller et al. (1986)
and Shen et al. (2001) also observed that the motrality rate of Douglas-fir increised
after fertilization, with the increase being greater on plots treated with more PAL

Maxamum Size-Density Lines anp TralecTories

The maximum size-density lines and associated rajecrories for approaching the lines
are used in ORGANON 1o constrain predicted maximum densities 10 reasonable val-
ues (Hann and Wang 1990). In general, maximum size-density concepts are based an
the observation that stands approach a limit over time that defines maximum average
(Reincke 1933 Yoda et al. 1963; Drew and
Flewelling 1977, 1979). This limit has often been characterized by the following maxi-

size per tree in stands of a given denst

mum size-density line {with QMD as the measure of maximum average size per trecl:

MLQ, =g, + gl

where

MLQ, = natural log of maximum QMD at the /" measurement for a given number

oF tiess pering

= natural log of number of trees per ac ar the #* measurement

Smith and Hann (1984, 1986), Puetrmann et al. {1992), and Pueremann er al. (1993)
then developed the following equation to characterize the approach of a stand to its

maximum size-density line (i.e, the maximum size-density trajeceory):

LO, =ML, ~ (g, +g,LT, ~ LO,)e #""'™ [24]
where

£, = nawral log of QML at the 7' measurement

LT, = nawral log of initial number of trees per ac when mortality stares

1Q, = nawral log of QMD wheii mortality starts

Equation [24] can be modified far the common situation when the first measurements

of Nand QMD are not equal o the initial planting density and inicial size immedi-

ately before the sttt of self-thinning (i.c., the first measurements were taken later in
the development of the plot):

(gg.)
LO =MLO ———=I200 e
B e et T
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where

T

= natural log of the number of trees per ac for the first measurement on the
plot

LG, = nawral log of QMD for the first measurement on the plat

& = aregression parameter that Is the natural logarithm of the relative density for
the initiation of morrality

This modification assumes that the initiation of martality occurs on a line that paral-
lels the maximum size-density lin and that LT, and L@, fall on the size-density trajec-
tory. The modification is most effective when the first measurements are made near
the initialization of mortality. The parameter values derived from the fit of Eq. [25] o
the data can then be used in Eq. [24] to predict how a plac will approach the maxi-

mum size-density line.

The single-tree PAf equarions can be combined with the maximum size-density trajec-
tary equarion by the fallowing approach:

The single-tree PMs are first computed by Eq. [19]. with PLEN = 1.0.

2

These PM; are used to campute the number of trees and QMDD of the plor ar the

end of the growth period.

3

If the resulting QMD is SQMD predicted from che size-densicy trajectory of the
plot (Eq. [24]). nothing further is done,

{4

1f the QMD of the plat ar the end of the growch period is (MDD predicred from
the size-density trajectory of the plot (Eq. [24]), the PMs from Eq. [19] are in-
creased as necessary ra restore the plot to the size-density trajectory.

The combined P can be expressed as
CPM = [10+e- 8 + 2 v 2]t [26]
where

CPM = the combined P

KR = coefficient to correct Eq. [19] and place the ploton the size-density trajéctory
of Eq. [24] when the QMD of the plot ac the end of the growth period is
greater chan char predicred from the size-densiry rajectory of the plor {Eq.

[24]).

The value of KR is determined by Reineke’s (1933) relative density (R2,) of the plot
at the srar of the growth period and by the gross S-yr basal area growth of the plor
{Hann and Wang 1990). If RD, at the star of the growth period is <0.6 [where com-
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Ln (quadratic mean diameter, in.)

Figare 5. Maximien si
plats and 30 westers hemioch plots exhib

petition-induced mortaliy should start (Lang 1985)] ar if no correction is needed to
place the ending QUMD of the plot on the size-density trajectory, KR is set to 0.0 and
moreality rate is predicted from Eq. [19]. If a correction is needed and 0.6 < inirial
RDy < 1.0, different values for KR are systematically substituted into Eq. [2

] until the
number of trees and QMO fall on the size-densicy trajecrory defined by Eq. [24]. If a
correction is needed and the starting RO, is >1.0, Eq. [26] is solved ireratively with
various values of KR until ¥V and QMD at the end of the growth peried fall on the
maximum size-density line defined by Eq. [23]. Finally, if the stand is chinned at the
start of the growth period and RI3, at that rime s »0.6, K is set ta 0.0 for all subse-
quent groweh periods until the size-densicy trajecrory of the thinned stand again equals

or exceeds that of the unchinned stand. Eq. [26] then is again solved iteratively in or-

der to find a KR thar will keep the stand on the size-density rrajecrory.

This approach differs from that described in Hann and Wang (1990), which multi-
plied (7, + #,) by KR. Subscquent testing of their approach indicared thar it caused 2

reduction (instead of the intended increase) in CPM for trees

SDI = 804 reference

Douglas-fir with a A7 > 0.5. Qur new approach guarantees thar CPM
| will always be >PM.

Dara Descrirrion

Three data sets were created for analysis of maximum-size
density lines and their trajecrories. The firse dara ser consisted
of GMD, and N, measurements from long-term untreated
plots in which QMD, and N, were judged to be close to
QMD, and N, Screening the data showed nine Douglas-fir
installacions and no western hemlock installations with con-

wrol plars thac mec this criterion. Seven of the nine installa-

8D - 800 reference

S

e — tions came from the LOGS cooperaciver Sayward and
Shawnigan Lake in Brirish Columbia; Clemons, Francis, and
TIran Creek in Washingron; and Haskins and Stampede Creck
in Oregon. The cighth inswllation was the spacing study ac

nd River Experiment Forest in Washington (Reukema
1979), and the ninch was the Lookour Mountain installation
in Washington [data provided by the Pacific Northwest Re-
search Station, USDA Forest Service). For cach installation,
the contral plots were merged and QMD, and N, were com-

puted for each measurement.

Ln (trees/ac)
o-densiy disgram of the 128 Douglas-f

G the size-denvity relatianship.

7 3 9 The sccond dara ser was develaped by ocularly screening
graphs of L0, over LT for contral plats and choosing those

control plots (or portions of the data for a contral plot) in

which the graph of LG, over LT, for the most recent mea-
FAie et gurements on each plot was a straight-line segment composed

of at least three measurements. The contral plots used to cre-
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ate the first data ser were also screened. This process identified 128 untreared Douglas-
fir plots and 39 western hemlock plots with straight-line segments (Figure 5); 26 of
the Dauglas-fir plors were also used in creation of the firse dara ser.

The chird data ser was also developed by ocularly screening graphs of L, over LT, for
fertilized Douglas-fir plots and choosing those fertilized plats (or portions of the data
for a fertilized plar) in which che graph of L, over LT, for the most recent measure-
ments on cach plot was a straight-line segment composed of ar leasr three measure-
ments. The Douglas-fir plots screened for this dara sec came from a:subset of the in-
stallations chosen for the second data set; enly those installations that met the follow-
ing criteria were screened for creation of the third data set:

+  the installation had both control and fertilized plots

+ the slape of the straight-line segment for the conrral plots on the installation was
not significantly different from -0.62305, the reciprocal of Reincke’s (1933) slope
of -1.605, with P = 0.05.

This process identified 1,199 measurements of QMWD and N on 86 control and 148
fertilized Douglas-fir plots from 43 installations. Thirty-seven of the fertilized plots on
these installations had received a single ferrilizacion of PV = 200, 63 had received mul-
tiple fercilizarions of PN = 200, 31 had reccived a single fertilizacion of PV = 400, and
17 had received a single fertilization of 2V = 400 and one or more addirional ferriliza-
tions of P = 200,

Data ANALYSIS AND RESULTS
ControL Prots

Nonlinear regression analysis was used o fit a modified version of Eq. [25] to the daw
from the long-term untreated plats in which QAD, and N, were judged to be close to
QMD, and N, Eq. [25] was modified to allow dhe evaluation of porcntial differences

beeween installations in the intercepr parameter, g,. through the use of indicasor variables:

f
(CRDWINATRG
S R
e

g
10 =[(g + X o )+ &l T
o

g+ Y80 )L~ 10]) 7
where
g, = aregression inercept adjustment parameter for the j insrllacion, j = 1 w0 8
I = an indicator variable for rhe_f"' installation

i

1.0 i the dara came from the j** insallation

= 0.0 otherwise
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Table 38. Parameters and asymp-
totic standard errors for predicting
the maximum size-density line and
its trajectory for control plots from
eight Douglas-fir installations, Eq
127}

Parameter/

Standard error Douglas-fir

o 6.26729808
SE(x) (0.0125261573)
Eus -0.09103427
SE(g, ) (0.0248646716)
81 -0.18731227
SE(g, ) (0.0270601652)
814 -0.14199770
SE{y, 4 (0.0237004595)
814 -0.25923972
SE(g;.4) (0.0222662694)
815 -0.31842013
SE(g, 4 (0.0239275067)
g5 -0.62305
SE(g.) (NA)

a5 -14.39533971
SElgy) (3.2568460886)
& -0.51082562
SE(g,} (WA}

NA: Not applicable

In this formulation., g, was the intercept parameter for the Hoskins installation. and
the regression parameters on the indicaror variables indicared installarion-specific ad-

justments o g,.

The resulting slope parameter, g, was significantly »-0.5 (P = 0.05). A slope of -0.5
for the maximum size-densicy line produces a constant B/ as L& of a plot moves up
the line, a slope value < -0.5 [such as Reineke’s (1933) slope value of -0.62305] pro-
duces an increasing BA as the £ maves up the line, and a slope value >-0.5 produces
a decreasing B4 as the L0 moves up the line. This last behavior would not be expected
under normal self-thinning. Examination of the data from the individual installations
showed thar the data from the Wind River spacing trial were causing the slope o be
>-0.5. The closer spacings ar the Wind River spacing trial had experienced substantial
snow- and ice-caused mortality in clumps throughour the plors (Reukema 1979). Be-
cause this pattern is atypical of competition-induced mortality, the Wind River data
were removed from furcher analysis.

A refit of Eq. [27] o the reduced data set produced 4 slope parameter, g, thar was not

significancly differenc from che reciprocal of Reincke's slope (i.c., -0.62305) ar P = 0.05.
Therefare, the slope value was set to 0.62305 and the remaining paramerers were re-
estimated, The resulting installation indicator variables on g, were examined for sig-
nificanc difference from 0 (P = 0.03). Two of the installations (Francis and Iron Creek}
had intercept adjustments thar mert this eriterion. They were combined with the
Hoskins insallasion, represented by the overall intercept value, and the parameters were
reestimated. This resulted in five intercept corrections for the following installations:

I for data from Savward

= 2 for data from Shawnigan Lake

= 3 for data from Stampede Creek

= 4 for daa from Lookout Mountain

5 for dara from the Clemans instailation

The parameter estimates and their SEs are in Table 38.

Because the intercept adjustments for these installations were all negative, their inrer-
cept values were significancly smaller than the orher three, As a result, predicted masi-
mum S2 values ranged from 348 to 580 on the eight instllatians, with an average of
483, Also, the parameter value for g, was not significandy different at 7 = 0.05 from
the natural log of Long’s (1985) RD, for the anset of comperition-induced morraliy
icc RD - 0.6).

To verify these rosults, we fit simple lincar equations by linear regression to cach of the

128 straighr-line segments from Douglas-fir plats and 39 straighe-line segments fram

western hemlock plots that formed the second data set. A #-test was used to determine
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if the slope paranieter for each regression analysis was significantly different from the
reciprocal of Reincke’s (1933) slope value of -1.605 (i.c., -0.62305), with P = 0.01.
Slopes of 27 of the 128 Douglas-fir regressions (21%) and 4 of the 39 western hem-
lacls regressions (10%) differed significantly from the reciprocal of Reineke's slope. The
slopes for the other 101 Douglas-fir straight-line segments and 35 western hemlock
straight-line scgments were then set to -0.62305 and the intercepe terms were secalcu-

lated. The resulting maximum SO/ values for this subset of the

Douglas-fir dara ranged from 2068 to 657 (average. 454), confirm-

Table 39. Parameters and asymptotic standard errors for g that more than one maximum SDf value is applicable on
predicting the maximum size-density line and its trajec- Douglas-fir plots, as found in rthe first analysis. The maximum
tory for control plots from eight Douglas-fir installations,  SDJ values for the subser of the western hemlock dara ranged from
Eq. [25), Parameters g, and g, were fixed to values Irom 467 (o 783 (average, 590).

Reineke (1933) and Lang (1985), respectively.

Parameter/
Standard error

In order for maximum 5D/ to be applicable in the ORGANON

&
SE(g )
&z
SE(g,)
La
SE(x)

L
SE(d

Douglas-fir model, however, there must be some mechanism for predicring
516819645 which maximum SD/ value is appropriate for a given plot or
(0.018874713) stand. To explore if maximum SDI is predictable from available
_0.62305 attribures, we used data from the 101 Douglas-fir plots with
(&) straight-line segments that followed the reciprocal of Reincke’s
9905958933 (1933) slope ta produce graphs of mavimum SO/ plotted across
(10.843313780) site index. latitude, % basal area in Douglas-fir, and stand origin
0.51082562 {natural, plantation, or unknown) of each plot, These graphs
i) showed ne trends. We therefore condluded that it was not pos-

IA: Not applicable

62

sible to develop a method for predicting maximum SO/ from the

available plot and installation arrributes,

Eq. [25] was then fic to the data fram the eight installations with nearly complece tra-
jeccories. 1 chis fit, g, was fixed o -0.62305 and g, was fixed 1o the natural log of 0.6
{i.
linear regression. The resulting parameters and their SEs are in Table 39.

. -0.51082562), and the remaining parameters in Eq. [22] were esiimated by non-

Feamiuzeo Prots

Limitations of the data sers available for modeling restricred our ability to comprehen-
sively evaluace the potential effect of fertilization on the maximum size-density line

and trajectory. To evaluate whether the intercepr term of the masimum size-densi
line was affected by fertilization, we fit che fallowing equation to the third dasa see by

lincar regression

LO,+0.62305[LT,)=hy + W1, + b1, + bl + b, (28]
where
I, = 10 the plot had received a single fertilizacion of PN = 200
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Table 40. Parameters and asymptotic
standard errors for evaluating
whether fertilization affects the
intercept term of the maximum size-
density line for Douglas-fir instafla-
tions; Eq. [28]

Parameter/
standard error Douglas-fir

hy 5.108008
SE(kg) (0.00599914)
hiy 0.002055
SE(# ) (0.00885292)
hy 0.021049
SE(h) (0.00817829)
hs -0.002847
8E(iry) (0.00914860)
by -0.002670
SE(hy) (0.01086490)

= 0.0 otherwise

{, = LOif the plot had received multiple fertilizations of PV = 200

0.0 orherwise

I, = 10if the plor had received a single ferrilization of PV = 400
= 0.0 otherwise
1, = LU ifthe plot had received a single fertilization of PV = 400 and one or more

additional fereilizations of PNV = 200
= 0.0 otherwise

This analysis assumes that the slope of the relatlonship is adequarely portrayed by the
reciprocal of Reincke’s {1933) slope value. The resulting parameters and their SEs for
Eq. [28] are in Table 40.

Discussion

The results of firring Eq. [27] ro the Douglas-fir maximum size-density trajectory data
and of fitting simple lincar cquations to the 128 Douglas-fir and 39 western hemlack
maximum size-density line segments strongly suggest that neither Douglas-fir nor west-
ern hemlock plats approach a single maximum SD7 value as they develop. As a conse-
quence, the porential yield for a given site depends not only on the 87 of the plot, but
alsa on its maximum S0, Density-related differences in porential yield have been
ne (Hasenauer er al. 1994).
Hasenauer er al. (1994) reported that maximum S/ of loblolly pine varied from re-

gion to region across irs distribution and hypothesized thar possible causes could be

found for numerous other ree species, including loblolly

differences in genetics. soils, or ather factors. We were unable to derec trends in maxi-
mum D7 across site index, laticude. species composition, o stand origin from the
dara available. A betrer understanding of these differences may be found when the
SMC Type 111 planting density scudies (Chappell and Osawa 1991) have marured

None of the fertilization paramerers of Eq. [28] (Table 40) differed significantly from 0 ar
P = 0.05, indicating chat fertilization does nor affect the intercepr of the maximum size-
density line for Douglas-fir. This agrees with the wark of White and Harper (1970} and
Smith and Hann {1984), who found that site quality does notaffect the configuration of

the maximum size-density line or trajectory. Rather, site qualiy influences the growth rare

jectary. Stands with hig|

of the stand, and, as a result, how fast a stand moves along the r h
growth races {e.g. high site quality) move along the trajectory and associated maximum

size-density line faster than do stands with low growth rates (e.g.. low site quality). This

behavior has been called the Sucharschew effect (Harper 1977). As a result of the

Suchatschew effect, mortalicy rate increases with incressing site quality. Fentilization of
unthinned Douglas-fir increases the rate of mortality, indicating that ferdlization causes
the Suchatschew cffect, rather than changing the configuration of the maximum size-den-

sity crajectory (Miller 19815 Miller et al. 1986)
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InTteGRATING THE EQuATIONS INTO
OrcANON

The HCB, AD, Alf, PM, and maximum size-density and trajectory equations reported
in this publication and the H-D cquarions of Hanus et al; (1999) were inserced into
the SMC version of ORGANON (SMC-ORGANON). An extensive verification was
then conducted ro ascertain that all of the cquations and paramerers had been cor-
recely entered into the sofrware.

Onge verification was camplered, the predictive behavior of the model was evaluated
by the SMC Modeling Project using the conrol plots of the LOGS studies. The LOGS
studies were chosen for the evaluation because of their relatively long series of
remeasurements. This evaluation proceeded as follows:

(1) Daca from the first measuremenc on cach of the LOGS control plots were read
into SMC-ORGANON. and missing Hs and HCBs were caleulared.

(2} The complered tree lists were then used ro project stand development for the total
duration of measurements available on the various LOGS concral plots.

(3) Predicrions of N, #4, and H40 from SMC-ORGANON afrer each 5-yr growth

period were campared to the actual measurements on each of the LOGS plots.

These comparisons indicated the following behavioral problems:

*  The PMs were wo low after the plots had entered the zene of competition-in-
duced mortality.

*  The basal area growth rates were too high. indicating overpredictions from the
AD equations.

The first problem was actribured ro the value for the parameter g, in the size-density
trajecary portion of Eq, [24]. Tn farcing a single intercept value in the maximum size-
density line and trajectory, the value of g, changed from -14.39533971 for Eq. [27

with multiple intercepr values (Table 38) 1o -22.05958933 for Eq. [24] with a single
incercept (Table 39). We decided thar Eq. [24] was a misspecification of the underly-
ing model form characterizing the maximum size-density line and trajecrory data avail-
able ro us. s0 g, as well as g, and g, was st to the value of Eq. [27]. Parameter g, was
set to 6.19958 {which corresponds to 4 maximum SP7 of $20.5), the value used in the
northwest Oregen version of ORGANON, Because of our finding that maximum S0/
can change between stands, however, we have added a feature to the new edition of
ORGANON thar allows advanced users to set their own maximum SO/ values for a
given stand. Deciding the appropriare maximum S7/ value to use for a given stand is,

of course, the biggest challenge in applying this approach, We do knaw from tests us-
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ing the new edition of ORGANON that changing the maximum SDJ for a stand can
impact che predicted yield of the seand as much as many trearment schemes,

The second problem we atrributed to the underestimation of HCB for trees withour

measurements of HCE, As mentioned above, comparing predicted HC from Eq
to:that predicoed from: thie HCH equation of Zumrawi and Hann (1989)-for Doughs-
. When the

the problems

fir showed substantially larger crowns being predicted from Eq.
Zumrawi and Hann (1989) cquations were used to fill in missing values

associated with the overprediction of ADs disappeared. Following the strategy suggested

fon of Zumrawi and Hann (1989}
se Eq [1] of this

by Hanus et al. (2000), we decided to use the eq
to fill in missing values in the new edition of ORGANON and ro

study to predice change in HCB.

After completion of the verification within the SMC Modcling Project, SMC-ORGA-
NON was released to the cooperators for their em]n.mnn Several of the cooperators

raised concerns thar the prediceed AD response afier ferdilization was too small, Re-

cvaluation of the fertilization data for AD indicated thar the approximarely one-third

of the data collecred in Canada display

tion than did the data collected in the USA. Further examinacion of the C:

data found the following:

= Over one-half of the dara came from one installation established ar Shawnigan

Lake by Forestry Canada, and the S7 calculated for chis installation was incorrect.

In our first a

alysis, the Shawnigan Lake installation had been treated mistakenly
talled in two consecu-

as two separate installations because the plots had been
tive years. As a result, substantially different S were computed for the two parts

of the installation (100.7 for the first year and 78.1 for the second), even though
the plots for the two years were spatially intermixed. The underestimation of I
for the second-year data caused the underestimation discussed above that we ar-

rempred to adjuse for in Eq. [8]. When the 87 problem was fixed, the rel

large fercilization respanse hecame relatively small when compared with the L

data sets. Because of the well-documented variation in response to ferilization
filler er al. 1986), allow-

ing such a large propartion of the dara ro come fram a single installation cou

berween installarions (e.g., Opalach and Peterson 1986

distart the average thae might be expected for the region.

+ The dam supplied by the British Colum y of Forests had very few ob-
servations in the growth period immediately following fertilization (the period
where the largest response occurs) that could be used in the analysis. This prob

lem arose because of the lack of heighe measurements on many of the BC installa-

tions immediately after treatment. Apparendly, many of the installations were es-

sablished and Dy antk Hsmessuncd before e st of the growing seasan, bur the

trearments wete nor applied until after its end, ar which time all s, bur onl

few Hs, were remeasured.
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Table 41. Paramaters and asymptotic standard errars for
predicting the response of 5-yr diameter-grawth rate
(AD) to fertilization in Douglas-fir and western hemilock,
Eqs. [7] and [11], with the modefing data restricted to
installations in the United States

Parameter/
Standard error

Douglas-fir

Western hemiock

babl}
$Ela )
a5y

SEfa, )

L7
SElay,)
"L‘

SE(agl

1452150723
(0.229647321)

0.782839240
{0.107882422)
-0.234091974
(0.044340580)
-1.108430496
(0.100689399)

00
(A

NA: Mot applicatle
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Because of these problems, we refitted Eqs. [7], [11]. [14]. and [15]
using just the tree response dara fram the USA installarions, The re-
sulting parameters and their SEs for Eqs. [7] and [11] are found in
Table 41. The revised fertilization response for AD was larger on low
and medium 7 than the response predicred in the original equation
(Figure 6), indicating that the concern expressed by the cooperarors
was probably justified. In concordance with the findings of Curtis et
al. (1981) and Miller et al. {(1988). the revised ferrilizacion response
equation alse predices thar the response increases at a decreasing rate
with PN. Therefore, parameters for the AD response to fertilization
equarion for Douglas-fir in SMC-ORGANON were changed to the

values reparted in Table 41,

The refit Eqs. [14] and [13] also required the refic of the CAIO,

correction equation to the dara from the USA alone:

CAHA0 = (AH 40, )(0.990883266 + 0431894954 =077y

The corrected fertilizarion data were then refit to Eq. [14] {and. as a resule, Eq. [15])

by nonlinear regression. The resulting paramesers and cheir SEs for Egs. [14] and [15]

are in Table 42. The revised fercilization response for A is slightly larger than the

response predicted by the original equarion (Figure 7). Thercfare, paramerers for the
AH response to fertilization cquation for Douglas-fir in SMC-ORGANON were
changed to the values in Table 42.

18
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0a

170 oyr usa
— =

Syr

E:3
17] 10 yr

Fertilization-Response Multiplier

200 300 400 500 100 200 300 400 500

PN/ac

Figure 6. Revised Douglas-fir fertilization-response multiplier for 5-yr diameter growth vite
(AD) 0. 5, 10, and 13 yr aféer fertilization,
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Table 42. Parameters and asymptotic standard errors for
predicting the potential 5-yr height-growth rate (AH) of
fertilized Douglas-fir and western hemlock, Egs. [14]
and [15], with the madeling data restricted to installa-

tions in the United States.

Fertilization-Response Multiplier

Parameter/ Western

Standard error Douglas-fir hemlock

by -1.107409443 0.0

SE(b) (30.225856216) (NA) 0.3 o v = 0

by -2.133334346 0.0 ¢ -
SE(hy) (0.158278078) (NA) ) PN/ac

NA: Not applicable.

Figure 7, Revised Dlosglas-fir fervilization-vesponse multiplier for
Seyr height growth rate (AH)

Finally, a review of the data sets used to develop the thinning-response modifier Egs.
[10] and [18] revealed thar 94.9% of the Douglas-fir thinning data came from plots
with a Reinelee’s relative density (R, calculated using a maximum SD/ of 520) 20,4
just before thinning, A question, therefore, arose abour the applicability of the thin-
ning-respanse modifiers to plots with R, < 0.4, most of which would have trees with
much longer before-thinning crowns than thase in the modeling data sets. Long
(1985) developed a stand-density management diagram using RD

at placed crown
at R, = 0.33. We
decided to follow a conservarive approach by reducing the thinning-cesponse modificrs

closure at RDy = 0.25 and the lower limit co *full-site occupancy

value of
nd TR, when B3, before thinning fell belaw 0.23, The resulring con-

from their maximum effect at a RD,, = 0.4 before thinning to no effect (i.e
1.0 for TR,),
strained thinning-response modifier for AD was

ay

TR, =1.0+a,(PREM ., )& ™ Y RD,MOD) [29]

where

RDMOD = g M0-R00
& B

sDr
RD, & M
} SDIy,,
S0y, - Maximum Reincke's (1933) SDI for the species
$01,, - Discounted Reincke’s (1933) SDI
Sy = Nyl ytios
oMb,

1fSDI,,,, > SDI,,,, then SDI,, = SDT,,
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OMDy, =

005454154(V,,

e}

By, =BABT +y BARe*™ ™

=
Ny = NBT 43 NR g1
=

The resulting constrained thinning response modifier far A4 was

TR, =1.0+b,(PREM ) (" )(RD,MOD) [30]
where
& LT -7
By, = BABT+Y BARe™
=)

(97,1}

w g
Ny = NBT+3 NR ™
=1

The RD,MOD is sigmoldal over the range 0 to | for R0, and it predicts 2 value of
0.013 for R, = 0.25 and a value of 0.9945 for ZD, = 0.40.

LemitaTions oF THE Dara

The primary stengeh of the existing permanent-plot data made available to the SMC
Modeling Project by the cooperators was the large quantity of the dara. In general,
however, most of the dara were of poor quality for developing single-tree stand- devel-
opment madels. Problems included the following:

+  The data secs had too few measurements of . Often, only enough heights were
measured 1o define A4 for the plot, As a result. the sample was concentrated in
undamaged, dominant trees. Hann and Rirchie (1988), Ritchie and Hann (19903,
and the findings of this study have shown that AH, and therefore A, is affected by
the position of the tree in rhe stand, and Hanus er al. (1999) have shown thar

damaging agents can also affect H,
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* Many of the data sets had no measurements of CR and CW, When they were mea-
sured, 100 small a sample was taken, and ofien they were measured only on thase

ere 1 was measured. As a result, their

ample exhibited the same bias in
sample selection as chat of A. Rirchic and Hann (1987), Zumrawi and Hann
(1989), Hanus ec al. (2000), and the findings of this study have shown that HCE
is affecred by the position of the tree in the stand, and the work of Hanus er al
{2000) have shown that damaging agents can also affect the HCH of a tree.

* Many landowners or forest managers had taken oo litdle attention in conducting
field checks, editing the result

ng data, and performing other data-management

practices that are required 1o assure quality data,

* The geographic distribution of the data was nor balanced among British Colum-
bia, Washington, and Oregon.

*  The dam did not cover many of the stand scructures and treatment regimes of
primary interest to the public land managers.

as-fir did
not adequately characcerize the AH40 in very young plantarions. As a result, esti-

+ The dominant height growth equations available at the time for Do

mates of SI were greatly inflared.

*  The size and number of the plats were roo small, too few, or both on most of the
fertilization installations, As a result, 555 on these installations were often underes-
timared. This can inflate estimares of fertilization response, particularly in low Sk

The lack of crown measurements in most of the fertilization data sers was a serious

shortcoming. On the one dars ser with €8 measurements, fertilization increased CL

and, once the impact of CL was considered, fertilization negarively impacred AD,

Given this contraversial finding and the fact that the analysis was based on onl

one

installation, we chose nat to include the possible ferdlization impace an HCE in the
final equation. However, we strongly recommend

that chis issue be addressed again
when additional fertilization data with £1CH measurements hecome available

The lack of competing vegesadion measurements and Douglas-fir CW measurements
made early measurements of AL, AH. and moreality rates on the SMC Type I plors of
lizele value for developing tradicional single-tree stand-development madels. There was
obvious variation in tree growch that was nor explainable by C because most trees
had a CR near 1.0, The developers of the Regional Vegetation Management Model

(Shula et al. 1998) found thar CW of Douglas-fir was maore effective than CR ar char-

acterizing the competitive impact of competing vegetation ofs the growth af very young,

trees.
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EvaLvation oF THE MopeELiNG
MeTHoDS

Proven model forms and parameter estimation techniques were used to madel the equa-
tions used to predict the HCB, AD, AH, PM, and maximum size-density and trajec-
tory lines for untreated stands. These performed as expecred. Thinning and fertiliza-
tion treatment effeces were modeled as cither additions to (HCH and PM) or multip
ers of (AD and AH) the basic equations for uncreated stands. As a result of this ap-
proach, chese treaement modifiers could alsa be used with the other versions of OR-

GANON or with other single-tree/distance-independent models with a structure simi-
lar to ORGANON.

The forms of the single-treatment modifiers were structured so as to give the responses
to treatments expected from other studies. The multiple-treatmerit modifiers for AD

and AH were structured 50 as o guarantee thar the application of the single rrearment

in the general mulciple-applicaion response equation produced a prediction identical
to that from the single-treatment response equation: that multiple applications spaced
very close together provided a prediction very close to a combined single application
of the same total amount {e.g., two 200-lb applications of nitrogen spaced 1 wk apare
should approximacely produce the same response as a single 400-Ib application of ni-
trogen): and thae multiple applications spaced far apart behaved as single, independent

applications.

In reviewing the moddling wark, hawever, it became evident thar perhaps better mod-
cling methods could have been used at times in developing some of these equations.
Additional time at the end of the project would have allowed more thorough synthe-
sis, analysis, comparisans, and standardization or medification of the modeling ap-
proaches being wsed by the different members of the projecr. The following summa-
rizes some of the improvements chat could have been explored had the project contin-
ued:

* Recent work using data fram young 1o old growth, even- to uneven-aged, and
pure to mixed species stands in southwest Oregon found chat the following model
form better characterized AD than Fquation [4]:

AD, =8Nt sty e [31]

where

X, = In(D+5.0)

9

Xy=D

i

X, BAL/ In(D) + 2.7)
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When compared with Eq. [4], Eq. [31] fit to Douglas-fir in southwest Oregon
predicred that (1) the maximum A was smaller and peaked ar a smaller I); (2)

for trees with small values of BAL (i.c., dominant trees), those with I <12-in. or

>55-in. had larger ADs, and trees with D between 12 and 55 in. had smaller AD

and (3) fot trees with large values of BAL (i.e., intermediate and suppressed trees),
AD was larger for all Ds. Based on both Furnival’s (1961) index of fic and residual
ssis, Eq. [31] fic the data better than did Eq.

anal

The method used to expand the Al modeling dara sers by using both PCR,,.,

and measured CR may not have been fully adequate for dealing wich the measure-

ment error such practice introduces. Perhaps a becter approach would have been

to fit the following expansion of Eq. [4] (or an equivalent expansion of Eq. [31]):
5

;
AD, = en- Epn o,

where

I = 1.0if the observation used PCR

S
= 0.0 if the observation used CR
A t-test could then have been used ro derermine if the "@” parameters differed

significancly from 0. Any thar did would have indicared thar the use of PCR,,,

did crearc a problem with measurement error.

With the method used in chis study, the magnitude of the impact of the measure-
ment ercor on predicting AD is unknown. However, the independent evaluations
dane by Greg Johnsan” on che western hemlock dara indicate thar the impact may

not be too severe.

The thinning and fertilization response equ
response equation for AH were analyzed ar the trec level because of the need to

ns for AD and the thinning-

evaluate whether the impace of trearment varied across tree-level variables such as

BAL or CCH. Even though ne impact was found at the tree Jevel, the final analy-
ses incorporating just plot-level attributes were still conducred using the ree-level
data scts. As a resule, ploes with many eree observations influcnced the regression
equation more than did those with few observations. The solution to this problem

would have been to compute a mean tree response for cach plot and use those
values, weighted by the reciprocal of the SE of the mean, in developing the plot-

level response equations.

In developing the various equations, nor enough care was taken o ensure chat

exactly the same data sers were used in all of the analyses. For example, the fertili-
zation response equation for AD excluded PN values >450, while the ferrilization

respanse equation for AH included those values.

Willametre Industries, unpublished
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Arpenpix: SUMMARY OF ABBREVIATIONS

Variable Units Explanation

BA fitfac
BABT  fi'fac

BAL frifac
BAR  fithac
b4, fi'lac
4 fe*

EEFL frfac
CCFLR,  Ir'fac

COFL,  fithac

ccH ¥
CAHAD,  f
[o'd fi
CPM none
fo'd none
ow fi
D in.
Dio in.
AD in.
AD, in
AD, in.

ADMOD, none

Plor basal arca

Total plot basal area before the last thinning

Plor basal arca in trees with I » that of the subject tree
Plot basal area removed in the i*" thinning

Current plot basal area plus basal area removed in past thinnings, dis-
counted by an exponential function of the number of years since the
thinning occurred

Arca of the crown, assuming a circle with a diamerer of CW
Plor crown comperition factor in trees with [3 sthac of the subject tree

Plor crewn comperition factor in trees with [ sthar of the subject tree

removed in the /1 thinning

Current plat crown competition factor in trees with £ >char of the
subjec tree plus crown competition factor in trees with D »chat of the
subject tree removed in past chinnings, discounted by an exponential
function of the number of yr since thinning

Percent crawn closure at the top of the trec for the plot
Corrected 5-yr change in 1140 on untreated plots
Length of the live crown (# - HCE)

The combined probahility of morralicy

Live crown ratio (CL:H)

Crown diameter at RFf

Diameter at 4.5 ft above ground level (breast heighe)
The average [ of the 40 largest diamerer trees/ac

Seyr diameter increment

Seyr diamerer increment for a tree growing on untreated lots

Measured 5-yr diameter increment for the 7 tree growing on all untreated

plots in the 7 instalarion that included the rrearment of incerese

¥F modifier to the equation for fertilization response of diamerer in-

crement
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AD,

STRSEy

ADg.

AR
A0
AH40,

AH40,
AH40,

AHCR
AHMOD
AHMOD,
AHMOD,
A, "
EXPAN

FERT

Hi0
HCB

in.

in.

in.

fr

fi

fr

fr

fi

fr

fi

no.fac

Ibfac

none

none

Measured 5-yr diameter increment for the /

ol

iree growing on multiply
ined plats from the 1 install

on

Measured Syt diameter increment for the i tree grawing on singly

fertilized plots from the j installation

Measured S-yr diameter increment for the ™ tree growing on singly

thinned and singly fertilized plots fram the 2 installation

Measured 5-yr diameter increment for the i tree growing on singly
thinned plats from the /% installation

v height increment

5-ye change in the average height of the 40 largest diameter trees per ac

5-yr change in the average heighe 0 largest diameter trees/ac on

an uncreated plot

g

yr change in the average height of the 40 largest diameter ees/ac on

a fertilized plor

-yr change in the average height of the 40 largest diameter rreesfac on

a thinned plac
S-yr change in height to the base of the live crown
S-yr height-growth modifier function

5-yr height-growth modifier function from crees on unrreared plors

r height-growth modifier function from trees on thinned plors

S-yr height increment of trees from chinned plats

The number of rreesfac represented by the sampled tree

The cotal weight of nitragen applied (o the plor. Weight of nitragen
applied during former applications is discounted with an exponential

function of the years since the application of the fertilizer

Fertilization response modifier for 5-yr diamerer increment combined

across all fertilized plats on all installations

Fertilization response to the predicted 5-

growth equation combined across all fertilized plots on all installations

The H40 function for species “SP”

The age of a dominant tree with the same height on the same site as the

sibject tee
Heighr fram ground level to the top of the tree
The average toal tree height for the 40 largest diamerer treesfac

Height from ground level to the base of the compacted live crown
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H-D fr
Ipee  mone
By none
L none
by none
KR none
o none
kg, mone
none
LOGS none
g, laGin)
I Intnoac)
MLG,  Inin.)
MRy, none
MTR,,,,. none
MTR,,  none
MTR,,,,, nonc
NBT,  nodac
af count
count
", count
NO& nane

Relationship of toral tree height to diameter at breast heighs

Indicatar thar data were from British Columbia Miniscry of Forestry

lands
Indicator of a measured live-crown ratio

Indicator of data measured on Forestry Canada plats

Unrreared tree calibration for all of the uncreated plots on the j* instal-

lation that included multiple thinning dara with measurements of CR

Corresian to the mertlity cquation t place the number of trees and
QMD on the maimum size-density line

Untreated tree calibration for all of tie untreated plors an the f* instal-

lation that included single fertilization dara

Untreated tree calibration for all of the untreared plors on the j* instal-
lntion that inichaded single thinning and single fercilized diita with mea-
sutements of CR

Unereated tree calibration for all of the uncreated plots on the j* instal-

ion that included single thinning data with measurements of C&

Levels-of-Growing-Stock coaperative
Natural logarithm of the QM ar the ik

ber of trees

measurement for a given num-

Natural logarithm of the number of trees at the ™ measurement

Natural logarithm of the maximum QML at the /1 measurement for a

given number of trees

Thinning-response modifier for 5-yr diameter increment combined across
all multiply thinned plors on all installations

Thinning-response modifier for S-yr diameter increment of the " tree
gresp
growing on muleiply thinned plots from che /" installation

Thinning-response modifict for 5-yr height increment combined across

all muliply thinned ploss on all insiallatians

Thinning-response modifier for S-vr height increment of the /1" tree

growing on multiply thinned plots from the j* installation

The number of trees removed in the 1" thinning

The number of fortilizations on the plor

Niiiber oF tresilie 65 e 25 ploi
The number of trees with measured erown raties an the / installation

Number of ebservations
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i
PCRy,

PCR

VER

P -RZ\ £
PAH
PAHAD,
A,
PAH,

PGEA

PLEN
PM

PredAD,.,,

PredPAH,., .

Prea\H
PredAHA40,
PREM,,,

PREM

i
QMD
QMDy

oMD

D,

no.fac
count
none

none

none

ft

5yrs
none

Ibsfac

none

none

none

none

The number of trees removed in the ¢

inning
The number of thinnings on the plor
Live crown ratio predicted from the SMC HCB Eq. [1] or [2]

Live crown ratio prediceed from the “VER” version of the HCB equation
(SMC or Z&H)
Live crown ratie predicted from the Zumtawi and Hann (1989) HCE equa-

tion

Potenial 5-yr height ine of a tree

7

Porential S-yr change in 740 on uncreated plots
Potential S-yr height increment of unceated trees
Potential S-yi height increment of trees on fercilized trees

The age uf the 40 largese-diameter trees with the s
§1 as the subject plot

e H40 and the same

Length of the growth period in 5.y increments
The probability of mermlity during the next 5 yr
The weighe of nitrogen appliedfac in che i™ fertilization

Predicted 5-yr diameter increment for the 1% tree growing on all untreated

installation that included the treacment of interest

plors in the /

e it

Predicted potential 3-yr height increment for tree growing on

untreated plats in the /™ inscallation that included che rearment of inter-
e

Predicred 5-yr change in 7
Predicted 5-yr change in H40 on untreated plors

Proportion of BABT removed in past thinnings discounted by YT for the

diameter growth data ser

Proportian of BART remove

1 in past thinnings discaunted by ¥T for the
height growth data set

Probabilicy of survival (1,0 - FA)
Quadratic mean diameter of the plot

Quadraic mean diam

er of the plot before the last thinning

dracic mean diameter of the trees removed on the plot in the last

o]

ning

Reineke's {1933) relarive densiy ( SDIISDE,, )
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BDyop  hone

RH fe
SDI Equivilent
na. of 10/in,
rreesfac
SDIy, . Equisalent

no.of 10 in.

treeslac

SFRy;, nane

SFR,

Ay, none

SFRyy,  none

S f
Sty RaS0yr
Sle frat 50 yr
Sl frac 50 yr

SMC
ST&SFR, in.

STR in.
STRy.;  In
STR,, f
TR, none
TRy — mone
VER none

R, thinning-response modifier

Reference heighe

Reineke’s (1933) stand-densicy index

Maximum Reincke's (1933) stand-density index for a species

Fertilization-response modifier for 5-yr diameter increment combined acrass
all singly fertilized plots on all installations

Fertilization-response modifier for 3-yr diamerer increment of the 1 tree
growing on singly Fertilized plots from the / installadions

Fertilization respanse ro the predicted 5-yr average dominant-height-growth
equation combined across all singly fertilized plots on all installations

Site index

Douglas-fir site index calculated from Bruee's 1981 dominant-height-growth
equarions

Species-specific site index (S = DF or WH)

Western hemlock site index calculated from Bonner et al. (1995) site-index
equations

Stand Management Cooperative

Thinning- and fertilization-response modifier for 5-yr diamerer increment
combined across all singly thinned and fercilized plots on all installations
Thining response modifier for 5-yr diamerer increment combined across
all singly thinned plocs on all installations

Thinning-response madifier for 5-yr diameter increment of the #4 trec grow-
ing on all singly chinned plots from the 7" installation

Thinring-response modifier for S-yr height increment combined across all
singly thinned plots from all installations

Thinning-response modifier for S-yr diamerer increment combined across
all thinned plots from all installarions

Thinning response ta the predicted S-yr average daminant height graweh

equation combined across all thinned plors from all installations

Version of height-to-crown-base equation used to predice crown ratlo. VER
= SMC for Eq. [1] or [2] and VER = Z&H for Zumrawi and Hann 1989
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Infin}
in?
In{fc)

none

fetfIn(in.

fi
none
none
Inin.}

none

none

none

nonc

none

)

Independent variable ln(D) + 1.0)

Independent variable D?

Independent variable In

Independent variable In[(CR + 0

Independent variable BALIn(D + 5.0)
Independent variable £/

Independent variable In[(PCRy, -+ 0.21/1.2]

(PREM,

Independent variabl

able ln{D + 5.0

Independent v
Independent variable [

ble BAL/

n(l+ 2

Independent v

The number of years since t

zarion was applicd

The number of years since ing was applicd

Portion of the probabil
tions

of mortality due to untreared stand condi-

Portion of the probability of marrality due to one or more fertilizations

* martality due to ane or mare

Portion of the probability

and one or more thinnings

Partion of the probability of morealicy

Portion of the probability of morraliy
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