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Abstract

Young-growth base age invariant site index models were developed for
eleven conifer and five hardwood species found in Northern California {redwood,
coastal Douglas-fir, grand fir, ponderosa pine, interior Douglas-fir, sugar pine,
white fir, red fir, incense-cedar, Jeffrey pine, lodgepole ping, tanoak, black cak,
madrone, red alder, and California laurel). In addition, composite site index
models were developed for other true oaks and selected groups of interior
conifers. Unbiased parameter estimation procedures were employed requiring a
simultaneous estimation of all tree reference-heights that appear as independent
variables along with global parameters of the site index model. Resuiting site
index models were compared and evaluated against existing ones, which
produced a set of site index models considered to be the most accuraie possible
with current data availability. Intra-stand species site index correlations are
developed, sampling properties of different siie tree selection rules are evaluated,
and a young-growth site class basis is proposed for different regions of the State.
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1. infroduction

Site index, the average tofal height of a specified upper canopy stand component
at an arbitrary base age, has evolved into a de facto standard for rating the productive
capacity of timber stands. In California, early uses of site index were primarily as a
means to access normal yield tables and site class volume tables (Dunning, 1942). In
modem times, site index has grown to be a multi-purpose forest measure. It is used in
forestland taxation and appraisal, reguiatory compliance under the Catifornia forest
practice rules (CFPR), rating treatment opportunities, growth and vield forecasting, other
forms of vegetation research, and a variety of related topics.

Over the tast 80 years, more than twenty site index models have seen some form
of service in California {Table 1.1). These models have been borrowed from nearby
regions or developed specifically for individual species or groups of species within the
State. While seeming to comprise an extensive knowledge base, there are several
problems with existing site index models that limit the effectiveness of the concept in
contemporary young-growth forest management applications in the State.

The majority of existing site index models applied in California were developed
by traditional anamorphic guide curve techniques (Bruce, 1926) using single height/age
samples on individual trees or plot averages. These fypes of models are known a prion
to be potentially biased largely due to the distinct possibility that site index may be
correlated with age in the sample (Monserud, 1984; King, 1866). The guide curves of
McArdle and Meyer (1961) and Dunning {1942} for example, are deeply entrenched in
site index usage in the Siate. These curves were the site basis for early soil-vegetation
and vegetation type maps. They were the apparent origins of the common site | — V
vemacular used in California, and they still remain a regulatory statute in the forest
practice rules. Available evidence however, suggests that they are biased for young-
growth site determination within the State (Wensel and Krumland, 1986, Powers,
1972a). Methods employing stem analysis and other forms of repeated measures on
individual trees are generally considered to be superior, unbiased and produce a more
accurate assessmeni of dominant height growth development (Curtis, 1864).

Age usage applied in California site index models is by nc means uniform and
inhibits meaningful comparisons and standardization. Most combinations of traditional
site index base ages (50, 100 and 300 years) and age bases (total age, breast-high age}
are found. Difference in age basis alone can often result in site index differences of 10
to 30 feet for the same stand depznding on how iong it takes for trees to reach breast
height. Caonversions between age bases are at best arbitrary and can often be a
significant source of inaccuracy in estimating site index for specific stands.
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Table 1.1. Existing Site Index Models used in California.

Conifers
Species Source Description
Douglas-fir | Schumacher, 1930 | Anamorphic guide curves based on single height/age
| ! data pairs. Developed in conjunction with a normal yield
[ [ study of the entire range of Douglas-fir in California.
[ Seldom used.
Douglas-fir | King, 1966 i Polyrorphic site index model based on stem analysis
] | data. Sample data collected in westemn Oregon and
[ | Washington. Generally considered to be one of the best
{ ! Douglas-fir site curves in the Pacific Northwest. Site
! classification basis for CRYPTCS.
i Douglas-fir | McArdle and Anamorphic guide curves based on singie height/age
| Meyer, 1961 data pairs. Developed in conjunction with a normal yield
' study of Douglas-fir in the Pacific Northwest. CFPR
| official Douglas-fir site classification basis for the coast
| region. Also used as a site classification basis for early
_ | soil — vegetation surveys in coastal California..
| Incense- Celph, 1983 | Site prediction model based on Dahms’ (1975) method
| cedar | and constructed with the LDMC stem analysis data set. |
{ | Samples were primarily from National Forest land on the [-
;. J west slope of the Sierra Nevada mountains. Site
| | classification basis for the Klamath Mountains version of
| FVS. |
| Mixed- Dunning & | Anamorphic guide curves based on single height/age f
| conifer Reineke1933 | data pairs. Developed in conjunction with an empirical |
=' | yield study of young growth mixed conifer stands in the |
! | Sierra California. Occasionaily used in research studies.
| Mixed- Dunning, 1942 | Anamorphic guide curves based on single height/age
| conifer | data pairs. Developed for old growth selection forests in
f, the Sierra Nevada mountains. Site index source for early
; inland soil -vegetation maps. CFPR official site
f | ctassification basis for interior mixed conifer forests.
| Mixed- Biging and Wensel, | Polymorphic site index model based on the NCStem
g conifer 1985 ‘ stem analysis data set. Site classification basis for
| | CACTOS.
| Mixed- Biging, 1284 | Methodological extensicon of Biging and Wensel's (1985)
| conifer | site index model.
i_ Ponderosa | Powers and Cliver, | Polymorphic site index model base on the POPP stem
| pine 1978 analysis data set. Sampling locations spanned most of
the native range of ponderosa pine in Northern
Califormnia.
| Fonderosa | Barrett, 1978 Polymorphic site prediction model based on Dahms’
|' pine (1975) method. Sample locations on Nationa! forest land
in eastern Oregon and Washington. Sometimes used for
gast side pine types in California, =
| Ponderosa | Arvanitis, Lindquist, | Anamorphic site index model based on single height/age
| pine and Palley 19684 data pairs. Samples collected from the west slope of the
; Sierra Nevada mountains. Seldom used.
| Pondercsa | Meyer, 1938, 1961 | Anamorphic guide curves based on single height/age
| pine data pairs. Developed in conjunction with a regional
normal yield study of ponderosa pine in the western
| United Staies.
Redwood | Bruce, 1923 Angmorphic site index model based on single height/age

data pairs. Developed in conjunction with a normal vield
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study for the entire range of young growth coastal
redwood. The first site index system for California.

Seldom used.
Redwood | Lindquist and Guide curves used with empirical yield tabies for young
Palley, 1261 growth redweod. Official CFPR redwooed site

classification basis for the coast region. Also used for
some soil-vegetation map site classifications.

Redwood | Wensel and Polymorphic site curves based on stem analysis and
Krumland, 1986 repeated site tree measurement from growth plots. Site
| classification basis for CRYPTOS
Red fir Schumacher, 1928 | Anamorphic guide curves based on single height/age

data pairs. Developed in conjunction with a normatl yield
study of red fir in California. Seldom used.

| Dotph, 1891 Polymorphic site index curves derived from the LDRF

[ stemn analysis data set. Site classification basis fer the

i ' Ktamath Mountains version of FVS.

Red fir

White fir Schumacher, 1926 | Anamorphic guide based on single height/age data
pairs. Developed in conjunction with a normal yietd
study of white fir in California. Seldom used.

White fir Dolph, 1887 Site prediction mode! based on Dahms (1975} method
and consfructed with the LDMC stem analysis data set.
Samples were primarily from National Forest land on the
west slope of the Sierras. Site classification basis for the
Klamath Mountains version of FVS.

Hardwoods _

Black ozk Powers, 1972b Polymorphic site index curves for unmanaged stands of
black oak. Sampling locations were PSW experimental
forests on the west slope of the Sierras and the
Southern Cascades.

Madrone Porter and Wiant, | Anamorphic site index curves based on stem analysis.

Red afder 1965 Sampling was performed in Det Norte and Humboldt

Tanoak counties and consisted of 25-30 trees for each species.
Red alder curves were found te be atmost identical {o
those of Johnson and Worthington (1963) for red atder
in the Pacific Northwest.

Coast live Delasaux and Site prediction model based on Dahms’ (1875) method.

oak Pillshury, 1867 Stem analysis data from approximately 25 plots of each

Blue oak species from Monterey and San Luis Obispo counties.

Simitarly, sample selection recommendations for determining site index are
varied. Recommendations proposed by authors of the site index studies in Table 1.1
include: a) a random sample of dominant and co-dominant trees; b) average height and
age of dominant and co-dominant trees of mean quadratic DBH, ¢) largest 10 of 50 trees
by DBH; d} a random selection of dominants; e) taliest tree in the stand; f) one tree with
the highest site index. Many field foresters have some subjective ‘inherent’ notion of
what an appropriate site tree is. Unfortunately, they are not all the same. While selection
procedures may be of minor importance, a lack of a commonly accepted statewide basis
can have serious impacts on the usefulness of any applied research where site index is
an explanatory variable.

The range of commerciat forest species in California is extensive, spanning seven major

ecological sections (Miles and Goudey, 1997: see Figure 1.1), each with its own unique
geomorphologic origins and mesoclimate. These ecological sections will be used as the basis
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for differentiating site curves by geographicat region in this study. As Powers (1972a) succinctly
notes, ‘Climate, geology and time induced such racial and edaphic variability that reliance ona
single set of site curves for a particuiar species seems tenuous’. While different site curves for
interior and coastal Douglas-fir have traditionally been used, the possibility that site curves may
vary by geographical region for other species groups has been largely unexplored.

Species considered components of mixed conifer stands have broad
distributions within the State. Dunning and Reineke (1933) noted that, af a given stand
total age, total heights of dominant ponderosa pine', Douglas-fir, white fir, and red fir
were virtually the same and could be used interchangeably for determining mixed conifer
site index. Biging (1984) and Biging and Wensei (1985) have aiso developed 50-year
breast-high age mixed conifer site index models for the same species as Dunning and
Reineke with the addition of sugar pine and incense cedar. Four other recent stem
analysis based site index models have been developed for specific mixed conifer
species within the State. Doiph (1983, 1887, 1991) developed 50-year breast-high age
basis models for incense cedar, white fir and red fir. Powers and Oliver {1978) have
developed a 50-year total age base site index model for ponderosa pine under stocking
control. Height predictions of ali of these modeis based on selected heights at a
coemmon breast-high age of 20 years are shown in Figure 1.2. Dunning’s, Dunning and
Reineke's, and Powers and Qliver's curves have been ‘adjusted’ to a breast-high age
basis for expository purposes {methods are detailed in chapter 5). it is not clear whether
the differences shown in Figure 1.2. reflect sampiing variation, differences in analytical
construction methods, or indicate that there are significant differences in the height
growth patterns of individual mixed conifer species. in any event, a clearly defined mixed
conifer site index system is incompiete and a sysitematic appraisal would be highty
beneficial.

In general, there are problems in the application of the site index concept in
California that affect its precision and usefulness as a forest management teol. Clearly, a
conscfidation of the site index knowledge base would be of practical benefit in
appiications.

1.1 Study Objectives

The primary purpose of this study is to achieve severai interrelated objectives:

1. Provide the best set of contemporary voung-growth site index models for major
conifer and hardwood species in the State with consistent age basis and base age
definitions. This set will be refined by regional and environmental factors as much as
possible within the fimits of available data. This set will be based on new models
developed in the course of this study or recommendations based on evaluations of
existing site index models.

2. Develop intra-stand site prediction models for different species so the site indices of
unsampled species can be estimaled from species whose sife index has been
estimated from sampling.

" Scientific names of all species mentioned in this study are shown in Table 1.2,
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3. Evaluate site free sample selection rules and propose recommendations that provide
the most consistent and stabte basis for a stand site index definition.

4. Propose a general young growth site classification (I-V) basis for different regions in
the State with a common 50-year breast-high index age basis.

This study is synthetic in nature, relying on existing sources of data. With the
exception of the hardwood data of Porter and Wiani (1865), virtually all of the data used
in the development of existing stem analysis based site index models have been made
available for this study. Over 2000 additional stem analysis records not used in the
construction of existing site index models have aiso been assimitated for analysis. This
database is also supplemented with the repeated long-term measurements of over
10,000 site trees from forest growth and continucus forest inventary (CFI) plots.

15
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Figure 1.1. Ecological sections in California used in this study (Miles and Goudey,
1994).
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Table 1.2. Commen and scientific names of California species.

COMMON NAME

SCIENTIFIC NAME

Species Code

White fir Abies concolor [Gord. & Glend.] Lindi. WFE

Grand fir Abies grandis [Dougl] Lindl. GF

Red fir Abies magnifica [A] Murr. RF

Incense cedar Libocedrus decurrens Torr. IC

Sitka spruce Picea sitchensis [Bong.] Carr. S8
Knobcone pine |Pinus attenuata Lemm. KP

|Jeffrey pine |Pinus jeffreyii Grev. & Balf. JP

iSugar pine |Pinus lambertiana Dougl. SP !
iBishop pine Pinus muricata D. Don. BP 5
Ponderosa pine Pinus ponderosa Laws. PP
California foothill pine Pinus sabiniana Dougl. DP
Dougias-fir Pseudotsuga menziesii [Mirb.) Franco DF
Redwood Sequoia sempervirens [D. Daen] Endl. RW
Westemn redcedar Thuja plicata Donn RC

Woestern hemlock Tsuga heterophylla [Raf.] Sarg. WH
Mountain hemlock -|Tsuga mertensiana [Bong.} Carr MH g
IBigleaf maple Acer macrophyllum Pursh. BM !
IRed alder Alnus rubsa Bong. RA ;
Pacific madrone Arbutus menziesii Pursh. MD |
Eucalyptus [Eucatyptus spp. EU '
Tanoak Lithocarpus densiflorus [Hook. & Am.] Rehd. | TO

Black cottonwood [Poputus balsamifera ssp.trichocarmpa { BC
California live oak |Quercus agrifolia Nee. L.O :
Canyon live cak |Quercus chrysotepis Liebm. CLO l
|Btue oak {Quercus douglasii [Hook. & Am.) BLO
|Engeimann oak Quercus engeimannii Greene. EC

lOregon white oak Quercus garryana Dougl. OWQO
‘California black cak Quercus kelloggii Newb. BO

linterior live oak Quercus wistizenii A. DC. ILO
[California-laure CL

Umbellularnia caiifornica [Hook. & Arn.] Nutt.

18



2. Site Index Background

In this chapter, a brief overview of the site index concept is given and terms and
concepts that will be used in the remainder of the study are introduced.

2.1 History and Basis

Young (1967) cites Evelyn’s (1670) polemic work indicating quaiitative references
of site productivity date to at least the early Greeks and Romans. Roth (1916) however,
attributes the formal quantitative origins of site evaluation o the Association of Germman
Forest Experiment Stations in the late 1880°s. This was the first time that a fairly large
body of forestry professionals agreed on a common definition of site productivity.
Between 1817 and 1922, several lively exchanges occurred in the United States on
whether site productivity should be based on height/age relationships or mean annual
increment of fully stocked stands (Bates, 1918; Frothingham, 1818; Roth, 1916, 1918;
Watson, 1917). Total height was the winner and was adopled in 1923 by the Society of
American Foresters as the official measure of site index (Chapman, 1923}

2.2 Stand Density and Site index

Site index, as we know if today, is based on the pnmary assumption that the
height development of upper canopy trees in even-aged stands is largeiy unaffected by
stand density. Several authors have shown that height growth suffers in over stocked
stands, primarily at early ages (Barrett, 1978; Oliver, 1972). Oliver and Larson (1896)
also note that reduced growth is expected for trees with weak epinastic control in low-
density sifuations. In managed situations however, this should not be a problem. In
uneven-aged or selectively managed stands, trees are often spatially arranged in even-
aged groups.

Scott et al. (1998) showed that height growth increased with stand density in
young Dougtas-fir plantations in the Pacific Northwest. No firm explanation was given.
Flewelling et al. (2001) have subsequently constructed Douglas-fir site index curves
with adjustments for stand density (trees per acre) and show a general increase in site
index with increases in stand density. Part of this increase is probably definitionai as
they defined site index as the average height of the largest 40 trees/acre by DBH. As
density increases, a fixed number of trees represents a smaller and smatler upper
distributional percentage of the within-stand site index distribution. Thus, ene would
expect site index, if defined in this manner, to increase with density. In any event,
refinements of this nature are beyond the scope of this study and will have to wait until a
large documented database of plantation development is available for analysis.
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2.3 Eiements of Site index Systems

After Wensel and Krumland (1986}, site index systems are characterized by a)
an age basis; b) a sile index base age; ¢} a site index model; d) a stand component and
sampling selection rule; and €) a site index prediction rule. Each of these features is
discussed below.

2.3.1 Age Basis

Two general choices exist for a site index age basis: total age and breast-high
age. Several total age definitions have been used including a) age since germination; b)
age since planting; c) age since planting pius the age of the seedlings; d) age at stump
height. Field determination of total age requires boring at ground level or eise boring at
breast height and making an ‘adjustment’. Breast-high age (height 4.5 feet above
ground level on the uphill side of a tree) is a more straightforward basis in site index
systems as it conforms directly to the common field measuring point. Husch (1956) and
others have found that the use of breast-high age rather than total age in fitting site
index models to data results in more precise estimates as the variability due to early
height growth (possible animai browsing, weed competition, etc.) are reduced. In this
study, breast-high age will be used as the consistent age basis in site index systems.

Note that breast-high versus total age will in general produce higher site index
estimates for comparable index ages. Ths difference is a left shift of each curve in a total
age based system by the number of years required to reach breast height. For some
species such as redwocd and red alder, this difference is minor. Redwood sprouts can
frequently reach breast height in a year. With other species, differences can be
substantial. Dolph (1991) estimates that potential red fir site trees may require about 18
years to reach breast height. This translates info a site index differential between total
and breast-high age base systems of roughly 30 percent.

2.3.2 Index Age

In this study, a 50-year breast-high age is used as the arbitrary standard base
age definition of site index unless otherwise gualified. Site index estimates reguire
forecasts based on stafistical models. As such, they are subject to error. In general, the
shorier the prediction interval, the smailer is the forecast error. Fifty years is roughly in
the middle of current young growth rotation ages in the State and would tend in general
to minimize forecasting errors. Thus, it appears 0 be a reascnable choice. In this study,
the site index models developed are not tied to any particular base age. Base ages can
be altered freely without changing the shape of the site curves or resuiting numerical
predictions.

2.3.3 Site index Model

From a statisticai standpoint, the estimation of stand site index is a doubie or two
phase sampling procedure (Cochran, 1977). In the first (small sample) phase, a site
index model is constructed. in the second phase, field sampies of age and height are
taken and are then used with the model {o estimate site index. Both of these phases are
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subject to sampling error. It is common practice to ignore the sampling error associated
with site model construction in estimating stand site index.

2.3.4 Stand Components and Sample Seiection

In practice, rules for the selection of site trees in stands or plots are often
imprecise and feave a certain degree of tatitude in field procedures. One may ask ‘what
difference does it make?’ Probabiy the most precise use of site index is as an
independent variable in growth and yield foerecasting. Experimentation with the
CRYPTOS and CACTOS growth models (Wensel et al., 1987, 1986) indicates that
altering site index input values by 10 percent results in differences in growth estimates of
2 — 15 percent depending on which stand attribute is being examined (basal area, cubic
volume, board foot volume, stand density, age of development, species composition and
a variety of other factors). As a rough rule of thumb, percentage differences in site index
result in differences in growth predictions of a comparable magnitude. As further
discussed in following chapters, differences in site selection rules from say, a random
sample of dominant and co-dominant trees to a non-randem setection of trees which are
in some sense the ‘best’ site trees can result in differences in stand site index estimates
of over 10 percent. As site index is just an index, it does not make much difference
which stand component basis and tree selection rules are used. What matters in terms
of making site index the most useful and precise forest measure possible is commonly
accepted consistent procedures for selecting site trees. Researchers who deveiop
growth and yield models based on differant site tree definitions cause problems for
practitioners who may wish to use several models in forest planning. Similarly, field
procedures for site tree selection that are vague and allow a lot of subjective judgment
by field personnel can be a significant source of inaccuracy in yield prediction. This topic
1s further expiored in chapter eight with the goal of identifying site tree selection rules
that are in some sense robust and stable.

2.3.5 Site Index Prediction Rules

In California, the common method of field sampling for site index is to bore trees
for breast-high age and measure total heights. This constitutes the sample. The comrect
procedure then Is to estimate site index for each sample tree and average the
predictions to produce an estimate of stand site index. The sometimes-used procedure
of averaging all stand sample heighis and ages and making one site index prediction is
to be avoided. First, all information about sampling variation (how good is the site index
estimate) is lost in this procedure. Secondly, the site index curve (height versus age)
must be a straight line over the age range of the sample for this procedure to be
unbiased. Site curves are not straight lines. The greater the degree of curvature on site
curves and age range of the sampie, the more of a bias will be introduced by this
method.
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2.4 Stand Versus Land Classification Systems

Site index is an expression of the interaction of a particular tree population with
its environment. As such, it is a stand classification system. It can only be considered a
land classification system if the assumption is made that comparable populations will
occupy the site in the future, the physical site evolution is stationary, climatic conditions
remain comparable, and the management treatment history is constant. Management
practices such as the use of genetically improved planting stock and cultural measures
that increase height growth effectively raise site index in successive tree generations.

Stand site index is normally considered to be a stable stand attribute - constant
for the life of a stand within the bounds of sampling variation. Cultural freatments such
as logging however, can alter stand site index if tree removal prescriptions are correlated
with site tree sampie selection rules. in the extreme, fogging may effectively remove
most of the candidate site trees in a stand. As a tand classification system, site index
can no longer be measured. As a stand classification system, site index no longer exists.

Thus, there can be disparities in using site index as both a land and a stand
classification system. No attempt is made to resolve these issues here other than to
note that they exist.

2.5 Anamorphism and Poiymorphism

Anamorphic site index models require only one base curve to describe the
system. Al other possible site index curves can be generated by a proportional or
multiplicative shift of the base curve.

Polymorphism is conventionally used to describe the ability of site curve systems
to express different curve shapes at different site index levels and is generally
considered to be a desirable attribute of a site index model. This form of polymorphism
describes differences in curve shape between site indices and is usually implemented by
having curve shape parameters be dependent on site-spacific factors. This will be
denoted as Type | polymorphism.

Another form of polymorphism is associated with the possibility of having
different curve shapes within the same site index level. In other words, there may be
several stands with the same site index at one base age but differing site indices at other
base ages. This essentially addresses the concems expressed by Powers (1872a) in the
introduction. This will be denoted as Type |l polymorphism. Recognition of this form of
polymerphism can be implemenied in two general ways:

a) Develop different site index systems for each case separately. As an example,
Douglas-fir site index models have been developed for coastal stands in Washington
and Oregon by King (1968), east of the Cascades by Cochran (1879), and in
northem Idaho and Montana by Monserud (1984).
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b) Expand a base mode! system by introducing more explanatory variables. Monserud
(1984) for example used a set of dummy (0, 1) vanables to distinguish height growth
patterns of Douglas-fir growing in different habitat types.

In this study, the approach has been taken to fit separate site index modeis for
different geo-physical conditions when the situation is warranted.

2.6 Site Index Modeling Approaches

Methods employed in the construction of site index models have been extremely
varied historicaily. These range from earfy anamorphic graphical studies based on singie
height-age pairs (e.g., Bruce 19823) to stem analysis or growth based systems with highly
empirical functional forms (e.g. Alder, 1980) and models based on theoretical growth
functions (e.g., Powers and Oliver, 1978; Biging and Wensel, 1885). There are
however, common themes among all studies based on how the data is organized to
construct site index models. At the risk of oversimplification, three historical phases of
site index curve construction methods are recognized and described below. in the
following and later chapters, H and A will denote a general tree height/age
measurement. (Hg, Ao} will denote a specific total height and tree age and will be
subsequently referred to as inftial conditions. Hs will denote a tree total height at the
site iIndex base age As. H; is traditionaliy called site index.

2.6.1 Guide Curve Approaches

The guide curve method dominated site curve construction techniques in the first
haif of the 1800’s. This classical method involved cbtaining a sample of single height-
age pairs, constructing a single curve of height versus age by graphical or regression
methods, and harmonizing this curve as the ‘guide curve’ to produce an anamorphic site
index curve family. The base form of this model is H=f{A). Site index is unknown prior to
sampling and is derived by analysis. in essence, a subjective sample of total height/age
pairs is drawn, the data is stratified by age, mean tree heights are computed for each
age class, and the ‘dots’ are connected to produce the guide curve. Any growth
inference that can be aftributed to this method is based on an assumed equivalence of
the substitution of space for time. The majority of earlier curves produced for California
utilized this method (e.g., Bruce, 1923; Schumacher, 1826, 1928, 1930; Dunning, 1942).
Problems with this method have been previously noted.

2.6.2 Base Age Specific Methods

Base age specific (BAS) methods of site index curve construction evolved with
the general recegnition that stem analysis and other forms of repeated measures on
individual trees could be used to produce a more accurate assessment of dominant
height growth development (Curtis, 1964). Base age specific methods minimally involve
two sample points on a tree for each modeling observation. One is an arbitrary height-
age measurement (H, A). The other is a height taken at the site index base age (Hs, As).
Base age specific models are formuiated in two primary ways:

Height Prediction Models:  H =f;(Hs, A).
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Site Prediction Models: Hg = fL{H, A).

While essentially answering different questions (Curtis et al., 1974), models
produced by these two methods are cormmonly used interchangeably in practice. They
do not give the same results even with the same data sets as a different sum of squares
is minimized in each case. Similarly, altering the base age can alsc generate different
site curve shapes even though the rest of the data remains the same (Heger, 1973).
Height prediction models, which assume site index is known, are frequently used in an
inverse process: find the site index that predicts the measured height at the measured
age. Many height prediction models are not directly solvable for Hy and require either
graphicalftabuiar interpolations or iterative computer soiution techniques. Neither
procedure can be considered statistically efficient. Finally, by using heights (or site
index) on both sides of regression equations, while assuming that they do have errors
when on the lefi hand side of the equation but are error-free when used on the right
hand site of the same equation, the BAS methods violate the regression assumptions
and their statistical validity. All of the stem analysis based site index curves currently
used in Califomia were constructed with base age specific methods.

2.6.3 Base Age Invariant Methods

Base age invariant {BAl) site index models in the sense of Bailey and Clutter
(1974) can be considered generalizations of base age specific methoeds and do not
require height measurements (site index) from a fixed base age in parameter estimation.
Base age invariant models may have the generai functional form of H= f{H,, As A). In
this formulation, H, and Ap can be a field measurement, A can be any arbitrary site index
base age and the prediction of A will give a site index estimate. Aliernatively, H, and A,
can be site index and site index base age respectively, A can be a desired forecast age,
and H will be the predicted height at age A. Thus, base age invariant models provide a
parsimonious union of both general base age specific modei forms.

Base age invariant models can directly predict total height forward or backward in
age given any initial conditions (Hg, Ag). Another feature is that correctly formuiated
base age invariant models can be used fo predict future or past heights by iteratively
solving the equation with small age steps or making one prediction frem an initial to a
terminal age. Results of either method are numerically identical.

Of more importance to this study is the feature that base age invariant models do
not need an explicit tree site index (height at a base age) in order for daia to be useful in
constructing site index curves. Minimatly, two arbitrary height/age pairs, whether from
stem analysis or remeasured growth piot data, can contribute to the observation
database in site index model development. BA! site index models have become popular
in the south and other regions of North America (cf. Cac, 1993) but have never been
used in Califomnia. Extensive experience with this method suggests that it is generally
superior to base age specific methods. Further details are described in the following
chapters. All of the site index models developed in this study are BAI in the sense of
Bailey and Ciutter (1974).
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3. Base Age invariant Site index Modeis

Implementation of site index curve modeling methods involves two distinct but
interrelated steps: a) development of an explicit model mathematical form, which may be
implicit if 2 mode! is adapted from another study; and b) estimating the model's
parameter values by fitting it to data. All site index models deveioped in the course of
this study are base age invariant in the sense of Bailey and Cluiter {1974). Details and
features of the development of modeis of this form are described in the following
chapter.

3.1 Base Age Invariant Models

While base age invariant equation forms have been in use since the 1930's (2.9.,
Schumacher 1839), Bailey and Clufter (1874) formalized the concept of base age
invariance in site index models by proposing a base age invariant parameter estimation,
through covariance analysis, which was founded on replacing a model parameter with
the model initial conditions. They used what has become known as the Algebraic
Difference Approach (ADA) method to denrive an explicit functiona! site index model form
that involves:

a) ldentifying a suitable base equation that describes cne height over age curve
of the implicit form H = fA).

b) Identifying one parameter in a base equation curve that is presumed io be
site specific.

¢) Solving the base equation for the site specific parameter and replace all of
the (H, A) terms with initial condition variables (Ho, Aq).

d) Substitute the site-specific parameter with its sotution in the base equation.
This wili produce a base age invariant equation.

Relative to traditional base age specific equations of the form H = f{H,,A) or
Hs=f(H A), a base age invariant model becomes H = f{Hy, Ao, A). Thus, a three vanable
system has been expanded to four variables. Conceptually, rather than indexing a
specific curve in a site curve family by site index (Hs), {the curve is referenced by any
point on it (Hp, Ap). The invariant or unchanging property of BAl models refer to predicted
heights: any number of points (Hp, Ao} On a specific site curve can be used to make
predictions for a specific age A and the predicted height will be always be the same. If
this property is not true, then the site curves are not base age invariant.

Cieszewski and Bailey (2000) note that BAI site index models can be considered
pari of 2 more general class of models called dynamic site index equations which, in
addifion tc the ADA, can be derived by several other methods. They proposed an
extension to the ADA method called the Generalized Aigebraic Difference Approach
(GADA). The main addition of this approach to the ADA method is allowing more than
one parameter in a base equation to be site specific.
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3.2 GADA Based BAIl Sife index Modeis

Central to Cieszewski and Bailey's (2000) method is the introduction of an

unobservabie site productivity or growth intensity variable {to ensure that it is not
confused with the traditional concept of site index or a height at 2 base age) that is
labeled X. This variable will subsequently be referred to as the unobserved site variable.
X. X can be thought of as a function of all factors that control site and tree height growth
development suitably scaled and parameterized for the modeling situation at hand. The
explicit form of X does not have to be known as it is only used in intermediate steps and
will eventually be repiaced by a function of initial conditicns and other glebal model
parameters.

3.2.1 Development of GADA based BAI site index models

The methodology described by Cieszewski and Bailey (2000) to develop GADA

based site index models can be summarized by the following five steps:

1

2)

4)

S)

Select a suitable base equation that describes one height over age curve. With
the base mode} parameters denoted as d4, ds, ... d,, the implicit form of a base
equation is

H= f(A, dj,dz, dn)
Identify in the base equation all the parameters that potentially change for
different leveis of site productivity. Reformulate the base equation by replacing
these parameters as functions of X and new global parameters. In GADA

formulated models, all parameters are global and will consistently be denoted as
by, b2 ... b, This will produce a model of the form

H= fj()(, A, b1, bz,...bn)

Solve the resulting GADA formuiated model in 2) for X. This gives the general
solution:

X= fg(H, A, bf, bz,...bn)

Form a specific solution for X in terms of initial conditions {Ry) which is done by 2
one-to-one replacement of H and A in 3) with H and A,. This produces

Ro = fg(Ho, Ag, b‘,‘, bz, b,;)

Substitute R, from 4) as X in 2), collect terms, simplify as much as possibie, and
produce the final GADA based BAI site index model with the impilicit form

H= Q(Ho, Ao, A, bj, bz, bn)
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3.2.2 A Basic Example of a GADA Formulated Model

The following example has been paraphrased from Cieszewski and Bailey

(2000). Total age is used here for simplicity rather than breast-high age {breast-high
age will be used in the rest of this study).

1)

5)

Select a base mode!f. a basic form of Schumacher’s (1932) growth function is
deemed appropriate. This model describes one height over age equation.

H=exp(d, +d,/ A)
In this model, exp(d;)is an asymptote and d- is & shape parameter.

Postulate @ GADA formulated model: The parameter d; is assumed to be X and
the shape parameter is assumed to be directly correlated with X. This gives

H=exp(X +5X/4)
Solve for X: Basic aigebraic operations produce
X =in(HY/(1+5h /A4

Formulate Ry Replacing occurrences of H and A in the soiution for X with the
initial conditions {Hg, Ag) gives

Ry =In(Ho) L+, 4;)

Derive the explicit GADA based BAI mode/ form: Substitute Ry for X in 2),
collect terms, simplify as much as possible and get

i A(A+D,)

Note that the final model form in 5) does not hear a lot of resemblance to the

base equation or the GADA model formulated in 2) above. This is representative of the
actuai GADA based models used in this study. For practitioners who wish to deal directly
with manual interpolation, site index tables and graphs of all site index curves developed
in this study are provided in Appendix |. For direct computations, software components
compatible with Windows™ are avaitable and are described in Appendix (1.

Cieszewski and Bailey (2000) aiso note that in the process of going through

steps 2 — 5 above, superfluous and redundant parameters are often eliminated. Final
explicit GADA based mode! forms (step 5) will never have more parameters, and
sometimes will have fewer parameters, than the GADA mode! formulated in step 2.
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Indeed, the reader may notice that even if the original assumptions on the base mode!
parameters in 2} were expanded to say,

H=exp(aX® +bX /4)

the final GADA model in 5) wouid be the same one-parameter mode! as the one
displayed earlier.

3.2.3 Features of GADA Mode! Formuiations

While GADA based model formulations offer several advantages over traditional
methods, there are restrictions on possibie model forms (theories) that can be
implemented with this approach. They must result in a mathematically tractable (closed
form) solution for X'in 3) above. Intermediate operations involve placing all terms
containing X on say, the left side of the equation and all other terms on the right side.
Pragmatic solution technigues for X are generally limited to the following:

a) Any equation that can be derived and reduced to a form where all lefi-side terms
contain only one form invoiving X (e.g., X, #/ X, In(X}, etc.} can be solved by
basic aigebraic operations.

b) Equations that result in multiple forms of X such as X and X%, X and 1/ X, or
suitable equivalents can be solved using the weil known guadratic roct sclution.

¢} Forms containing X, X* and X° or forms that can be transformed into third degree
polynomials can be solved using the root solution for a cubic eqguation.

Due to generally high redundancy in flexibiiity of nonlinear equations, and the
possibility of isolating site dependent curve changes from mean height-age trends, the
above restrictions can be overcome in various ways {Cieszewski 2001). While
appearing restrictive, there is an extensive library of potential base models that are
applicable o the GADA method thus allowing a wide number of GADA models to choose
from to characterize empirical site iree height growth patterns. Also, as X can be
arbitrarily assigned to any base modei parameter(s), practical experience has shown
that any fairly simpie relationship of X with another global model parameter that aiflows a
reasonable degree of freedom in the postulated direction (e.g., bi+b2X, bs+b/2
b/(X+by), ete.} is normally sufficient to produce a model that is highly robust in statistical
estimation. Extensive exploration to determine the best form of the relationship is usually
unwarranted as they all preduce viriually the same site curve shape. This is due to the
definition of X being determined by trends in the data rather than requiring an explicit
statement of its functional form. In contrast, base age specific methods normally require
conventional site index to be explicitly parameterized. Quests for the ‘best’ mode! form
can sometimes lead to over-parameterized models that extrapolate poorly at the bounds
of the respective data set (c.f. Dolph, 1987}.

Another aspeci, which is more of a nuisance than a limitation, derives from
commonly applied practices in developing site index modeis. Modelers developing
traditional site models based on either the height or site prediction model forms may
implement fine tuning’ by directly adding terms or transforming variables in an explicit
mode! form in efforts to better expiain their data. Such modifications may be tested by
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refitting the modei directly. With GADA based models, ‘tinkering’” must be carried out at
the GADA model formulation level (step 2). Steps 3-5 must be repeated to implement
the modifications and produce a new madel form. Failure to do so runs the highly
probable risk of losing the base age invariant properties of the model and ill conditioning
the intemal algebraic structure of the dynamic equation.

29



3.3 Base Age invariant Models Used in This Study

Initially, over 12 base mode! forms were evaluated and anywhere from two to
eight GADA based variants were developed for each. This provided a library of over 40
possible functional forms. Many seemingly different model forms and variants however,
resulted in virtually the same site index curves. Tnus, with a guiding philosophy of the
simpler the better, only six different functional forms were used as a basis for all final site
index models developed in this study.

As general notational conventions for all model development, d,, d;...d, are used
to denote parameters in base models and b, b,, ...b, are used for global parameters in
subsequent GADA based models. All GADA based modeis have the general implicit

formof I =4.5+ f{H,.4,,4.8,.b,,...5,) . All subsequent age terms, unless exphcitly
noted, refer fo breast-high ages.

3.3.1 Chapman - Richards Model Forms

The Chapman-Richards model form was suggested by Richards (1959) and
Chapman (1961) as an extension of the growth model derived by von Bertalanffy (1957).
The base model form can be represented as

H=45+d]l —exp@A)]d‘

where ¢ is an asymptote or limiting value, d; is an age scaler, and d; is a shape
parameter. Four of the recent stem analysis base age specific height prediction models
developed for species in California have used this mode! form (Powers and Oliver, 1978;
Wensel and Krumland, 19886; Biging, 1884, Biging and Wensel, 1885). A red fir model
produced by Dolph {1991) utiized & Weibuil function that is closely related to the
Chapman-Richards modet in form and functionality. Base age specific site prediction
models developed for white fir and incense cedar by Dolph (1983, 1987) alsc used this
mode! form as an integral part of the model system. Thus, this model form has &
demonstrated suitability for species within the State.

CR1T Model
This modet form is anamorphic (Ciutter et a/., 1983) and results from replacing the
asymptote {d;) directly with the unobserved site variable X.

GADA Formulation: H=45 +X[1—tEXP'&’JIA)]b2
Solution for X: X=(H—4.5)/[1—GXPG%A)]b2
Solution for Ry Ry =(H,-4.5)N-exp@, A
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(1-expbs 4] }‘52

CR1 Model Form: H=45+(H, “4'5){m
)

CR2 Model

This model form is a polymorphic version of the Chapman-Richards base
model. Both the asymptote and the shape parameter are assumed to be
dependent on X. As the site variable X is arbitrary, the base equation has been re-
parameterized to make a mathematically tractable solution for X. The asympiote
(d+) is expressed as an exponential function of X and the shape parameter is cast
as a linear inverse function of X. This formulation requires a quadratic solution
for X.

GADA Formulation:

H=45 +exp()§][l—cxp@3,A)](b2 +by )
Solution for X- :

Letting
L=In{H -4.5)

Y =In{l ~exp®4))

Then

y L-hDEy (I; —b,¥Y —4bY

Solution for Ry

Letting
L,=In(H,-4.5)
Y, = In(i —exp(h.4, )

Then, taking roots most likely to be positive and real gives

p o Lo hk)+ (L =bY,) ~4bT,
0 2

i

CR2 Model Form:

N (b2+bB/R0)
H=45+(H, —4.5){[1_6@(3’1‘4)] }

[} ~exp(b,4,)]
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3.3.2 Schumacher Model Forms

Schumacher {1939) presented a growth model applicable to timber site and
yield studies that, in various transformations and modifications, has seen
considerable service in forest biometrics modeling efforts. in this study, the
Schumacher base equation is represented as:

H=45+exp(d, + dzAd3 )

where d; is an asymptote and ¢, and d; are shape parameters,

SH1 Model
This modei form is anamorphic and resuits from repiacing the asymptote
(dy) with the unobserved site variabie X

/ b?,
GADA formutation: H =4.5+exp(X +54 <)

b
Solution for X: X =In(H -4.5)~ (b4 ?)

. b
Solution for Ry: Ro =In(H, _4-5)‘(171/402)

by
SH1 Model Form: H =4.5 +eXP(Ro +bA )

SH2 Model

This medel form is polymorphic (Cieszewski and Bailey 2000) and resulis
from replacing the asymptote (d;) with the unobserved site variable X plus a
constant and replacing the shape parameter d. with a linear function of X.

b
GADA formutation: H =4.5+exp(b, + X +(b, +b,X)4 4)

b
xgz(m0¥—45}4%—%A4)
(145,47

Solution for X

b
[In(H, —4.5) b, — b, 4,* ]

Solution for Ry: 0

b
(1+b,4,%)
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b
SH2 Mode! Form:  H =4.5+exp(b, + B, +(b, +b;K)A ?)

3.3.3 King - Prodan Mode! Forms

King (1966) used a base mode! of the following form to express height of
Douglas-fir in the Pacific Northwest as a function of breast-high age. This form
was suggested by Prodan (1951).

A2

H=45+———
a+bd+cA

The parameters a, b and ¢ were subsequentiy expressed as functions of
transformed 50-year breast-high age site index and fit to Douglas-fir data.

With a slight reparameterization to increase flexibility, a derivative of the
King-Prodan base model used in this study is formulated as:

oy
H=45+ 4 v
dy,+d, A"

Logical choices here would be to express cne or both of d2 and d3 as functions of
X for a GADA formulated model. Empirical trials indicated most variants
performed similarly sc only one form was used as the basis for an explicit model.

KP1 Model
This model form is polymorphic and results from replacing d; with the
uncbserved site variable X and o, with a linear function of X

4D
GADA formulation: 1 =45+ 5
by, +b, X + X4
AN
H-45
Solution for X: X= I b
(b;+A47)
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b
_Ao___bz
H,-4.5

(b + 4,7

Solution for Ry: 0=

44
b, + bR, + R AN

KP1 Model Form: H=45+

3.3.4 Log-logistic Model Forms

l.og-logistic models, which are equivalent to Hossfeld models (Cieszewski
2003), have been used in a wide variety of population dynamic studies. Monserud
(1984) applied the log-logistic model form to a site index study of inland Dougtas-
fir in Idaho and western Montana. Cieszewski (2000, 2001, 2002, 2003) examined
several GADA formulations utilizing the log-logistic model as a base equation. A
base equation for the logistic model can be represented as:

d
1 +exp(d, + d, In(4))

H=45+

where d; represents an asymptote and d; and d; are shape parameters. While
several forms were investigated, one form, due to Cieszewski (2002}, was found to
perform particularty well in several situations.

LG1 Model

This model form is polymoerphic and results from replacing d; with a
constant plus the unobserved site variable X. exp{d,) is replaced by by X. This
formulation requires a quadratic solution for X.

b +X
1+, /Xexp(b, In(4))

GADA formuiation: H =45+

Solution for X:

Letting
L=(H-4.5)

¥ = exp(b, In( 4))
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Then

(LB EJ(L =) +4b,YL
- 2

X

Soluticn for Re:

Letting
Ly=(H,—-4.5)

Y, = exp(h, in(4,))

Then, taking roots most likely to be positive and real gives

_ =)+ (L, ~BY +4bTL,

R, 2
| _ b + K,
LG1 Model Form; ~ H 4-5+1+(b2/}%)exp(b3 In(4))
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4. Data

This chapter describes the sources of data used for this study, primary tree
measuremenis, data screening and auditing procedures, classification schema and
variables, and an assessment of the accuracy of the data.

4.1 Sources

Data availabie for this study consist of historical stem analysis trees, repeated
measurements of site tree total height on growth plots where the trees had at leastone
breast-high age boring, and single tofal height-age measurements on individual trees. In
all, 17 separate data sources were utifized in one form or another. These data sources
are summarized briefly as follows (source designators appear in parentheses):

4.1.1 Jackson Demonstration Forest CFi piots {JSF)

Jackson Demonstration State Forest in Mendocino County maintains 142 CFl
plots located in redwood — Douglas-fir stands. Plots were measured eight imes between
1959 and 1999. These data have previously been used for redwood site curves, and for
the development of the CRYPTOS growth and vield mode! (Wensel & Krumland 1986,
Wensel et al. 1987.

4.1.2 Railroad Gulch Growth Piots. (RRG)

The Railroad Gulch study contains 244 plots established on Jackson State
Demonstration Siate Forest as part of a research project investigating growth and
development of young growth redwood - Douglas-fir stands in response to different
silvicuitural practices and stocking levels. The plots have been measured three times on
ten-year intervals between 1980 and 2000.

4.1.3 Mendocino Redwood Company Growth Piots (MRC)

These data cansist of 148 growth plots located in redwood ~ Douglas-fir stands
in western Mendocino County on property currently owned by Mendocino Redweod
Company. Primary measurements used consisted of partial stem anaiysis (five and ten
year recent height growth) on selecied site trees that were felled on piot establishment.

4.1.4 Simpson Timber Company CFi plots (SMP)

These data consist of 134 clusters of 3 plots each on property owned by
Simpson Timber Company. The plots were established i the mid 1860’s and 1870’s and
have been measured continuously on a four-year cycle to the present. These plots were
located primarily in the redwood/Dougias-fir forest iype in Humboldt and Del Norte
Counties.

4.1.5 White Fir (GspWF} and Ponderosa Pine {GspPP) Growing Space
Project

As part of the cooperative Growing Space project, Drs. Edward C. Stone and
Janet Cavallero have provided several hundred stem analysis measurements of
dominant and co-dominant white fir and ponderosa pine trees. Approximately 350 white
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fir trees were available from true fir sampling sites on LaTour Demonstration State
Forest, Lassen National Ferest, and as far south as LaPorte. Approximately 330
ponderosa pine trees were sampled at nine major locations on the west stope of the
Sierra Nevada Mountains and in the Southern Cascades.

4.1.6 Powers and Oliver Ponderosa Pine Site index Study {(POPP)

About 60 percent of the ponderosa pine stem analysis data utilized by Powers
and Qliver (1978) in their ponderesa pine site index study were used in the current
sfudy.

4.1.7 Simonson Logging Growth Plots (SMN)

Approximately 20 growth plots located in redwood — Douglas-fir stands in Del
Norte County on land formerly owned by Simonson Logging Co were used in this study.
These plots were measured two o three times in the late 1960’s and 1870’s.

4.1.8 Hammond Lumber Company Growth Plots (HAM)

Approximately 20 growth plots located in redwood — Douglas-fir stands in
Humboeldt County on land formerly owned by Hammond Lumber Co were used in this
study. These plots were measured five or six times from the earty 1950°s to the mid
1970’s.

4.1.9 Blodgett Forest Research Station CFl plots (BFRS)

Approximately 600 growth plots located at the Blodgett Forest Research Station
were made available for this study. These plots are primarily in the mixed cenifer forest
type. Plots have been measured four or five times in the last 25 years.

4.1.10 Northern California Forest Yield Cooperative Growth Piots (NCPlot)

Approximately 700 growth plots from the Northern California Forest Yield
Cooperative were available for this study. These plots were located primarily in mixed
conifer forest types in mountains surrounding the northem Sacramento valley. Plots
were measured three to seven times from about 1980 to 2000. Furiher details are
described by Wensel| et.ai (1986).

4.1.11 Northern California Forest Yieid Coop Stem Analysis Plots (NCStem)

Stem anatysis data from 39 ciusters of three plots each were available from the
Northem California Forest Yield Cooperative database. These plots were located
primarily in coniferous forest types in mountains surrounding the northermn Sacramento
valiey. Further details are described by Biging and Wensel (1985).

4.1.12 USFS PSW Mixed Conifer Stem Analysis Plots (LDMC}

This dataset consists of 135 clusters of twe o five plots each located in mixed
conifer stands on National Forest lands situated on the west siope of the Sierra Nevada
Mountains. Sample locations ranged from Portervilie in the south to Mount Lassen.
Portions of this data were used to construct site prediction models for incense cedar and
white fir (Dolph, 1983, 1987).
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4.1.13 Union Growth Plots (Union}

Union Lumber Company established about 20 growth plots in the Fort Bragg
area in the early 1950’s in the coastal redwood - Dougias-fir forest type. These plots
were remeasured three to four times between then and 1975.

4.1.14 Garden of Eden Ponderosa Pine Plots {Eden}

Dr. Robert Powers has provided 72 young even-aged ponderosa pine plots in
three locations that have been subjected to various combinations of control, herbicide,
fertilization and pre-commercial thinning treatments. Further details are described by
Powers and Reynolds (1999).

4.1.15 USFS PSW Red Fir Stem Anaiysis Piots (LDRF}

As part of a Forest Service study of the growth and soil fertility of red fir forests,
56 clusters of two to five plots each were located in high elevation stands with
substantial red fir components. Locations ranged throughout the Sierra Nevada
Mountains and into the Southerm Cascades and Klamath Mountains as far north as
southem Cregon. Portions of this data were used by Dolph (1991) to construct red fir
site curves.

4.1.16 Miscellaneous Redwood Cooperative Stem Analysis {RCStem)

Approximately 150 redwood and Douglas-fir tree stem analysis records from the
Redwood Yield Research Cooperative archives were available for this study. Sampling
locations were in redwood — Douglas-fir forest types in Del Norte, Humboldt, and
Mendocino counties. Portions of this data were used for previous redwood site index
modeis (Wensel and Krumland, 15886).

4.1.17 Forest inventory and Analysis California inventory Plots (FIA)

The Pacific Northwest Forest inventory and Analysis group of the U.S. Forest
Service mairtains a grid of permanent sampling loecations on non-Forest Service
timberiands and woodlands in California. Timberland locations have five sample plots
and woodiand locations have three plots. Approximately 1200 timberland iocations and
400 wooedland locations from the 1980, 1990 and portions of the 2000 sampling cycles
were used in this study. These dafa were used primarily in developing intra-stand
species site index correlations and hardwood and minor conifer site index models.

A gross synopsis of measurements from alt sources that were eventually used in
some form of analysis is provided in table 4.1.

Table 4.1. Summary of numbers of stands, trees and height — age measurements by
species.

Number 6f Measurements

Species . Stands’ Trees .
; Stem Analysis | Growth Plots
Conifers |
Doualasfir | 918 4269 | 1984 5915
:Grand fir . i . o4 i s 134
Incense cedar | 201 L N7 1584 . 968
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Jefirey pine .

44 494
Lodaepole pine 14,,_ [ 95 46 99
Ponderosa pine 852 3505 7103 4280
Red fir 10 517 3272 301
Redwood 458 | 3076 N 4932
Suaar pine 365 1 952 1070 1444

White fir 920 |, 3940 11201 4655
 ro Hardwoods B

Blue oak .58 7 i 722
Califomia black oak B0 895 ' g99
California live oak 38 443 443
‘California-laurel 18 | 238 239

‘Canvon live oak 60 7 ] 734

Interior live oak 42 543 | %43
iOreaon white oak 28 338 338

iPacific madrone 51 6% 686
IRed alder 18 129 148

Tanoak 140 1 4724 1864
[TOTALS | 37877 | 25236 | 26304 | 29681

‘Stands refer to sampling areas, plot clusters, or isolated growth plots.
“Stand totals reflect the number of distinct sampling locations irrespective of species.

4.2 Piot Measurementis

Common plot measurements used as potential classification variables that

were either measured directly or could be reasonably estimated with the aid of

GIS software included the following:

1) County.

2) Data Source.

3) Stand identifier. In this study, plot clusters and specific sampling areas

were considered to be in the same stand. Otherwise, plots and stands

are synonymous.

4) Slopel/Aspect class. Three classes were used:
a.
b.

C.

5) Ecological Section. Data were available from seven major Ecologicaf

Flat Slope <= 15 percent
NE Slope > 15 percent and azimuths of 335-360 and 0 — 80.
Sw Siope > 15 percent and azimuths of 80 - 335.

Sections:

R

Northern California Coast

Northern California Coast Ranges

Klamath Mountains
Southern Cascades
Sierra Nevada

Modoc Plateau

Sierra Nevada Foothills.
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6)
7)

8)

Subsections were also recorded.
Elevation Class. Classes of 500 and 1000 feet were used.
UTM 10 coordinates.

Ten-inch annual rainfall classes.

4.3 Tree Measurements

Tree measurements used in medeling and analysis consisted of the following

variabies:

1)
2)
3)
4)
S)

6)

7)
8)
9)

Plot and stand identifier.

Tree identifier.

Total height.

Date of measurement.

Breast-high age. For stem analysis trees, breast-high ages were
reconstructed from section ring counts. For growth plot trees with muitiple
borings, ages were determined by averaging ages over all borings adjusted
for the numbers of years between borings. Otherwise, single boring ages
were extended to all other height measurements by adding or subtracting
calendar year differences.

Crown class. Crown classes used in this study consisted of dominant and co-
dominant classes, upper canopy trees (either a dominant or co-
dominant},and unspecified site trees.

Defect and damage indicators if any.

Species.

Crown ratio class. Where possibie, crown ratio classes were computed
based on five percent increments of the percentage of live crown to total tree
height. The 20 percent class represents crown ratios of 17.5 percent to 22.5
percent, the 25 percent ciass represents crown ratios of 22.5 percent to 27.5
percent and so on.

10) Measurement type: stem analysis or growth record.
11) Tree site index estimate. On trees that had two sets of height and age

measurements bounding 50 years, site index was estimated by linear
interpotation.

4.3.1 Bata Screening and Editing

All tree measurement and classification variables were uploaded into a single
database and converted to common coding conventions, Most of the data sets have
gone through exiensive editing In the past. The data however was rechecked to insure a
consistent basis for analysis. The initial data screening insured the foilowing:

a)

b)

Trees must be classified as dominants, co-dominants, upper canopy trees, or
unspecified site trees at all measurements.

No evidence of top damage, forked stems, excessive defoliation, or crown
damage was present.
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c) Trees with evidence of either rapid release or rapid slowdowns in radial
increment as evidenced by ring analysis or successive DBH measurements
were excluded.

Stem analysis trees were all verified to insure increasing heights with age.
Growth segments that did not conform to this requirement (virtually all were apparent
encoding errors) were deleted. Similarly, height/age trajectories of trees were graphicatly
examined by stands, clusters and sampiing locations to ensure all stem analysis trees
were reascnable representations of the overall stand top height development. Trees that
were obviously not representative were removed.

Height/age trajectories of growth plot site trees were screened in a manner
similar to stem analysis trees. An added complication is that ‘negative’ height growth is a
fact of life with repeated fotal height measurements on growth plots. Healthy trees with
negative height growth gbviously represent measurement error and the initia! thought
would be to delete them. One would also expect however, comparable numbers to be
excessively positive due to the same types of measurement errors. These types of
measurement errors are not s¢ obvious.

A variation of the ‘timmed meanr’ was used to preserve the underlying data set
means yet also remove obvious measurement errors. For each data source, trees were
grouped into height/age classes by species. Class cell dimensions were dependent on
the size of the data set. Annuai height growth was then determined for each tree based
on consecutive growth measurements. For each height and age class, growth series for
all trees were plotted. Negative growth measurements were marked for deletion. This
results in the deletion of two height/age pairs. Comparable numbers of the fastest growth
measurements in each height/age class were also marked for deletion. As expected, the
overall mean growth for each cell before and after trimming were virtually the same.
This procedure removed about nine percent of ail available height/age measuremenis on
growth plots.

4.4 Accuracy of the Data

The data used in this study to evaluate or develop site index modets is largely
from stem analysis or repeated measurements of site trees. Stem analysis can be
considered the most accurate method of measuring the two principal variables used in
this study: breast-high age and iotal height. Ages determined by increment boring and
total heights measured with hand-held clinometers, as is the common method of
measuring standing site trees, introduces inaccuracies. Common problems with
increment borings are a) missing the tree center; b} failure to reach the tree center; c)
broken or compressed increment cores; d) miscounting ring numbers in the field; and &)
false or missing growth rings. Sources of inaccuracies in total height measurements
taken with clinometers include a) not accounting for leaning trees; b) failure to precisely
locate the tree top or base; ¢) measuring the wrong tree; d) inaccuraiely measuring the
ground distance; &) the native resolution of the instrument; and e) operator error in
converting instrument readings to total height. Both variables are subject to encoding
erTors.

Approximately half of the measurements avaiiable in this study are derived from
a combination of increment borings and repeated total tree heights taken with
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clinometers or similar devices. Inaccurate measurement of independent variabies can
bias regression coefficient estimates. Accuracy, cr the lack thereof, is generally
represented statistically as

Accuracy = Bias® + Precision

where precision can be taken as the measurement error variance. An ideal, replicable
measurament is one where both bias and variance are zero. Both components of
accuracy can contribute to bias in estimating regression coefficients if they are non-zero
(Maddala, 1877).

The main concern is whether total height/age borings, which are the common
practice for field site index determination, are compatible with stem analysis
measurements. The following analyses were performed to check the hypothesis.

4.4.1 Total Height

The NCStem data provided 1037 stem analysis trees of all crown classes
measured on 109 sample plots in 39 clusters. All trees on sample plots were initially
measured for total height while standing. Stem analysis trees were subsequently felled
and totaif heights were also determined by taping the bole length. This data set was
collected by a variety of personnet from eight different private forestry firms. It can be
considered a random set of measurements performed by a random selection of field
personnel. This data was analyzed initially t¢ determine if possible biases exist in
measuring tree heights with & clinometer. A model of the following form was used:

H{. = w.f
Where

H_. = Toftal tree height taken with a clinometer and chaining ground distance.

[

H, = Tofal tree height taken by taping the tree bole after feiling
£ = Regression coefficient {o be estimated

Results indicated that the estimate of 5 (.9998) was not significantly different
from 1.0 {p>.85). This would indicate that no bias exists in this data set due 10
measuring total heights with a clinometer. Residuals however, were heteroscedastic
with the range increasing with total height. Further analysis indicated that a constant
coefficient of variation of roughly 5 percent of total tree height could reasonably
characterize the error variance of measuring tree heights with a clinometer. Comparable
data from 757 trees were also available from the LDMC data set. Analysis resuited in an
estimate of £ of .988, which was significantly different from 1.000 (p<.001), and a

coefficient of variation of about 5.5 percent of total height. Combined, these data sets
produced an estimate of S of .994, which is not considered to be practically different
from 1.000.
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4.4.2 Breast-High Age

Possible bias and precision of breast-high age measurements taken by
increment coring were evaluated with the LDMC (726 trees) and LDRF (388 trees) data
sets. Trees were bored for age while standing and subsequently felled during the same
growing season. Felled trees were sectioned at breast height and rings were counted
providing a stem analysis determination of breast-high age. To check for possible bias
and precision in measuring breast-high ages by boring, a model of the following form
was used:

A, = a4,
Where
A,= Breast-high age defermined by increment boring.
4, Breast-high age determined by stem analysis.
o = Regression coefficient 1o be estimated.

Values of ¢ were estimated to be .955 for the LDMC data set and .966 for the
LDRF data set. Both values were significantly different from 1.G00 (p < .001). This
indicates a general underestimate of breast-high age of about four percent when borings
are used. ltis also noted that the LDRF data set had several trees for which the stem
analysis data (ring counts and taped heights) were substituted for standing tree height
and bored age measurements. Thus, the estimate of « is probably inflated. Squared
residuals were linearly correlated with age up to about age 30. After this age, residual
variance was homogenous with a standard deviation of about 4.4 years. Three growth
plot data sets with multiple age borings on individual trees were also analyzed. Each
boring could be used to estimate ages at ali other measurements by adding or
subtracting the years between measurements. Age variances were subseqguently
calculated for each tree. While an assessment of bias is not possible with this method,
standard deviations based on pooled variances were found fo be 2.9, 5.3, and 6.1 years
for the three data sefs. Combining all four sources resulted in & standard deviation of
about 4.5 years.

4.4.3 Accuracy Summary

The previous analysis indicates that there are significant inaccuracies in both
total height measurements taken with ciinometers and ages determined by increment
borings when compared with comparable stem analysis measurements. This is not to
say that stem analysis measurementis are necessarily eror free. Also, it is unknown if
the possible age bias due to increment borings noted above is restricted to the data sets
analyzed or is more suggestive of problems with increment borings in general.

Statistical theory suggests that any independent variable that appears on the
right-hand side of a regression equation (i.e., a site index model) that is not error free
resulfs in biased regression coefficients. Thus, we have both ages and heights (tree site
index is just another height) that are prone to error. Practically, this potential problem is
one of degree; it has not stopped literally hundreds of site index models from being
devetoped in the past and put to some form of useful service. Further evaluation of these
problems Is contained in chapter five and in Appendix 1.
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5. Site index Model Construction and Evaluation
Methods

The methods that have been followed or developed in the course of this study
have the goal of finding site index models that best describe the long-term height growth
development of young-growth trees. ‘Best’ is meant to imply unbiased and of minimum
variance. This was accomplished by fitting new eguations and/or evaluating existing
modets. This chapter describes basic study parameters, site index construction and
evaluation methods and the general procedures used in seiecting the best site index
models.

5.1 Age and Site index Basis

Age Basis. Age in this study refers {0 breast-high age unless otherwise qualified.
Breast-high ages are the common denominator for all available site tree data.

Base Age. A nominal 50-year base age is used to qualify references to site
index. Base age invariant site index curves developed in this study do not require a
specific base age. However, most previous stem anaiysis based models use a S0-year
base age and references to the term site index need an explicit base age.

Age Range. The applicable age range of young-growth site index models
examined In this study is nominally 10 to 100 years breast-high age. In order to insure
good fits at the age boundanes, sampte data from 5 to 120 years of age were used
where possible. it is explicitly noted when age ranges depart from these standards.

Site Index. Site index will be used to reference total height in feet at a breast-
high base age of fifty years. The term will be applied to site index equations, stand site
index estimates, and individual tree heights at the base age.

Site Class. Site class will denote a range in 50-year breast-high age site index of
20 feet.

8.2 Species Examined

Individual species for which reasonable site index curves could be constructed or
verified are:
1) Coastal redwood
2) North coastal Douglas-fir
3} Interior Dougtas-fir
4) Grand fir
5) Ponderosa pine
6) Jeffrey pine
7) Lodgepole pine
8) Sugar pine
9) White fir
10) Red fir
1) incense-cedar



12} California laurel

13) Tanoak

14) Red alder

15) Madrone

16} Black oak

17) Other caks (California live oak, Oregon white oak, biue cak, interior live oak,
canyon live oak)

Mixed conifer composite site curves were developed and evaluated for 2 few
main geographical areas. Data were also available for several other incidental species
but not in quantities sufficient o derive reasonable models.

5.3 A Pragmatic Alternative to ‘Significant Difference’

Statistical detection of differences in site index curve models due to different
species and geophysical conditions or assessing the accuracy of existing medeis may
be accomplished with likelihcod ratio (F-tests), student’s - t, or chi square tests applied
to suitable {est statistics. The power of these tests is highly contingent on the sample
size: the more observations, the smaller the differences that can be detected. In the
course of this analysis, with sample sets frequently numbering thousands of
observations, many comparisons (elevation class, slope/aspect class, ecological
sections, species differences, etc.) often indicated statistically significant differences (p <
.05) with conventicnal approaches. Absolute differences however, in terms of predicting
heights or site index, were often minor. Visual comparisons of statistically different site
index curves often did not reveal any discemible differences. Thus, it does not seem te
be pragmatically useful to discniminate when empirical differences are slight even though
they are statistically significant.

In order to provide a practicai basis for distinguishing between possible site index
models that are otherwise statistically different at conventional levels of significance (p <
.05), three terms are introduced to denote the differences in predicted site index at age
50 when comparing models. In terms of predicting site index, modeis are most different
in the 5-20 year age range and at 100-plus years which is the nominal upper age bound
considered in this study. Differences will be less in between these age bounds and at 50
years, will not exist at all. 20 and 100 years were chosen as standard comparative ages.
Differences at any age will also depend on the site index level. As standard site index
reference points, data means and upper and lower 10" percentile means of empirical
site index distributions were chosen as reference site index levels.

1} Negligibly different. Differences are five feet or less. Differences in this range
can result from slight alterations in sample selection and sub-sampling the same
tree data set as well as different non-linear regression starting parameter
estimates, convergence criferta, and solution algorithms. Mtodels showing this
degree of difference were assumed to be practically identical.

2} Marginally different. Differences are five to 10 feet. Site index models differing
in predictions in this range that could be consistently verified were iisted as sub-
vanants along with regional models. Choice of which site index model to use will
depend on precision requirements of site index estimates.
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3) Substantially different. Differences are over 10 feet. Differences in this range
can produce site index estimates that differ by over one half of a site class (20
feet of site index). Differences of this magnitude are considered practically
significant and suggest that separate site index models are warranfed or
abandoning one model in favor of another that is more accurate.

5.4 Site Index Construction Methods

Two main interrelated issues in estimating global parameters of base age
invariant site index models involve a) how to order the available height/age pairs as
dependent and independent variables and b) how fo eliminate or minimize the potential
bias in mode! parameter estimates due to imprecise or biased measurements. Detailed
considerations of these items and the rationale for the methods adopted in this study are
provided in Appendix li. For continuity and reference, these methods are summarized
below. Other issues involve ¢) sample selection and choice of a suitable system of
observations weights and d) minimizing the effects of periodic growth influences.

5.4.1 Observation Terms

Three terms are used below and in subsequent chapters to refer to how sample
observations are ordered in model fitting or compared in post analysis. An implicit site
index model expressed as a function of explanatory variables and global parameters is
represented as:

H =45+ f(H,y. Ay Ab b,y b))

where (H;, 4) are initial conditions or site index at a base age of Ag and A denotes a
forecast age.

Forward Difference. When A, < A, younger tree ages are used o predict heights at
older ages.

Backward Difference. When A, > A, older tree ages are used to predict heights at
younger ages.

All Combinations. Every possible combination of height and age is used to predict all
others.

Traditional height prediction site index moedels { 7= f{ A, A)) can be thought of as
having backward differences for forecast ages (A) less than the base age and forward
differences for ages greater than the base age. The converse is true with site prediction
models (A; = f{H A)).

As shown below, these distinctions are necessary to provide a consistent
interpretation of residuals in post-fitting anatysis.

5.4.2 Statistical Estimation Methods

As opposed to some studies that ‘average’ heights and ages of all trees on
growth or sample plots at specified age intervals and subsequently fit models 1o the
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composite data set, the methods employed in this siudy use individual trees as the
primary source of observations. Two metheds that are used in a nen-linear regression
framework were found to be the best. The firstis used with repeated measurements on
conifers and the last one is used exclusively with hardweods and sparsely sampled
minor cenifers due to the nature of the data. The two methods are:

1) lterative Evaluation method (IE}. This method was adapted from an original
solution technique subsequently refined by Strub and Cieszewski (2002). The
intent is to remove biases in parameter estimates induced by using any form of
observed heights as independent variables in regression modeling. This is
accomplished by simultanecusly estimating the globa! site index mode!
parameters and all tree heights or site indices (the H, terms) that appear as
explanatory variables. The procedure is iterative involving two steps per iteration.
As a preliminary step, each free has the same initial conditions assigned for all of
its observations. The age can be arbitrary but, after the suggestion of Strub and
Cieszewski (2002), is taken to be the average age of all ages in the trees
measurement sequence {a minimum of fwo observations are required). The
height is initially estimated to be the average height of all measurements. The
procedure then proceeds as follows:

a. The estimated initial heights of all frees are treated as constants and the
global parameters in the site index modetl are estimated by non-linear
ieast squares for one solution iteration.

b. Treating the global parameter estimates from a) as constants, the initial
heights of each tree are then re-estimated. This can be accomplished by
running separate regressions for each tree or by separate iterative
function optimizations as was used here.

Steps a. and b. are repeated untii the residual sums of squares from successive
iterations stabilizes.

2) Hardwood and Minor Conifers Method (HMC). Hardwood and incidental
conifer data comes primarily from the FIA 1980-1990 data set. All trees had a
breast-high age, either from increment boring or assigned on the basis of similar
size neighboring trees that had been bored. Repeated growth measurements on
individual trees are unavailable because only one height measurement was
taken on an individual tree during either the 1880 or 1990 measurement cycle. A
smalter amount of comparable data came from scattered growth plots and
isolated stem analysis data. This form of data lends itself to the classical guide
curve approach, but this was not considered a viable option due to the distinct
possibility of age being comrelated with site index. As an altemative that has been
found to perform reasonably well in practice, all dominant and co-dominant tree
measurements in a stand were treated as though they constituted one tree’s
heignt/age observation sequance and the IE method was subsequently appiied.
At least six trees per stand with an age range of at least 20 years was a minimum
requirement for stands to be considered as observation candidates. The
proportions of dominant and co-dominant trees were balanced so there were
approximately equal numbers at each measurement.
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5.4.3 Age Difference Evaluation

As found in chapter four, available evidence suggests thai breast-high ages
taken with increment borings may be biased or at least ‘'different’ from stem analysis
based ages resulting from ring counts on stem cross sections. Stem analysis ages are
not necessarily error-free, either. It seems highly uniikely that several decades of rings
on thousands of cross sections measured by a variety of field personnel could be
consistently recorded without error. Trees will seldom reach breast height exactly at the
end of a growing season nor for that mafter, will section cuts occur exactly at the end of
a year's height growth. Age correction factors can be applied when stem analysis
measurements consist of visible ring counts. Several of the stem analysis data sets
have field instructions that recognize this probiem and specify rounding ring counts to
the closest whole year based on ring patiems at the pith. Also, several stem analysis
sources specified that section cuts in the upper crowns of trees should be at growth
whorls, thus eliminating the problem. In this study no attempt was made to adjust any of
the stem analysis ages fo account for these possible discrepancies.

In analysis however, it is a straightforward procedure to distinguish between age
measurements taken by different methods. When both growth and stem analysis records
were used for a specific site index analysis, the foliowing construct Q is used in model!
estimation:

Q=(1+d*c)

Where d is a dummy variable with a vaiue of zero for stem anaiysis based
measurements and one for repeated growth measurements, and ¢ is an additionat global
model parameter. Q was only used with the |IE method. All occurrences of the forecast
age in modeis are muitiplied by Q and c¢ is estimated along with other global model
parameters. ¢ is a nuisance parameter and is eventually discarded. If the finding made
in chapter four about the difference in ages between stem analysis and age borings is
widespread, we would expect the estimate of ¢ to be of the general magnitude of about
.05 for models empioying different measurement types.

5.4.4 Calendar Periods

Yeh and Wensel (2000) analyzed tree basal area growth in the northern interior
of California for the years 1866-1980 in relation to climatic patterns. They found
significant differences in growth due to calendar periods, which they aftributed to winter
precipifation and summer temperature patterns. Simitar analysis here of height growth
over the last 100 years (1900-2000) indicated there were ‘runs’ in better and worse than
average height growth years that sometimes extended for decades. This was mainly
evident in interior mixed conifer forest types. Coastal species and high elevation true fir
species did not seem to exhibit the problem to any noticeable degree.

It was decided that site index curves should nominally incomporate the average
periodic influence on height growth patterns as evidenced in the 20% century (1900 -
2000). This time period is where most of the data from this study was taken. While
interesting, it is irrelevant to this study what actually caused ‘good’ and ‘bad’ growth
periods during the time frame; all that is needed is to know whether they happened and
are evident in the data.
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A problem exists in that cbservation ages in the siie tree database are correlated
with calendar years. Observations on older frees tend to come from the last few decades
of the 20" century and it was suspected that weighting data sets too heavily in certain
calendar ranges would unduly influence the shape of resulting site curves. Attempfing to
sort out possible calendar period differences is further complicated by the fact that site
curves are essentialiy fitted as integral growth forms and periodic influences become
cumulative rather than point source effects that can be associated with individual tree
observations. A reasonable procedure was found however, in which periodic influences
in cumulative growth forms were estimated along with alt other model parameters. This
procedure was routinely applied in all estimation procedures. Further details of this
estimation approach are provided in Appendix Il.

5.4.5 Sampie Selection and Regression Weights

Site index modeiing adopted here uses individual trees rather than stands
(composites of individual trees) as the source of data observations. The main objective
in selecting tree measurements for use as subsequent regression observaticns is to
provide a sample that is fairly well balanced across age and site classes as well as
ecological sections, topographic position classes, and elevation classes. The data
however is not so well balanced. Stands (sampling locations, plot clusters, or individual
growth plots) exist that, for 2 given species, produce anywhere from one to more than 50
sampie trees. Similarly, the number of height/age measurements per tree ranges from
minimally two on some growth plot trees to over 55 on some stem analysis trees. In
order to equalize the relative weights of stands and trees, the following system of sample
selection and regression weights was adopted:

1) No more than 10 trees of a specific species were selected from any stand.

2) If 'm’ height/age observations were selected from a particular stem analysis
tree, each was given a weight of 1/m.

3) Growth measurements were generally two to four times as variable as stem
analysis measurements. Observations derived from growth measurements

therefore were given a weight of 1/(3m), where ‘'m’ is the number of growth
measurements obtained.

Heteroscedasticity, or trends in residual variance with predicted values or other
functions of explanatory variables such as (A - A), did not seem to be much in evidence
so further weighting additions were not implemented.

Two of the available data sets (RRG and BFRS) provide a large number of
potential observations concentrated in relatively smail geographical areas. Trees were
systematically selected from these data sets to ensure a fairly uniform height/age
coverage with the restriction that the number of trees selected was 10 percent or less of
the total number of trees for the particular analysis at hand.

8.8 Procedures Used in Selecting Site index Modeis

The process of selecting final site index models involves numerous post-fitting
analyses to ensure that chosen models are the best that can be extracted from the data.
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The process is iterative rather than procedural and concentrates on accumuiating
evidence from as many data views and sub-analyses as possible:

5.5.1 initial Selection of Modet Forms

As noted in chapter three, over 12 base models and up to 50 variants comprised
a modet form database thought to represent a reasonable universe of possible site index
modei forms that could be applicable to species and locations in Califomia. All model
forms were not tried for every possible data set created in this project. Rather, model
forms that past research has shown to be appropriate for given or like species were
used as primary candidates. Also, with a large amount of data, it was possible to create
empirical site curves by manually integrating growth measurements across height/age
class cells. While being somewhat coarse, empirical site curves were guite useful in
directing focus to specific classes of model forms.

5.5.2 Analysis of Residuals

Post analysis of residuals was initially underiaken to ensure fitted models
described the data well. This analysis was to verify that there were no general trends in
residuals with site index, age, and most importantly, site and age interactions.
Subsequent analysis then focused on identifying trends or correlations in residuals that
would indicate steeper, shallower, or somehow different site curve shaped systems
could be attributed to physiographic factars or species differences.

Raw residuats from fitted models however, present a problem in post analysis. In
general, if trees are growing faster than site curve predictions, they fend tc have
negative residuals with backward differences and positive residuals with forward
differences. The converse is true for slower growing trees. While all sorts of multiple
crossing and tangential patterns may be evident, this is the general pattern that has
been observed. in order to provide interpretability, two main forms of residuals were
analyzed:

1) Raw residuals from the fitted model. Sums of squares {or mean squares) of raw
residuals are useful in discriminating between madel forms fit with the same
estimation method and data sets.

2) Annualized residuals. A transformed residual defined as
AAR = (actual - predicted (A — Ay)

essentially generates positive values for tree growth series that are steeper than
fitted site curves and negative values for shallower series. Annualizing the series
also tends to reduce discrepancies due to comparing residuals derived from
different projection lengths.

5.5.3 Post Analysis

Annualized residuals were analyzed by standard analysis of variance methods
(ANOVA) using both main effects models and factorial designs so interactions could be
evaluated. Factors analyzed included:

1) Source of data (data set).
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2) Type of data {siem analysis or growth plot measurements).
3) Ecological section.

4) Ecological subsection.

5) Toepographic position.

6) Elevation ciass.

7) County groups.

8) 10-inch annual rainfall class.

This form of analysis provides some indication of what factors contribute {o
explaining sources of residual variation and serves as basis for subdividing the
observations and comparing sub-models based on factored data.

§.5.4 Variance Components

Variance components are used to indicate what proportion of the residual
variation can be attributed to different factors or combinations thereof. Variance
components, when expressed as a percentage of the total residual variation, indicate
approximately how much of the totat residual variation can be reduced by explicitly
recognizing individual factors. In addition to the factors used for ANOVA, the
contributions of both stands and trees were examined. VWhen variance components are
relatively large and are found to be significant in ANOVA, they serve as a focal point for
further analysis and the possible development of sub-models.

Variance components are extracted by the method of expected mean squares
and a variety of maximum likelihood based techniques. These methods scmetimes fail
due to the incomplete and unbalanced sample distribution of the data.

5.5.5 Evaluation of Modeis

Once a particular site index model was developed, numerous comparnsens were
made with competing or existing site index models deemed to be applicable to the case
at hand. Both the data set used for development and independent data sets not used in
model construction were used for evaluation. Residuals from predictions made with
existing modeis were also analyzed by the post-analysis methods described above.

Variance Ratios. Comparisons of different models with empirical data were
made by computing a variance statistic for each model. This statistic is defined as
follows:

1. On atree-by-free basis, estimate the initial height {or site index) that minimizes
the sums of squared residuals for the tree using the candidate model as the
prediction source. This is exactly what happens in the final iteration of the |1E
solution method. Denoting this value as SSR,; for {ree i, a mean square error is
computed as

MSE, = SSR/(n;-1)
where n, is the number of measurements available for tree |.

2. A pooled variance (V\) was subsequently computed as

51



Vi = Z MSE#N,, i=1.... Ny

Where k denoies model k, and Ny denctes the number of trees used with model
k. Ordinarily, Nk is the same for all modeis but in empirical evaluations, some
existing site index models ‘fail’ to be able to predict heights at some site index
and age levels.

3. Formodel k, a variance ratio (VRy) is computed as
VR = VidVppai

where Vy,, denotes the comparabie variance from the best base age invariant
model.

The variance ratio is used as a diagnostic rather than a formal test statistic. The closer it
is to 1.0, the more similar models are. With suitable refinements, the variance ratio can
be used as an F-statistic. With large numbers of trees (300 and above), values less than
about 1.2 would indicate models are not significantly different at conventional test levels
{p <= .05). As a rough guide, variance ratios less than about 1.1 result in negligibie
differences in site prediction (normally less than 5 feet). Differences in the 1.1 to 1.2
range result in marginal differences (5-10 feet).

Differences in models frequently occur in the site-age tails of empirical data
distributions. in order to provide 2 more refined basis to evaluate models, variance ratios
are computied for relative data quadrants as well as all data combined. Quadrants are
delimited by the mean age of all sample trees and the mean site index of all tree
measurements as predicted by what is considered o be the best overall base age
invariant site index model. These quadrants are referred to as young/low, young/high,
old/low and old/high site-age classes.

Difference Tables. Difference {ables provide a practical means of judging in
absolute terms what difference exisis between site index models. Standard difference
tables are included in evaluations of all models based on the standard age and site
index ranges previously discussed in the ‘pragmatic altemative’ section of this chapter.
The best BAl model is used as the standard basis for comparison.

5.5.6 Final Selections

Setection of a final site index model is ultimately judgmental, relying on
cumulafive evidence preduced by varicus intermediate analyses, diagnostics, and data
views. Choices usually become namowed to a few models that are practically the same
based on their performance with available comparative data. In these cases, fits at the
‘edges’ of data sets, reasonableness of extrapolation beyond the bounds of the data,
and precision in the younger 10-30 year age classes are used as final ¢riteria. In some
situations, more than one final model is provided. Some very simple models have been
found tc perform almost as well as more complicated forms and may offer computational
advantages in some apptications. In other cases, one model may fit a certain age/site
situation the best while another model may be best someplace eise. The ssarch for one
model that fits the entire age/site range the best in all places has sometimes proved to
be elusive.
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5.6 Total to Breast-High Age Site Curve Conversions

Conversions of totai to breast-high age site index systems has proven te be
largely an academic exercise. Stem analysis records for mixed conifer site index
systems {mainly Dunning, 1942) show that years from stump to breast height is
correlated with site index and also varies by species. RMSE values from regressions of
years from stump to breast height on site index were normally in the three to eight year
range. Usually it takes five to ten years for red fir to reach an approximate one foot
stump height. Thus, without knowing the exact species composition by site index, having
to predict years from stump to breast height with fairly imprecise regression eguations,
and finally having to make educated guesses about how long it takes trees to reach
stump height, makes for conversions that at best can be considered ball park’.

Dunning and Reineke {1933} and Dunning {1942). These fota! age guide
curve based mixed conifer site index systems were derived from basically the same plot
data sets for ages less than 100 years. Yet they have substantiially different curve
shapes below 100 years. Differences are mainly due to the methods Dunning (1942)
employed to splice the young growth basis to the older 100-300 year old portion of his
site curves. He drew a line at 4.5 feet across the total age for each set of site curves,
manually interpolated the age at which this line intersected the various site curves,
assumed this was years to breast height, adjusted tabled vaiues by this amount, and
fitted 2 base age invariant model forms to the adjusted table values. The CR1 model
form fit Dunning’s adjusted site curves best and the resulting model is called
MC_Dunning1942. The CR2 mode! form fit Dunning and Reineke’s adjusted site curves
the best and the mode! is called MC_DR1933.

Powers and Oliver (1978). Powers and Oliver presented a height prediction
model for ponderosa pine under stocking controt for 2 50-year total age site basis.
Approximately 60 percent of their data (16 of 28 sampling sites) were available for this
study. Site indices of trees were reclassified on a breast-high age basis and the
available data was refit with the same functional form as the original equation. The
breast-high age site index equation is denoted as PP_~PObha_1978.

NicArdie and Meyer {(1961). McArdle and Meyers iotal age guide curve based
site index model is for Douglas-fir in the Pacific Northwest. [ forms the basis for the
north coastal Douglas-fir site classification system under the CFPR. Wensel and
Krumland (1986) found it did not work well based on a smail sampie of Douglas-fir
growth measurements. These curves are re-evaluated here based on a much larger
sample of north coastal Douglas-fir. Based on King’s (1966) suggestion, tabled values
were adjusted to breast-high ages by subtracting values of six to fen years for site
classes of 1 to V respectively. Adjusted table values were found to fit the SH1 BAI model
form the best. This model is subsequently referred to as DF_MM_1961.

5.7 Mixed-Conifer Site Index Niodels

Four existing site index modeis applicable {0 mixed conifer stands were
evaluated in the course of this study: Dunning and Reineke {1933), Dunning (1942),
Biging (1984) and Biging and Wense! (1985). Dunning and Reineke’s curves universally
performed the worst, particularly in the higher site classes. Dunning himself (1942) noted
that the growth portrayed by these curves “show absurd trends towards impossible

53



heights at older ages”. Nonetheless, these curves are of historical interest and are
retained in evaluation comparisons. Biging’s (1984) site curves were developed primarily
as an exampie of construction methodologies: random regression versus ordinary least
squares. Unfortunately, an anamorphic Chapman-Richards type of growth form was
utilized for a species group that has clearly demonstrated a high degree of
poiymorphism. Biging and Wensel {1985) developed a model of the same form as
Biging’s with the same data set by ordinary teast squares with the added feature of
conditioning the model so total height equals site index at a breast-high age of 50 years.
This conditioning introduced a degree of palymorphism into the site curves that was in
the right direction and empirically performed better than Biging’s curves. Consequently,
Biging’s curves are not further considered. Dunning’s {1942) curves also performed
poorly but, as they are the basis for the generally accepted mixed conifer site class
system and CFPR regulatory statutes, they were retained for subsequent evaluation and
coOmparisons.

5.8 General Findings

fn the process of preliminary analysis, several factors that could possibly
influence the effects of sample selection and construction methods were examined.
Several general results have emerged. These are summarized below.

£.8.1 Crown Ratios

Site trees are commonly assumed to be full crowned, well developed, and have
other characteristics whose general nature is clear but lack an explicit measurable
definition. As a characteristic that could be measured, the influence of crown ratio on
height development of potential site trees was examined early in this study to further
refine the set of possible site trees. The question is whether there should be some
minimum crown ratio requirement for site trees. Dolph (1983, 1887) suggests incense
cedar and white fir site trees should have crown ratios of at least 40 percent at the time
of sampling. No other explicit suggestions could be found.

To examine this question, a data subset consisting of the last recorded five to ten
years growth measurement saquence on all {rees with recorded crown ratios at the
terminal measurement were selected as a subset from data used to fit species specific
site index modeis. This dataset amounted to approximately 5000 trees. The best initial
model for each species was then used to predict growth for each tree and the residuals
were subsequently expressed as annual average devigtions from predicted growth.
Crown ratios were rounded to the nearest five percent. A factorial analysis of variance
was subsequently made with average annual deviafions as the dependent variable and
factors being species, crown ratio class, and 10-year age class. Species, age class and
their assorted interactions were not significant. The results indicated however, that trees
with crown ratios in the 10-15 percent range or less were definitely having height growth
problems. Slight problems were found in the 15-20 percent range. Trees with crown
ratic classes of 25 percent and greater did not exhibit any significant growth reductions.

In view of these results, trees with recorded crown ratios of less than 30 percent
were not used in any subsequent analyses. Stem analysis trees only have crown ratios
recorded for terminal measurements. When this value was less than 30 percent, the
entire tree was discarded.
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5.8.2 Crown Class

Potential site trees in this study were classified into four crown class groups:
dominants, co-dominants, unspecified site trees, and unspecified upper canopy trees
{either a dominant or co-dominant). This classification system was based on
documentation from digitally available datasets rather than some rationally based
unifying system. Most authors of site curves suggest that field site tree sample selection
procedures be similar to what they used in selecting irees for their site index modeling
studies. A questiion arises however, as to whether a single site curve system is
applicable to both dominant and co-dominant trees of a particular species in a specific
environment.

If it does not matter, then both dominant and co-dominant trees can be used to
construct site index curves and they can all be appiied to all upper canopy trees for site
index prediction. Apparent differences in within stand tree heights can be atiributed to
within stand sife index variability and age differences. This does not imply that there is
no difference in site index between dominant and co-dominant trees. it only means that
one site index system is capable of describing both crown classes. Site index sample
free selection procedures can be independent of crown classes used in modei
construction.

if it does matter, then for site index curve construction, we have to distinguish not
only species but also crown class. Site index sample tree selection procedures will be
dependent on crown class distributions used in modet construction.

Available evidence suggests there are no significant overail differences in site
curve shapes between dominant and co-dominant trees of any species. Unspecified site
trees were not distinguishable from dominants. Upper canopy trees were not
distinguishabte from either dominants or co-dominants. As a synopsis based on
approximately 12000 repeated growth measurements, residuals from the best BAI
models for major conifer species (redwood, coastal Douglas-fir, ponderosa pine, sugar
pine interior Douglas-fir, white fir, and red fir) were computed from forward differences
for trees explicitly classified as either dominants or co-dominants. A graphica! composite
of mean residual by age class and crown class is shown in figure 5.1. Note that
overlapping confidence bands indicate no significant difference {p=.05).
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Figure 5.1. Mean residuals by age and crown class for major conifer species.

Suitable sample site trees from either dominant or co-dominant crown classes
did not materially affect the shape of any site index curves developed in this study.
Observed within-stand differences in tree heights can be attributable to within-stand site
index variation and age differences. Site tree selection rules can be made independently
of the sample basis used for constructing the underlying site index model.

5.8.3 Age Difference Evaiuation

For all of the Northern California Coast conifers (redwood, north coastal Douglas-
fir, and grand fir) for which site index models were compared or evaluated, all of the
available measurements were growth plot based so discrimination between
measurement types was not possible. This was also the case in situations where the
HMC solution method was applied. For interior conifers where both stem analysis and
repeated growth plot data on site {rees were availabie, fitting both types of datain a
singie model for a specific species and location indicated consistent age difference
factors in the range of -.01 to .08 for repeated measurements. Estimates less than
about .01 were normally found not to be statistically different from zerc. This is of the
magnitude and range from the independent accuracy assessment and indicates that,
across a wide variety of personnel and species, breast-high ages are probably
underestimated by increment borings when cempared to stem analysis measurements.
In all cases examined, site curves resulting from combined measurement types with age
difference corrections were almost the same (negligible prediction differences) as
rnodels based solely cn stem analysis. In compansons of pure growth plot based site
curves with stem analysis based curves from comparable geographical areas, growth
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plot based site curves were usually steeper, particularly with polymorphic model forms.
Differences between measurement types did not seem fo matter much with anamorphic
rmodets.

The general approach taken where there is sufficient stem analysis data to
adequately represent the age/site distribution for a particular analysis was to:

1) Use only stem analysis data {o estimate the ‘official’ model.

2) Re-estimate the model with both stem analysis and growth plot data solely for
the purpose of estimating an age difference correction term.

3} Use growth plot data adjusted for the giobal age difference as an
independent validation set.

In situations where the age/site index distribution of stem analysis trees was
inadequate to cover the range of the species, both stem analysis and growth plot data
with an age difference correction were used in the estimation of specific global modet
parameters.

5.8.4 Calendar Periods

Deviations due to calendar pericds were not evident in any of the north coastal
species examined. Nor was there substantial evidence that incense cedar and red fir or
white fir at elevations over 5500 feet exhibited departures from growth frends based on
‘best’ site index models. However, significant trends by calendar period were found
through the general mixed conifer forest type for ponderosa pine, sugar pine, Dougias-
fir, and white fir. Consistent pattems were noted across data sources, measurement
types, species and ecological sections. A weighted species composite of estimated five-
year calendar period deviations based on approximately 1800 stem analysis trees and
2000 measurements, expressed as annual percentage deviations from underlying site
curve growth trends, is shown in figure 5.2.

The apparent droughts in the late 1980’s and early 1990's may be a possible
reason for corresponding drop-offs in height growth during these periods. What little
information exists after 1997 (2000 calendar period) suggests that the depression was
reiatively short lived. Calendar corrections made negligible differences on resulting site
curves so long as measurements were fairly well balanced across the last century.
Whatever age-calendar period imbalances existed did not appear to have an
appreciable impact on resuiting site curves.
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Figure 5.2. Composite Mixed Conifer height growth deviations by calendar pernod.

5.9 Sources of Variation

Qne of the main objectives of this study was to examine the influence of broad
based physiographic factors {main effects) such as ecological section, elevation, and
slopefaspect position on the shape of site index curves (Type Il polymorphism). The
general procedure was a) to find the best statewide BA| model for a given species or
species group that was unbiased by age, site index, and age-site index interactions, b)
perform an anaiysis of variance on annualized residuals with vanous cross and nested
designs of the main factors, and c) extract variance components of significant factors as
a percentage of the total residual variation to gain an overall measure of the magnitude
of significant faciors. Varance components expressed as a percentage of annualized
residual variances are approximately equal to the increase in the R? values that would
result if sub-modeling were undertaken. As an example, if a factor can account for say
10 percent of the residual variation and the general model had an R? of 0.95, sub-
modeling could raise the R” to about .855. As most of the variation in height growth
development is explained by site curves themselves ( R? are normally in the range of
0.96 and greater), there is normally not much variation left that can be explained.
Random coefficient site index curves (cf. Biging 1884) are also examined to place
bounds on curve shapes due to Type Il polymorphism.

5.2.1 Main Effects

Table 5.1 shows the percentage of residual variation by species due to main
effects along with a brief description of the apparent best and worst geophysical
locations associated with departures. For north coastal Douglas-fir and redwood, growth
plot measurements were used as a basis as that was all that was available. For interior
conifer species, results are based only on stem analysis trees.
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Table 5.1. Annualized residual variance percentages due to main factors for major
conifers.

. Ecol. Elev. Topeo. :
I Species Section | Class Posgion _\ Does Best Does Worst
| Redwood 4 |' 2 5 i River fiats SW aspect on the sastem edge of
| | | the fog belt
Couglas-fir | Mo apparent differences
{Northern : ) i |
California |
Coast) |
[ | 4000 feet n elevation on fiat SW aspect paricuiarly below 2500
Ponderosa 5 5 1 terrain in the Sierra Nevada, feet of elevaiion. Elevations = 5000
ping Southern Cascades. McCloud | fest
flats is the stand-out
Douglas-fir 5 3 6 Fiat terram at 3000-4000 feel SW aspect paricularly below 2500
(interior) elevation feet of elevation
Performs the same wherever Elevations > 6000 feet
Sugar pine 2 - -
sugar pine oceurg
Incense 5 i | 4 NE aspect Elevations > 6000 feet
cedar l,
f Does best on flaUNE aspect | Lower elevation mixed conifer forest
White fir 2 3 - at elevations of 4000-6500 types particulary SW aspect.
{ | feet Elevations >7500 feet
Red fir - E 1 - Does the same wherever red Elevations > 8000 feet
| fir grows ‘

Redwood and north coastal Douglas-fir use 2 Humboldt/Del Norte — Mendocine county division in place of
ecological section.
2 _ denctes an effective variance component of zero,

Table 5.1 indicates that while often being statistically significant, the overall
impact of possible main effects is relativeiy minor. Nor are there any apparent patterns
across species. Calendar periods contribute about three percent for mixed conifers and
unadjusted measure type (possible age differences) effects contribute about six to seven
percent. Post adjustment, differences due to measurement types were reduced to about
one to two percent overall.

5.9.2 Nested Effects

The residual variation in site curve fitting comes from somewhere. In an effori to
provide a suitable pariition based largely on location attribuies, variance components
were extracted from a hierarchical (nested) design consisting of:

ecological section - subsection - stand = tree > error

Minimally, three measurements were required per tree, three trees per stand, and three
stands per ecological subsection. Only about half of the timbered ecological subsections
were represenied. Coastal species utilized growth ploi measurements and interior
species all utilized stem analysis measurements in this exercise. Results for major
conifer species are shown in table 5.2.

59



Tabie 5.2. Annualized residual variance perceniages for a nested design for major
commercial conifers.

. . Ecological
Species Ecological' Section Subse?:ﬁon Stands Trees

Redwood 4 2 6 3
Douglas-fir (Northern California | 1 ’ i i
Coast) |

Ponderosa pine 1 1 3 g 3
Douglas-fir (interior) 1 1 12 &
White fir 1 3 8 5
Red fir - i 12 | 4
Sugar pine 1 4 8 | 3
Incense cedar Sierra Nevada only | 3 g | 4

' Redwood and north coastal Douglas-fir use a Humboldt/DeiNorte — Mendocino county division in piace of
ecological section.
2 denotes an effective variance component of zero.

The results shown in table £.2 mainly indicate orders of magnitude as the
unbatlanced sample basis often required more than one estimation technique (expected
mean squares, maximum likelihood, etc), which do not always produce the same
estimates.

Tables 5.1 and 5.2 reveal some general patierns. First, north coastal Douglas-fir
is the most 'well behaved’ species. Hardly any factors or data pariitions contribute much
of anything to explaining residual error. One single Douglas-fir site curve applicable to
the Northermn California Coast would be appropriate. Indications are that there are
differences between redwood site curves in the northern (Humboldt/Del Norte counties)
and southern {(Mendocino county) redwood units in the Northern Califomia Coast. These
will be addressed in later chapters.,

For the remaining interior species, the relatively larger variance proportions due
to ecological subsections when compared o sections indicates that there is more
variability within sections than between them. Similarly, there is much more variation
within subsections in the form of stands than between them. Within stang variation in the
form of trees is generally less than half of the between stand variation or that due to type
il polymorphism. Stands then are the largest coniributing factor to variation in curve
shape of site curve systems. Some of the main effects examined may coniribute to this
variability but it is evident that particular tree populations in specific locations have
relatively unique patterns of top neight development.

5.9.3 Random Coefficient Regression Models

A random regression coefficient analysis was undertaken for some weli-
represented interior conifers in an effort to put confidence limits on site index curves as
they apply to individual stands. The same date subsets used in the higrarchical analysis
was used for this purpose. The CR2 model form was modified so that a) the time scalar
parameter (bs) was considered to be a global species speciic parameter and b) the
shape parameters (b,,b;) were considered to be stand specific. The |IE solution method
was utilized to simultaneously estimate b, the set of stand specific parameters {b,, bs},
calendar period effects, and the remaining nuisance parameters (total height as an
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independent variable). Approximate S0 percent simultaneous confidence intervals were
estimated for the joint distribution of the global shape parameter estimates b, and bz and
used to develop bounds on site curves. As further described in the foliowing section, an
MC3 species composite (ponderosa pine, sugar pine, and interior Douglas-fir) was
typical. Based on 146 stands (956 stem analysis trees), the mean and bounds for a site
index 80 is shown in figure 5.3 afong with all of the stem analysis data that fell into a
narrow band of 78-82 feet of ‘measured’ site index. As can be seen, there is a
reasonable compliance between site index bounds and empirical data.

These results suggest that site curves for interior conifers in California, purporting
to represent broad statewide averages, will be inaccurate as a site index predictor for a
specific stand. The level of imprecision is highly correlated with the difference between
mean age of sampled trees and the site index base age. Results also suggest that
differences in existing site curves derived by ‘reasonable’ statistical methods that purport
to describe the same phenomena are likely to be due to sampling variation. Reiatively
small numbers of sampled stands are likely to exacerbate differences.

| Mean and approximate 90% C.1. bounds for an MC3 site index 80

| Sile Model }— Mean_SI80 ’—O— Upper Bound |~—.~— Lower Bound II

160

140

120 : ; ‘

100 = et =

Total Height (Feet)

40 60 80 100 120
Breast High Age (Years)

Figure 5.3. Approximate 90 percent confidence interval bounds for an MC3 composite
site index of 80 feet and representative tree dala measurement sequences.

5.9.4 Sampling Implications

Site index curves are used in general to predict the expected height at some
other age given some initial neight and age conditions (measurements). The prediction
of site index (height at a specified base age) is just one common but special case.
Given various measures of variability, what does this mean in terms of accuracy in
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predicting site index? Site index with heights at age 50 is used here, although any other
age could just as effectively be analyzed.

To answer this question, ‘best’ statewide BAI site index models were constructed
from stem anatysis records for each of the five main interior species: ponderosa pine,
sugar pine, Douglas-fir, white fir, and red fir. On a species-by-species basis, trees were
selected if a) there were at least three trees per stand and b) they were at least 50 years
of age at the time of felling so 2 ‘measured’ site index could be determined.

The stem analysis data used in fitting was then used {o predict site index af every

observation age for each tree using measured tree heights. The basic model used for
analysis was

HS0j = 4.5 + f(Hoy, Agj, 50} + 5+ 1

Where
H50; = Total tree height at age 50, from stem analysis measurements.
f(Hai, Aoy, 50) = The BAI model used to predict total height at age 50.
8 = Error due to stand i (stand effects}
t; = Error due to tree j within stands i {tree effects)

The overall prediction error for a free is s; + t,. The s, term represents between
stand variability or departures from f(Hg;, Ag;, 50). The t; term represents within stand
vanability or individual tree departures from s;. Put another way, the t; represent
departures from mean stand predictions and the s, represent departures of mean stand
predictions from the average stand site index. These terms are assumed to be
independent which seems reasonable. For each species (model), variances of the g; and
1; terms plus totals (s; + t;) were computed based on a10-year age stratification. All
species showed the same frends and same general magnitudes. Consequently, data
from all species were combined (228 stands, 1644 trees, and 12703 measurements) and
pooled variance components were computed. RMSE values (standard deviations) for
each component are shown in figure £.4.
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Figure 5.4. Standard deviations of site index vanance components for major mixed
conifers.

Stand Effects. Values for the stand effects (departures from site curves) are highly
cansistent with the confidence limit bounds determined by the random coefficient
analysis. Two different ways of examining site curve variation due to stands
indicate the same general magnitude. This source of variation is a constani in
field site index determinaticn and can cnly be reduced by a) developing site index
curves that are more site specific; b) selecting trees that are closer to a desired
base age, or c) extending the conventional site index determination procedures
from one height/age point to two or mare to account for type Il polymorphism.

Tree Effects. Tree effects here represent the within stand site index variability
among trees pius temporal and measurement error effects. Note that this source
of variation is fairly constant across age classes, decreasing slightly in older age
classes. In estimating this vatue, aill of the qualifying site trees in stands were
pooled regardless of crown ciass. This source of variation in estimating stand site
index can be controlled by:
1) Sample size. The more site trees sampied, the lower will be the standard
error of the estimate.

2) Adopting stand component seiection schemes (rules for selecting

dominants andg co-dominants) that minimize the within stand site index
variability.
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3) Measuring trees more precisely to minimize iotal heighi and age measurement
errors.

Krumland and Wensel (1977) found that comparable tree RMSE values were 11.3 feet
for stand ages tess than twenty years and 8.3 feet for sfands over 20 years of age.
These values are larger than those shown in figure 5.4. The difference is probably
because they were based on field determination of heights and ages rather than stem
analysis as used here. King (1966) performed a comparable stem analysis based study
for Douglas-fir and determined a value of about 6 feet for trees over 35 years of age. His
choice of site trees in plots however, was based on clearly defined and repeated
sampling rules. This aspect is further explored in chapter eight.

5.9.5 Sources of Variation Summary and Discussion

Differences of the magnitude shown by both the random coefiicient analysis and
sampling analysis indicate that statewide site index curves for interior conifers have
bounds of at least one full site class (20 feet) for individual stands evaluated at about 20
and 100 years of age. These differences however, diminish proportionately as stand
ages approach the index age. Thus, while statewide site index curves may be unbiased
overall, application ¢f the curves to estimate site index for any specific stand not close to
the site index base age (at say, 20 years of age) will be relatively imprecise and probably
biased. No amount of individual site tree samples within a stand can reduce the
influence of type [l poiymorphism. Several main effects have been identified as possible
sources that may be incorporated in site index model sysiems to reduce between stand
vanability. The overall impacts however, result in shades of gray rather than a clear-cut
basis to discriminate between possible site curve forms. Aftempting tc incorporaie afl
effects in a systematic fashion also goes far bevond the limits of available data. Having
to be armed with a portable GPS and a dichotomous key to determine the most
appropriate site index curves for a particular location does not seem to be a pragmatic
solution to the problem either.

The approach adopted was to stratify the data into a few major strata that clearty

resulted in reductions in site curve variability and couid be implemented in a
straightforward manner,
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6. Site index Model Analysis and Resuiis

This chapter provides & description and synopsis of analyses made in
constructing new base age invariant site index models and evaluating existing
ones. Sample distribution maps and site index model graphs and tables for most
models developed in the course of this study are provided in Appendix {.

In the following chapters, descriptions of the range of individual species
have been extracted from Griffen and Critchfield (1972). Accounts of abundance
and stocking are based on the 1980 — 1890 USDA Forest Service Forest Inventory
and Analysis California forest inventory.

6.1 Site index Modeil Naming Conventions

As several different site index models were developed, conventions were
established so they could be referred to by concise and meaningful names.
Names for site index models have the general form:

SP_Model_{ ocation

where SP is the species code from table 1.2, Mode! is one of the explicit base age
invariant model forms presented in chapter 3, and Location is an abbreviation to
designate a specific set of geo-physical factors. For example, the red fir model fit
to the CR2 model form for all available data in California is called RF_CRZ2_Ca.

Existing site index models are generally identified as:
SP_Author_ Date

where SP is the species code, Authoris the model developer(s) — entire last name
if a single author or first initials of last names for multiple authors - and Date is
the year of publication. For example, the mixed conifer model developed by Biging
and Wensel (1985) is denoted as MC_BW_17985. The white fir mode! developed by
Doiph (1983) is denoted as WF_Dolph_1983.

6.2 Major Geophysical and Species Strata

This study investigated the influence of physiographic factors such as
ecological section, elevation, and slope/aspect position on the shape of site index
curves (Type !l polymorphism). Several factors were identified as possible
sources that may be incorperated in site index madel systems to reduce between
stand variability (see section 5.9). The overall impacts however, do not provide a
consistent basis for choosing between different site curve forms. Attempting to
incorporate all effects in a systematic fashion also goes far beyond the limits of
available data. The approach adopted in this study was to stratify the data into a
few major strata that clearly resulted in reductions in site curve variability and
could be implemented in a straightforward manner.
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6.2.1 Dougias-fir

Douglas-fir is the most abundant commercial forest species in California in terms
of volume and basal area stocking. It ranges from the coastal redwood/Douglas-fir
farest type through the Northern California Coast, Klamath Mountains and the Southern
Cascades ecological sections, and is a major component of the Sierra Nevada mixed
conifer forest type. It seldom occurs east of the Sierra Nevada — southem Cascades
crest.

Douglas-fir site index usage has traditionally made a distinction between north
coastal Douglas-fir and Dougias-fir sites in the interior. Data available to this study
indicates the majority of north coastal Douglas-fir site indices range from about 90 to 175
feet while in the interior the range is about 40 to 120 feet. Thus, the lower end in the
Northern California Coast correspends to the higher end in the interior. Attempting to
find one Douglas-fir site curve system applicable to the entire State is probably heroic
and the historical distinction is probably justified. Thus, separate site index models are
developed for Douglas-fir based on a Northern Califomia Coast and ‘rest of the State’
stratification. The species code DF will be used to dencte Douglas-fir in the Northem
California Coast and DFI will be used for the interior.

6.2.2 Major Mixed Conifers

There are six major interior mixed conifer species {(ponderosa pine, sugar ping,
Douglas-fir, white fir, red fir and incense cedar) that have sufficient amounts of data and
geographical sampling distributions to allow species specific analysis. Based on the data
used in this study, it was not possible to distinguish between ponderosa pine, sugar
pine, and interior Douglas-fir regardiess of where they grow. This group will be
collectively designated as MC3. Red fir and white fir are notably different from this group
as well as each other. Incense cedar is in a class by itself. Three different geographic
strata were created for the major mixed conifers species group.

1) Main Mixed Conifer Zone. This term will denote mainstream mixed conifer forest
types on the west slopes of the Siera Nevada and the southern Cascades, generally
west of the crest, that are clearly not east side pine types. A main critericn is that the
sites can support associations of sugar pine, ponderosa pine, Douglas-fir, and white fir.
Elevations should be between 2500 and 6000 feet and sites should not include areas
where ponderosa pine, sugar pine, or Douglas-fir appear as minor incidentals in what
are apparently true fir sites. Also included in this zone are mixed conifer types in the
Klamath Mountains that show definite mixtures of ponderosa pine, sugar pine, interior
Douglas-fir, and possibly white fir. These stands largely occur in the 3500-5500 feet
elevation zone. Areas surrounding the McCloud flats are excluded and treated as a
separate case. This general area is the main mixed conifer belt in California and
comprises over 80 percent of available MC3 data. The other mixed conifer area
delineates further the areas not included here.

2} Other Mixed Conifer Zone. This term will denote locations that can be considered
mixed conifer fringe areas or east side pine types. Areas inciuded are:

a) All of the Modoc Plateau.
b} Afl east side pine types.
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¢) All of the Northem Caiifornia Coast Ranges ecological section. Four separate
data sources all indicate a general relative flattening of site curves beyond
50-60 years of age of all MC3 species in this ecological section.

d) All predominantly interior Douglas-fir forest types in the Klamath Mountains
ecological section. These stands largely occur below elevations of 3500 feet.

e) Sites that have true oaks (other than black oak), Califormia foothill pine, or
any form of interior juniper as associates.

f) Areas with 20 inches or less of annual precipitation.

g) All true fir sites where MC3 species appear as minor associates.

h) All low etevation ponderosa pine sites that occur in the transition zone
between cak woodiands and mixed conifer forest types. This zone ranges
from about one to twenty-plus miles in width and occurs all along the eastem
side of the Sacramento Valley. While incense cedar may be an associate, the
general feature is a genera! lack of sugar pine, Douglas-fir, or white fir.

3) McCioud Area Zone. Four separate data sources (NCPlot, NCStem, POPP, GspPP)
provide data from an area consisting of the McCloud Flats ecological subsection
{(M261Dg), the southeastem portion of the High Cascades subsection (M261Df), and the
extreme northern portion of the Hat Creek Rim subsection (M261Dj) largely north of
Lake Britton. Soils in these areas are largely derived from alfluvium, volcanic ash, and
other glacial debris from the eastern side of Mi. Shasta. Data from this area
distinguishes itself by indicating that height growth does not slow down in the 60 — 100
year age range relative te other zones. This is a relatively small area and focation
specific site curves will not have much general utility except for local landowners. Site
curves based on data from this area are primarily used as an indicator of the range in
vanability of type Il polymorphism that exists in the resource. This area, despite its
reputaiion as a highly productive site, does not contain the highest site indices observed
in the data.

This mixed conifer zone classification reduced variation in MC3 species site
curve development by about 40 percent.

6.3 Conifer Site index Models

In this section, a data synopsis and statistical summary is provided for each BAI
model developea for different conifer species. Comparisons with existing site index
models are also provided. In the statistical summary tables, coefficient estimates, R?
value, and an RMSE (weighted standard deviation of residuals about the site index
model) value are supplied.

6.3.1 Redwood

The major commercial range of redwood spans the Central and Northern
California Coast ecological sections. In the Northem California Coast, there are two
major concentrations of redwood: Humboldi-Del Norte county and Mendocino-Sonoma
county with a discontinuity in the range of redwood appearing at roughly the Humboldt-
Mendocino county border. In the Central Califomia Coast, major concenirations of
redwood are in the Santa Cruz Mountains and southem San Mateo County. In this
study, no data is available from the Central Califomnia Coast or Sonoma County.
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Past redwood site studies consist of those by Bruce (1923), Lindguist and Palley
(1961), and Wensel and Krumland (1986}. Bruce's guide curves were for trees tess than
80 years of age and are seldom used. Curves produced by Lindquist and Palley and
Wensel and Krumland (RW_WK79286) are similar at breast-high ages over 30 years and
site indices greater than 80 feet. Wensel and Krumland found that Lindquist and Palley’s
curves overestimated site index in ages less than 30 years and for low site indices. The
largely independent data set used in this study confirms these earlier findings.

The initial analysis was based on redwood data from the entire Northem
California Coast. All the available data were growth plots with trees predominantly of
sprout origin. A summary is shown in table 6.1. About eight percent of the trees used in
this study were also used by Wensel and Krumiand for their previous sfudy. Otherwise,
this study provides an independent and much larger sample basis for a redwood site
index analysis. The polymorphic KP1 model form provided the most consistent and
precise fit of all models tested. This was followed closely by the anamorphic CR1 model
form with a loss of precision of aboui two percent.

Table 6.1. Redwood site index data summary.

Variable Sample Statistics Sample Size |
Mean | Std. Dev. | Range’ Source | Numbers
Total Heignt() | 92 34 39-175 | Stands 225
Age (years) | 43 21 9-96 Trees 645
| Site Index (ft.) | 106 | 19 | 68-142 | Observations | 1459 |

'Range is based on the means of the lowest and highest 10" percentile of the distribution

Analysis of residuals indicated the only significant partition of the data that could
be made was based on countias: the northern unit consisting of Humboldt and Del Norte
counties and the southem unit consisting of Mendocino County. Redwecod site index
curves tended to be slightly steeper for a given site index in the northem unit. However,
the age/site index sample distributions were not uniform by unit. The northemn unit
averaged about eight feet higher in site index with an age range of five to 70 years. The
age range in the southern unit was about 30-110 years. Separate medeis did not
extrapolate well outside their age ranges. Thus, while there may be differences between
the units, the sample basis was insufficient to discriminate at this time. Consequently,
two redwood site index models (RW_KP7_NC, RW_CR1_NC), applicable to the entire
Northem California Coast, were considered to be the best that could reasonably be
extracted from the data. The KP1 model is considered to be the best but the CR1 modei
is not much different and, due to its simple form, can be directly embedded in electronic
spreadsheets. Parameter estimates are given in Table 6.2.

Table 6.2. Statistical summary for the RW_KP1_NC and RW_CR1_NC redwood site
index models.

| _|
| Model Parameter Estimates RMSE ‘ R? |
Model Name | - (ft.) .
orm |
b4 b, by | |
RW_KP1_NC KP1 1.088 -0.2931 | 203.4 | 880 | 958 |
RW_CR1_NC CRi1 -0.0161 1.096 - | a.91 | 998 |
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Redwood Evaluation and Comparisons

The two site curves developed here and those of Wensel and Krumland (1886)
are shown in Figure 6.1 for comparative purposes. The RW_WK 1986 moael allows for a
high degree of poclymorphism. Howsver comparisons with the anamorphic and
polymorphic models developed here suggest that whatever polymorphism exists is
minor. The Wensel-Krumland curves were also for trees up to 80 years of age while the
entire Northern California Coast sample in this study included trees up to 110 years of
age.

Using the RW_KP1_NC model as the basis, variance ratios are shown in Table
8.3 and differences in predictions are shown in Table 6.4. By all criteria, differences
between these curves at worst can be considered negligible. The most visually apparent
differences occur on high sites at advanced ages. However, there were virtually no
observations avaitable for this data range and apparent differences represent
extrapolations. Overall, site index predictions made by these three models differ less
than about five feet {or site indices in the 80-140 range and ages less than 80 years.
This range represents over 20 percent of the sampie basis used in this analysis.

Table 6.3. Variance ratios for redwocd models using RW_KP1_NC as a basis.

! Model Age-Site Class

' Young/Low | YoungiHigh Old/iLow | Old/High Overall
RW_KP1_NC 1.00 1.00 1.00 | 1.00 1.00
RW_CR1_NC 1.07 0.98 1.00 | 1.06 1.02

| RW_WK_1986 1.08 .89 1.12 1.02 1.04

| Trees (Obs.) | 157(337) 125(267) 163(355) | 145(322) 654(1459)

Tablg 6.4. Difiference in site index predictions (feet) from RW_KP1_NC model by
classification age and site index class.

| 20 Years BHA 100 Years BHA
Niodel | Site Index Class Site Index Class
| Low | Ave. High Low Ave. High
RW WK 1986 | 5 | 5 6 0 3 5
RW CR1 NC | 1 | 0 4 3 3 1

Redwood Summary and Recommendations

There is littie to suggest that the model of Wensel and Krumiand (19886} or the
RW_KP1_NC and RW_CRT1_NC models developed here differ appreciably. Based on
our pragmatic criteria, they are all the same. The RW_KP7_NC model gives slightly
betier estimares in the younger ages (less than 20 years) than any of the other models
when compared with the data used in this study. The RW_CRT_NC model uses two
rather than the nine parameters of the RW_WK1986 model and is thus much simpler.
Both of the models developed here have the desirable base age invariant characteristics
of direct and compatible site index and height predictions making them much more
amenable to electronic data processing.
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Redwood Site Index Models
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Figure 6.1. Redwood Site Index Curves.
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6.3.2 North Coastal Douglas-fir

Past site index studies of north coastal Douglas-fir in California have been limited
to Schumacher’s (1930) statewide species-specific work. Wensel and Krumiand {1986)
compared several Douglas-fir site curves potentially applicable to the Northern California
Coast with periodic height growth measurements taken from permanent growth plots in
the redwood region. in general, curves by Schumacher (1930) and McArdie and Meyer
(1961) for the Paciic Northwest were found to be similar but biased. King's (1966)
curves, developed for coastal Douglas-fir in Oregon and Washington, appeared te be the
best fit for north coastal Douglas-iir in California. King (1866) and Curtis (1966) also
found similar problems with McArdie and Meyer's curves for Dougias-fir in the Pacific
Northwest. King’s curves are used by several organizations in the redwood region and
are informally considered to be the best 50-year breast-high age base site curves
avallable for north coastal Douglas-fir.

In this study, data availabie for north coastal Douglas-fir sites was largely
coincident with the north coastal redwood/Douglas-fir forest type in Humboldt, Del Norte,
and Mendocino Counties at elevations of about 2500 feet or less. Approximately 15
percent of the available tree measurements werg from the eastern side of the Northern
California Coast ecological section where redwood was not in evidence. No data from
the Central Coast or Sonoma County were available.

The initial analysis was based on Douglas-fir data from the entire Northem
California Coast. The available data was all growth plot based and 2 summary is shown
in table 6.5. The polymorphic King-Prodan model (KP1) produced the best and most
consistent fit of all the models tested and was named DF_KP1_NC. The totally different
CR2 model form produced almost the same site curve family and was taken as a
confirmation that the site curves produced by the KP1 model form were not being
constrained by model functionality. Interestingly, the SH1 model form produced site
curves that were almost coincident with King’'s model. The model was named
DF_SH1_NC.

Parameter estimates and a statistical summary for the DF_KP1_NC and DF_SH71_NC
models are shown in Table 6.6. Analysis of residuals indicated similar differences as
those found with redwood between the northermn and southemn redwood units were

apparent bui to a tesser degree. Similar age class range difierences prevented any more
detailed analysis.

Tabile 6.5. North coastal Douglas-fir site index data summary.

: | Sample Statistics Sample Size
Vanable Mean | Std. Dev. | Range' Source | Numbers
|
| Total Height {ft) 91 35 | 31-185 Stands 194
| Age (vears) 34 | 18 | 12-79 [ Trees 545
| Site Index (ft) | 122 20 | 78-164 | Observations 1204

h

'Range is based on the means of the lowest and highest 10" percentile of the distribution
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Table 6.6. Statistical summary for north coastal Douglas-fir site index models.

. RMSE 2
Model Name 123:1;| Parameter Estimates (Ft.) R
by b, bs |
DF_KP1_NC KP1 1.221 -0.8755 | 402.8 6.10 .998
DF_SH1_NC SH1 -9.033 -0.4802 - 8.45 894

North Coastal Douglas-fir Evaluation and Comparisons

The two site curves developed here, thase of King (DF_King_1966) and the site
curves of McArdle and Meyer (DF_MM_1961) converted to a breast-high age basis are
shown in Figure 6.2 for comparative purposes. Variance ratios for the data describad in
table 6.6 using the DF_KFP7_NC model as a basis are shown In table 6.7. Site prediction
differences are shown in {able 6.8.

Tabie 6.7 Variance ratios for north coastal Douglas-fir site index models using the
DF_CR2 _NC model as a basis.

Model Age-Site Class
| Young/Low | Young/High OldiLow Old/High Over All
DF_KP1_NC 1.00 1.00 1.00 1.00 1.00
DF SH1_NC 1.16 | 1.00 1.02 1.07 1.08
_DF_King 1966 1.13 | 0.99 1.00 1.01 1.05
| DF_MM 1961 1.29 | 1.21 1.15 1.04 1.26
Trees (Obs.) 172(389) | 54(108) 163(355) 83(172) 545(1204)

Tabie 6.8. Difference in north coastal Douglas-fir site index predictions (feet) from the
DF_CR2Z_NC model by model, classification age and site index class.

20 Years BHA 100 Years BHA
Model Site tndex Class Site index Class
Low Ave. High Low Ave. | High
DF SH1i1 NC -6 -2 7 5 1 | -7
DF King1966 -5 -2 5 7 3 -6
DF MM 1967 -13 -12 -B 13 11 &

McArdle and Meyer's model performed the worst, underpredicting site index at
ages less than the base age and overpredicting at older ages. The findings here are
consistent with past observations by King (1868) and Wensel and Krumland (1986).

The DF_SH1_NC model is aimost coincident with King’s at ages over 15 years.
For vounger ages, it is iower than King’s model. This will result in an overprediction of
site index and it should not be used in this age range.

Visual ingpection and the diagnostic tables indicate there is not much difference
between the DF_KP1_NC models and King's (1968) oider curves. Particularly in the
main site index range of about 110 — 150, the curves are almost the same at ages about
70 years and less. Figure 6.2 shows that visual differences appear at older ages on high
sites. This is cutside the basic age/site range used in this study. King also had very littie
data from this area so both curves are essentially extrapolations and differences should
not be considered significant. On lower sites (< 80 feet), differences between these two
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models are more pronounced with King's curve being flatter. Data from lower sites
came primarily from the eastem edge of the Northern Califomia Coast ecological section
and western slopes of the Northem Caiifornia Coast Ranges, effectively ouiside of the
redwood/Douglas-fir forest type. Comparative analysis indicates that for sites less than
100 feet, the DF_KP1_NC model form is almost coincident with interior Douglas-fir
models based on the CR2 model form, all stem analysis data, and main sampling areas
being the eastern sides of the Klamath Mountains and Northemn California Coast Ranges
ecological sections. Suspected differences in site curve shapes between interior and
north coastal Douglas-fir may not be as significant as previously expected.

l o '
North Coastal Douglas fir Site Index Models
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Figure 6.2. North coastal Douglas-fir site index models.

North Coastal Douglas-fir Summary and Recommendations

The DF_KP1_NC model was found to be the best fit of the data available to this
study and is the recommended Northemn Calfomia Coast Douglas-fir site index model. In
the redwood/Douglas-fir forest type on betier sites, differences between this model and
King's are minor and the two can be considered practically the same. The less precise
OF_SH1_NC model almost replicates King's curve at ages over 15 years and can be
directly embedded directly in simple equation form in spreadsheet and related software if
a replacement for King’s model is desired. The DF_KP7_NC mode} has desirable base
age invariant properties and is recommended. Older curves of Schumacher (1930) and
McArdle and Meyer (1961) should be avoided where possible.
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6.3.3 Grand Fir

Grand fir is largely limited to the Northem California Coast ecological section in
California at elevations below 2000 feet. It occurs mainly as an associate in redwood -
Douglas-fir stands. No site index studies have been made specfiicaily for grand fir in
California. Both Schumacher (1930) and Wensel and Krumland (1986) have noted that
total heights of grand fir growing in mixture with even-aged Douglas-fir are quite simitar
and concluded that Douglas-fir site index curves could be used for grand fir.

The sample size of grand fir available for this study is relatively small and spans
a narrow site index and age band (Table 6.9). initial analysis confirmed that heights of
grand fir are comparable to Douglas-fir in apparent even-aged stands in the age range of
20-60 years. Breast-high ages of grand fir though were generally a few years younger.

Both the SH1 and CR1 model forms fit the data well with little difference between
them throughout the data range. Examination of regeneration records from the Railroad
Gulch research area on Jackson Demonstration State Forest indicated that the CR1
model form would extrapolate better in ages less than 15 years. This model,
GF_CR1_NC, is considered to be the best that can be derived from the sample data.
Parameter estimates are shown in table 6.10.

Grand Fir Comparisons and Evaluation

Relative to north coastal Douglas-fir site index curves, grand fir starts lower and
catches up at about age 30. Figure 6.3 shows the GF_CR7_NC model and the
DF_KP1_NC Douglas-fir model for comparative purposes. In the 30-60 years age
range, curve shapes are virtually coincident. After age 60, grand fir site curves become
flatter. This is an extrapolation beyond the range of available data. Virtually all potential
sample trees 70 years of age and greater had either dead or broken tops. Comparative
analysis with a limited number of samples from the FIA data set tends tc support the
observation that height growth of grand fir is less than Douglas-fir at ages over 70 years
on comparable sites.

Grand Fir Summary and Recommendations

The GF_CR1_NC model is recommended for general use in estimating site index
of grand fir in the Northern California Coast ecological section of California, particularly
at breast-high ages less than 60 years. For breast-high ages of 30 to 60 years, Douglas-
fir site index curves can be reasonably substituted. Care should be exercised in
estimating grand fir site index with the GF_CR7_NC modet for trees over 60 years of
age, as it is an extrapolation beyond the sample data.

Table 6.9. Grand fir site index data summary.

Variable Sample Statistics Sample Size |
Mean | Std.Dev. | Range' Source I Numbers |

|

| Total Height(ft) 87 23 38-165 Stands ; 36 |
| Age {years) 30 11 15-64 Trees L 41 |
Site Index(ft.) 132 16 117 - 154 Observations | 96 |

'Range is based on the means of the lowest and highest 10" percentile of the distribution.
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Table 6.10 Statistical summary for the GF_ CR1_NC grand fir site index model.

| Parameter
Model | Soiution - RMSE 2
Model Name Form | Method bEstlmatesb () R
| | 1 2
GF CRINC| CRT | fE [-D.03357 | 1858 | 7.1 999

Total Height {Feet)

Grand Fir and Douglas Fir Site index Models
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Figure 6.3. Grand fir and north coastal Douglas-fir site index models.
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6.3.4 MC3 Species — Ponderosa Pine, Sugar Pine, interior Douglas-fir

Ponderosa pine has an extensive range in California and appears in all major
ecological sections examined in this study. With the exception of the Northem Califomia
Coast ecological section, ponderosa pine is a primary commercial species and on
suitable sites, is the artificial regeneration species of choice. Sugar pine and interior
Douglas-fir fairly well match the range of ponderosa pine through mixed conifer zones
but sugar pine does not appear in near the abundance. Neither of these two species
appears much to the east of the general Sierra Nevada-scuthemn Cascade crest and
their distribution extends farther to the west than that of ponderosa pine.

Power's {1972a) examined several ponderosa pine site curves applicable to
ponderosa pine in California (Dunning, 1842; Dunning and Reineke, 1933; Arvanitis et.
al, 1964; Meyer, 1938). These curves were all construcied by guide curve methods. To
various degrees, he found all of them fc be somewhat Jacking when compared to nine
ponderosa pine stem analysis series.

MC3 Overview

As noted previously, clear distinctions in site curve shape between any of the
three MC3 species has not been found. Attempts to isclate differences has been met
with results of the same magnitude as found with a) comparing equally likely model
forms with the same species, b) comparing data sources, or ¢} seemingly arbitrary
partitions of the site tree data base. In several sub-analyses, two species (say
ponderosa pine and sugar ping) were compared by only selecting stands where they
both appeared. Apparent differences were significantly reduced. Thus, it appears that
species is secondary to general site-specific effects in influencing shapes of MC3
species site index cusves.

After a consideration of all factors, six site index models were constructed for
MC3 species in California: Three species specific modets for the main mixed conifer
zone and three combined species moedels, one each for the main mixed conifer, other
mixed conffer, and the WMcCloud area zones. All main mixed conifer zone models were
based solely on stem analysis data, as sufficient amounts were available and reasonably
spread out geographically o cover the age/site range of the resource. The combined
MC3 species models for the other two zones utilized both stem analysis and growth plot
data to balance the age/site distribution, Ponderesa pine comprised about S0 percent of
the data from the McCloud area. On z iree basis, the other mixed conifer zone was
made up of 75 percent interior Douglas-fir, 20 percent ponderosa pine, and 5 percent
sugar pine. A data synopsis used in fitting these models is shown in tables 6.11 and
6.12.

Several model forms all appeared to be likely candidates but the CR2 model form
consistently performed the best and was used for all MC3 site index models. For
individual and combined species (PP, SP, DFI, MC3) from the main mixed conifer area,
models were named PP_CR2_MMC, SP_CR2_MMC, DFI_CR2_MMC, and
MC3_CR2_MMC respectively. The other mixed conifer and McCloud area zone models
were named MC3_CR2_OMC and MC3_CR2_MA respectively.
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Tabie 6.11. MC3 Individual species site index data summary for main mixed conifer
zone stands. Stem analysis data only.

Variable Sample Statistics Sample Size |
Mean | Std.Dev. | Range' Source | Numbers |
Ponderosa pine
Total Height(ft) | 63 39 12 - 143 Stands , 121 |
Age (years) | 35 22 8-89 Trees | 822 |
Site Index(ft.) | 88 21 43 - 121 Observations | 3876 |
Interior Douglas-fir !
Total Height(ft) 67 27 12 - 124 Stands 54
Age (years) 48 22 8§-93 Trees 164
Site Index(ft.) 76 18 39 - 108 Observations 1087
Sugar Pine
| Total Height(ft) 60 26 12— 1189 Stands 49
Age {years) 43 21 11-83 Trees F101
Site Index(ft.) 72 20 42 - 118 Observations | 618

Range is based on the means of the lowest and highest 107 percentile of the distribution

Table €.12. Combined MC3 species site index data summary for all mixed-conifer
zones.

Variabie ] Sample Statistics | Sample Size
| Mean | Std.Dev. | Range' | Source | Numbers
Main Mixed-Conifer (stem analysis only)
Total Height(ft) 63 29 12-137 | Stands 179
Age (years) 38 22 12-88 | Trees 885
Site Index(ft.) 83 21 38-118 | Observations 5562
Other Mixed-Conifer (stem analysis and growth plot measurements)

{ Total Heightfft) 64 | 28 | 12-129 | Stands 115
Age (years) 45 | 25 14 - 88 | Trees 421
| Site Index(ft.) 67 | 19 |  31-88 | Observations 2114

McCloud Area (stem analysis and growth plot measurements)

Total Height(ft) 69 34 14-135 | Stands | 68
Age (years) 43 24 §-92 Trees 256
Site Index(fi) 84 14 47 - 107 QObservations 1358

Range is based on the means of the lowest and highest 10" percentile of the distribution

A statistical summary for all MC3 models is shown in table 6.13. Figure 6.4
shows the separate and combined species models for the main mixed conifer zone.
Visually, there is not much difference between any of the separate species models and
the combined model. Ponderosa pine is closest to the combined model largely reflecting
the heavy weighting of PP observations in the database. Sugar pine is the most different
but even at an exireme of 100 years on a high site of 120 — largely an extrapolation
beyond available data limits — the difference in predicted site index is only six feet.

Ignoring the mixed conifer zones and fitting models to statewide data for MC3
species essentially replicated _MMC modeis. This is largely due to having the numbers
of stands and trees from main mixed conifer areas dominate the database. Thus, the
_MMC models should provide reascnable statewide representations.
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Table 6.13 Statistical surnmary for the main mixed-conifer zone MC3 species site index
models.

i
| Model | Solution Parameter Estimates RMSE 2
| ModelName | £ | method (ft.) R
b1 bz b3
PP_CR2 MMC CR2 IE -0.01441 B777 36.85 2.96 9897
DFI_CR2_MMC CR2 IE 001564 | -8.260 38.98 .45 988
SP_CR2_MMC | CRZ2 IE -0.018862 -9.153 54 .31 1.67 997
MC3_CR2Z_MMC CR2 iE -0.01524 4,194 28.35 2.32 997
MC3_CR2_MA CR2 IE -0.01267 -10.56 64.28 1.862 .098
MC3_CR2_OMC CR2 IE -0.01684 -1.255 12.53 | 1.83 997
MC3 Species Site Index Modeis
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Figure 6.4. MC3 species site index curves for the main mixed conifer zone.

The combined MC3 species models for the three mixed conifer zones are shown
in figure 6.5. Differences are most pronounced in older ages and can result in
differences in site predictions of over one site class (20 feet of site index). For
comparative purposes, site curves from these three models and the upper and lower 80
percent bounds from the random regression coefficient mode! described previously are
shown in figure B.6 for a site index of 70 feet. The MC3 models are well within the
observed variation in the general statewide mixed conifer resource.

Each of the combined MC3 modeis was compared to stem analysis data from
each of three mixed conifer zones and variance ratios were computed. These results are
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Figure 6.5. Combined MC3 species site index models.
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Figure 6.6. MC3 site index models for a site index of 70 feet and approximate 90
percent confidence infervals.
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shown in table 6.14. It is apparent that the zonal models work best in their respective
zones and precision gains can be achieved in site index estimation by adopting the
broad based mixed conifer zonal classification developed here.

Table 6.14. MC3 variance ratios by data source zone.

Data Source
NModel Main Mixed |’ Other Mixed NMcCloud
Conifer Conifer Area,
MC3 CR2 MMC 1.00 I 1.16 1.33
MC3 CR2 OMC 1.28 1.00 2.41
MC3 CR2 MA : 1.64 2.22 1.00
No. of Trees 603 ! 159 118

The data used for the MC3_CR2_OMC model was largely interior Dougtas-fir (75
percent), often growing in atmost pure stands, and predominantly from the eastern sides
of Northern California Coast Ranges and Klamath Mountains ecological sections. This
model is practically coincident with the north coastal DF_KFPT_NC Douglas-fir site index
model. While being unconfirmed as data is lacking, either one of these models would
appear to suffice as an MC3/Douglas-fir site model for the central and westermn portions
of these two ecological sections.

MC2 Species Evaluations and Comparisons

Four existing site index modeis were compared with the MC3_CR2_MMC model
using stem analysis data from the main mixed conifer zone described in table 6.11.
These are Dunning and Reineke (1933), Dunning (1942), Biging and Wensel (1985),
and the reconstituted breast-high age base model (PP_FObha_1378) derived from a
subset of the data used by Powers and Oliver {1978) for their total age ponderosa pine
site curves.

Figure 6.7 shows site curves from all these models bounding the generai site
index range found in the main mixed conifer data set. Variance ratios based on the main
mixed conifer stemn analysis data set relative to the MC3_CR2_MMC model are shown in
table 6.15. Site prediction differences are shown in tabie 6.16.

Table 6.15. Vaniance ratios for salected candidate MC3 species site index models using
the MC3_CR2 MMC model as 2 basis.

l Model | Age-Site Class
! Young/Low | Young/High Old/Low Old/Higih Over All
MC_ DR _1933 1.36 7.72 1.40 | 2.37 4,18
MC_Dunning1942 2.97 2.42 - 2.33 1.63 3.23
MC _BW 1985 1.44 3.98 1.20 1.92 2.37
PP_Pobha 1978 1.92 1.42 2.30 1.31 212
MC3 _CR2 MMC 1.00 1.00 1.00 1.00 1.00
Trees (Obs.) 381(1827) 405(2151) 378(1375) 412(1062) 885(5562)
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Table 6.16. Difference in main mixed conifer areas fir site index predictions {feet) from
the MC3_CR2_MMC model by model, classification age and site index class.

20 Years BHA 100 Years BHA
Mode} Site Index Class Site Index Class
bow | Ave. | High | Low Ave. High |
MC_BW_1986 2 | 1 | 28 | 5 2 -4 |
MC_DR 1933 42 | o0 | 53 | 8 -1 12 |
| MC_Dunning_1942 | -17 19 | 12 | 14 13 4
| PP_Pobha_1978 -15 42 L 10 | 14 10 1

MC3 Species Site Index Models |

Site Mode! |
----- A MC_BW_1985
----- m-- PP_PObha_1978
—O—  MC_Dunning1942
—[— MC_DR_1933
— MC3_CR2_MMC |

Total Height (Feet)

| | . I | i ! !
10 20 30 40 50 60 Y0 80 90 100 110
! Breast High Age (Years)

Figure 6.7. MC3 species site index models.

Obviously a well-constructed site index mode! from a specific data set, which is
subseqguently used as the comparative basis with other models, will usually perform the
best. However, computing variance ratios with the NCPlot daia set, which was not used
in mode! construction, indicated results very consistent with those shown in table 6.15.

Dunning and Reineke's model universally performed the worst confirming
Dunning’s (1942) remarks that these curves “show absurd trends towards impassible
heights at older ages”.

Dunning’s {1942) curves faired fiitle better, being universally too flat compared to
the data used in this study. Figure 6.8 shows the young growth portion of Dunning’s site
curves, adjusted to breast-high age, and & site curve generated by the MC3_CR2_MMC
for an approximate mean site index of 70 feet. Assuming the MC3_CR2_MMC mode! is
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representative of MC3 species height growth development, site index predictions made
from Dunning’s curves are highly correlated with age at the time of classification. As can
be seen from figure 6.8, predictions range from a site class V at about 10 years to a site
class | at age 100. While possibly being adequate for old growth mixed corifer species,
Dunning (1942) stated the opinion that his curves should probably be abandoned when
emphasis in forest management changes to younger rotations.

The reconstituted PP_PQObha_ 1978 model also perforrns somewhat poorly. It is
interesting to note however, that if comparisons are made based solely on the POPP
data set from which this mode! was constructed, it is 36 percent more precise than the
next closest model (MM_CR2_MMC). Site indices in this data set ranged from about 75
to 130 feet. Of the 16 available stands (90 trees), the lowest three by sile index were
from the Northern California Coast Ranges, the middle ten from the main mixed conifer
zone, and the highest three were from the McCloud area. Thus, the site indices in this
sample are cormrelated with the mixed conifer zonal classification, illustrating problems
that can be expected from constructing regional mixed conifer site index models with
smali data sets.

Biging and Wensel's (1985) model performs reasonably weli for ages over 50 but
resuited in substantizl overpredictions of site index when applied to young stands on
better than average sites. This is felt to be due to the inclusion of a large proportion of
white fir irees in the MC_BW 7985 model. Their influence on the sigmoidal shape of the
maodel is quite noticeable in younger ages. The data analyzed here suggests that the site
curve shape of MC3 species is not nearly as sigmoidal as white fir.

MC3 Species Summary and Recommendations

The combined MC3 species site index models developed here appear to be the
best regional site index models for pondercsa pine, interior Douglas-fir, and sugar pine
and are recommended as replacements for other existing curves. There is little to
suggest that specific models for any species in the MC3 group will do much better than
combined models. The MC3_CR2_MMC moedel is recommended as the best all around
statewide model for MC3 species. Separate MC3 modelis applicable to the three mixed
conifer zones can increase the overall accuracy of site classification and are
recommended for exclusive use in those areas. These models ail have desirable base
age invariant properties and can be used directly and consistently in both site index and
height estimation.
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Figure 6.8. MC3_CR2_MMC site curve for 2 site index 70 and Dunning’s site curves
adjusted fo breasi-high ages.

6.3.5 White Fir

White fir is found primarily as a principal component of mid and higher elevation
mixed conifer forest types and true fir forest types in the Sierra Nevada Mountains and
the Southemn Cascades. It also occurs in the Northem Califomia Coast Ranges, the
Klamath Mountains, and the Modoc Plateau. White fir was included in past mixed
conifer site index studies (Biging, 1984; Biging and Wensel, 1985); Dunning and
Reineke, 1833; Dunning, 1942) and species specific sife curves were developed by
Dolph (1987) and Schumacher (1926). Dolph found that his curves were substantially
different from Schumacher's and recommended his as a replacement. Analysis here
supports Dolph’s conclusion that Schumacher’s curves are a poor choice as a white fir
site index basis.

White fir is problematic as a site species due to its ability to remain in less than
‘free-to-grow’ conditions for decades, still maintain thrifty tops and crowns, and then
respond to eventual release. These situations are commonly associated with natural
stands of white fir that have regenerated after fire events and grown up under brush
understories or have been released in mixed conifer stands after the more valuable
pines have been selectively harvested. It would appear that Schumacher's sample basis
was influenced in this manner. In the quality assurance editing phase, twelve stands
(clusters or sampling areas) were discarded as they showed abnormal growth
accejeration after 40 years of age. Similarly, there are innumerabile 70-plus years old
white fir ‘site trees’ on some growth plots that appear to have very low site index yet are
‘growing’ like 30 year old trees. As the actual increment cores and complete
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management history of these trees were not available for scrutiny, there is no way of
telling if the past environment of these trees were compatible with basic site tree
requirements. As a consegquence, only white fir stem analysis trees were used in mode}
construction. Growth plot records were used as validation data.

A synopsis of stem analysis data used in model fitting is shown in table 6.17.
There is an ample supply of white fir stem analysis data. An additional 894 trees from
444 growth plots were available for validaticn. White fir stem analysis data sources
consisted of the NCStem, LDMC, LDRF, and GspWF data sets. By numbers of trees,
the rough distribution by ecological section was:

44 percent - Sierra Nevada

S0 percent - Southern Cascades

2 percent - Klamath Mountains

3 percent - Northern California Coastal Mounfains
i percent - Modoc Plateau

Initiaf analysis indicated that there were several factors asscciated with the
shape of white fir site index curves (Type Il polymorphism). It appears to do best on flat
and northeast aspects in the 4500-6500 feet elevation range. Slight flattening of height
growth development is noted on southwest aspects in the relatively iower elevation
range of the species. Like the MC3 species, it does not do very well in the Northem
California Coast Ranges. Attempts to discriminate however have shown resuits to be
inconclusive. Consequently, one model was fit to all white fir stem analysis data
availabte from all sources. The CR2 model form was considered the best and the
resulting model is designated as WF_CR2_Ca. A statistical synepsis is shown in table
6.18.

Dolph (1987, 1991) developed separate site curves for white fir and red fir, which
showed practical differences. Analysis here with independent datasets confirms these
differences, so separate sife curve systems for each of these two true fir species
appears to be justified.

Tabie 6.17. White fir stem analysis site index data summary.

Variable Sample Statistics Sample Size |
Mean | Std. Dev. | Range' Source [ Numbers

Total Height{ft.) | 63 126 | 13- 107 Stands 167

Age (years) 46 20 ' 8-88 Trees 897

Site Index(ft.) 73 14 | 42 - 101 Observations | 8764

Range 1s based on the means of the lowest and highest 10" percentile of the distribution

Table 6.18. Statistical summary for the WF_CR2_Ca site index model.

' Model | Solution Parameter Estimates RMSE RZ |
Mode] Name (f)
Form ‘ Method
' b‘f bz b.? |
| WF CR2 Ca | CR2 | IE | -0.02834 | 4.336 31.51 4.9 609
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Evaluation and Comparisons

Variance ratios for several existing candidate white fir site index curves pius the
MC3_CR2_MMC mixed conifer model as a comparative reference point are shown in
tabie 6.1S. Stem analysis data as summarized in table 6.17 was used for this purpose.
Dunning’s (1942) site index curves were the worst, foilowed by Dunning and Reineke'’s
(1933) model. The MC3_CR2_MMC model alsc performed poorly, indicating that
differences in top height development of MC3 species and white fir follow substantiaily
different paths. '

Figure 6.9 shows site curves of the models developed by Dolph (1987) and
Biging and Wensel {1985), and the WF_CR2_Ca and MC3_CR2_MMC models
developed here. Doiph's and Biging and Wensel's sife index models are quite close to
the WF_CR2_Ca model. Any of these site index models should reasonably characterize
white fir in the 60-100 foot site index range where most white fir is found. Biging and
Wensel's model is a fittle too steep in advanced ages on higher sites, which leads to
underestimates of site index compared to the WF_CR2_Ca model. Dolph’'s model tends
to be a little flat after 60-70 years of age. This is the upper limit of the age range of his
data and the site curves beyond this age limit are largely extrapolations. His site curves
actually reach maximums in the 100-130 year age range on higher sites and decrease
thereafter. Thus, his admonition about an 80-year maximum age should be heeded.
Doiph’s model alsc has problems with site indices iess than 50 feet in the 5-30 year age
range. Heights are predicted in some cases to be less than 4.5 feet and in some places
are negative. Dolph utilized Dahms’ (1975) method in deveioping his white fir curves.
Monserud (1984) also explored using this method for Douglas fir in [daho. He found
similar erratic behavior with his model at the edges of his data set and inferred it might
be due to the highly over-parameterized model system that Dahms’ method produces.

Table 8.19. Variance ratios for selected candidate white fir site index models using the
WF_CR2_Ca model as a basis.

| Modei Age-Site Class

! Young/Low | Young/High Old/Low Old/High Qver All

' MC_DR_1933 2.91 1.89 1.33 1.25 2.15
MC_Dunning_1942 7.44 7.61 3.37 2.27 6.86
MC_BW_1985 1.08 1.10 1.04 1.07 1.09
WF_ Dolph_1987 1.07 1.14 1.05 1.18 1.15
MC3 CRZ_MMC 1.46 2.25 1.02 1.12 1.60
WF CR2 Ca 1.00 1.00 1.00 100 1.00
Trees {Obs.) 474(2534) 411(2895) 484(2584) 403(2177) 887(8420)

White Fir Summary and Recommendations

The WF_CR2_Ca model appears to be the best mode! that can be applied
statewide to white fir in terms of precision and that has desirable base age invariant
properties. Site curves of Biging and Wensel (1985) also appear to be a reasonable
choice as a white fir site index curve. Site curves by Dolph (1987) are also reasonable
but they should not be used below a site index of 50 feet or ages over 70-80 years.
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Figure 6.9. White fir and comparative site index models.
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6.3.6 Red Fir

Red fir occurs primarily in true fir forest types at higher elevations in the Sierra
Nevada and fo a lesser extent in the Southem Cascades, the Klamath Mountains, and
the Northern Califomia Coast Ranges. Schumacher (1928) provided the earliest red fir
site index curves. These were iotal age guide curves developed in conjunction with a
normal yield study of red fir. Dolph (1991} developed new height prediction site index
curves based on breast-high age and one dominant tree from each of 194 sample plots
in 56 naturat young-growth red fir sites in Califomia and southem Qregon. The selected
tree on each plot was in some sense the best growing tree. Doiph adjusted
Schumacher’s curves to breast-high ages and compared them with his new curves. He
concluded they were substantially different. We concur with Dolph (1981} in that
Schumacher’s (1928) curves do not correspond well with red fir stem analysis and
repeated heighi-growth measurements, and should not be used.

Red fir data availabie fo this anzalysis consisted of the LDRF, NCPlot, and
NCStem data sets. initial analysis indicated that there were no location factors that
- seemed to influence the shape of red fir site curves in any appreciable manner. The
relatively ‘worse’ ptaces were in the Northem California Coast Ranges, the southem end
of the red fir range in the Sierra Nevada, and on southwest siopes. These differences
however were not significant. The arhitrary California-Cregon boundary iine did not
make any difference.

The KP1 model form was found fo be the best fit of the data. Combined stem
analysis and growth plot data (with an age difference correction of .0077) indicated that
there was no material difference in model fits through the stem analysis data range. As
the growth plot data (38 stands, 89 trees, 247 measurements) filled in some higher sites
and older ages, all data available was used to fit one red fir site index model applicable
to the range of red fir in California: RF_KP71_Ca. A data and statistical summary are
shown in tables 6.20 and 6.21 respectively.

Tabie 8.20. Red fir site index data summary.

. Sample Statistics Sample Size
LY T ¥
_ ariable Mean | Std. Dev. | Range Source | Numbers
II
| Total Height(ft.) [ 50 36 10- 118 Stands 83
Age (years) | 48 22 8-101 Trees 404
Site Index(ft.) | 55 18 29-78 Observations 2248

Range is based on the means of the lowest and highest 10" percentile of the distribution

Table €.21. Statistical summary for the RF_KP1_Ca site index model.

Mode! | Solution ! Parameter Estimates RMSE R?
Model Name .. {ft.)
Form | Method T
. by | b 1 bs
RF_KP1 Ca CR2 | IE 1.741 | -110.3 | 20100 342 908
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Red Fir Comparisons and Evaluation

Dunning and Reineke (1233) included a small amount of red fir with their young-
growth mixed conifer site curves while Dunning {1942) did not include any. Based on
variance ratios, both of these models performed poorly, about on par with white fir
comparisons. Neither is discussed further.

Three candidate red fir site index models were evaluated and compared with the
RF_KP1_Ca model: Dolph’s {1891) red fir model, Biging and Wensel's (1985) mixed
conifer model which included a small amount of red fir data, and the WF_CR2_Ca white
fir model to reference true fir species differences. Figure 6.10 shows site index curves at
site index levels spanning the red fir data range. Table 6.22 shows variance based on
afl the data described in table 6.20. Table 6.23 shows differences in heighi predictions.

Table 6.22. Variance ratios for red fir site index models using the RF_KP1_Ca model as
a comparison.

Model Age-Site Class _
Young/Low | Young/High ' OldiLow | Old/High Over All
MC BW 1985 1.37 1 1.19 [ 1.24 | 1.39 1.40
WF CR2 Ca 1.19 | 1.03 [ 1.13 1.22 1.21
RF Dolph_1991 0.96 1 1.05 [ 0.89 1.00 1.02
RF_KP1_Ca 1.00 [1.00 1.00 1.00 1.00
Trees (Obs.) 167(755) | 176(769) | 192(741) 210(658) 402(2237)

Table 6.23. Difference in red fir site index predictions (feet) from the RF_KP1_Ca model
by model, classification age and site index class.
i

; [ 20 Years BHA 100 Years BHA
| Model 5 Site Index Class (feet) Site Index Class (feet)
Low Ave, High Low Ave. High
MC BW 1885 2 -3 -3 S 2 -4
RF_Dolph_1981 2 8] 1 0 1 -2
WF CR2 Ca 7 3 0 2 8 4

Visually and by all diagnostics, there is no practical difference between Dolph’s
red fir model and the RF_KP1_Ca model. Both of these models are a littie too steep for
ages less than 10-12 years. This however is the lower boundary of the general
applicable age range adopted for this study. The WF_CR2_Ca mode! and Biging and
Wensel's (1985) model are in general too fiat through the average red fir site index
range of about 30-70 feet in older ages. These results are consistent with other
independent red fir/white fir studies (Dolph, 1987, 1991). Independent treatment of both
of these true fir species appears to be warranted.

Red fir Summary and Recommendations

Either the RF_KP1_Ca maodei developed here or Dolph’s (1991) red fir model is
recommended as a site curve basis for red fir in California. These models can be
considered practically the same. Dolph's height prediction model cannot be solved for
site index so machine processing requires either an iterative solution technique or
tabular interpolation. The base age invariant RF_KP1_Ca model can be used directly
for both height and site index prediction.
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Red Fir Site Index Models
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Figure 6.10. Red fir site index models.
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6.3.7 Incense Cedar

Incense cedar is found throughout the mountain ranges of northern Califomia in
all of the ecological sections examined in this study but is primarily concentrated in
mixed conifer forest types on the west slopes of the Sierra Nevada Mouniains and the
Southem Cascades. Isolated pockets occur on serpentine soils in the Northem
California Coast ecotogical section. Incense cedar was not normally included in past
mixed conifer site index studies. In Biging and Wensel's (1985) siudy, two of 343 trees
were incense cedar, hardiy making it a representative species. Species-specific site
prediction curves were developed by Dolph (1983) based on 56 stem analysis trees from
55 growth plots located on the westem slopes of the Sierra Nevada. Measurements
were largely under 70 years of age.

In addition to the data used by Dolph (LPMC data set), the NCPlot, NCStem, and
BFRS data seis were used as incense cedar data sources. Growth plot data was used to
provide much needed observations in older age classes and higher sites. It amounted to
about 25 percent of the total incense cedar data on a tree basis. The data is virtually all
from the west slope of the Sierra Nevada Mountains and the Southern Cascades. A data
synopsis is shown in Table 6.24.

While incense cedar is & common mixed conifer species, its site index is typically
about 35 percent less than other conifer associates with about 80 feet being the
maximum recorded in the data. Initial analysis alsc indicated that a family of straight
lines, emanating from 4.5 feet, would be a reasonable site index model for incense cedar
up to about 70 years of age. The logistic modet form, LG1, proved to be the best fit and
one model, named /C_LG1_Ca, was fit to all of the available incense cedar data. Post
analysis did not indicate significant trends that could be attributabie to ecological section,
topographic position, or elevation. A statistical summary is shown in table 6.25.

Table 6.24. incense cedar index data summary.

. Sample Statistics ! Sample Size l

Variable Mean | Std.Dev. | Range' | Source | Numbers |

|

Total Height(ft ) 41 22 ! 10 - 88 Stands 115 |

Age (years) 42 23 | §-91 Trees 206 |

Site Index(ft.) 50 17 !' 24 - 81 QObservations 839 |
Range is based on the means of the lowest and highest 10" percentite of the distribution

Table 6.25. Statistical summary for the IC_LG1_Ca site index model.
|

. RMSE 2 |
i P E
Model Name h:gfrﬁ] iqq;:;f; arameter Estimates (L) R |
| b, b, bs |
| IC_LG1_Ca LG1 iE 234.1 3.823 | -1.237 2.78 996 |

Incense Cedar Evaiuations and Comparisons
Numerous existing site index equations and the newly developed base age
invariant mixed conifer/true fir models previously described were compared with the
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incense cedar data described in table 6.24 and the IC_LG1_Ca model. None came very
close in terms of variance ratios. The two closest models were the MC3_CR2_OMC
model and the incense cedar site prediction model developed by Dolph {1983}. Variance
ratios and standard site prediction differences are shown in tables 6.26 and 6.27. Site
curves spanning the sample range of incense cedar site index are shown in figure 6.11.
All of these models are very similar under ages of 70 years, and under 85 years
differences in predictions are less than five feet.

Table 6.26. Variance ratios for incense cedar site index models using the IC_LG{_Ca
mode! as g basis.

Model Age-Site Class .
Young/Low | Young/High Qld/Low Old/High Cver All
IC_Dolph_1983 0.94 I 1.69 1.12 1.33 1.32
IC_LG1_Ca 1.00 1.00 1.00 1.00 1.00
MC3 CR2 OMC 1.24 0.91 1.21 1.10 1.18
Trees (Obs.) 94(276) 68(269) 107(348} 899(264) 206(834)

Tabie 6.27. Difference in incense cedar site index predictions (feet) from the {C_LG1_Ca
model by model, classification age and site index class.

20 Years BHA 100 Years BHA
Model Site Index Class (feet) Site Index Class (feet)
Low Ave. High Low Ave. High
| IC_Dolph_1983 -1 -3 1 5 7 1
I MC3 CR2 OMC | 3 0 -1 1 8 5

incense Cedar Summary and Recommendations

Incense cedar shoutd not be considered 2 component of any form of mixed
conifer site classification system due to its generalty lower site index when compared
with other mixed conifer species. in the event that site index is required specifically for
incense cedar, the /C_LG7_Ca model appears to be the best choice. The
MC3_CRZ_OMC model and Dolph's (1983} model are reasonable substifutes.
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€.3.8 Jeffrey Pine

Largety a California phenomenon, the range of Jeffrey Pine is fairly coincident
with that of ponderosa pine, but at elevations tess than about 5000 feet it only occurs on
serpentine soils and outcrops. The normal pattern is for ponderosa pine t¢ oceur in
mixed conifer forest types, gradually being replaced with Jeffrey pine at higher elevation
true fir and subalpine forest types. Jeffrey Pine generally replaces ponderosa pine in
southem California. No specific site index studies have been done for Jeffrey Pine.

Data available for Jeffrey Pine analysis is virtually all from single height/age
measurements making the hardwood/minor conifer species (HMC) method the only
option for fitting equations. Options available for the selection of the best model form is
targely limited to comparing RMSE values of competing models and comparing fitted
curves with fike species such as ponderosa pine.

-The SH2 model form appeared to be well suited and one model, JP_SH2_Ca,
was subsequently chosen as the best site index model available for all Jeffrey pine in
California. A synopsis of the data used to fit the model and a statistical synopsis are
shown in tables 6.28 and 6.29 respectively.

The JP_SHZ2_Ca model is almost indistinguishable from the other mixed conifer
zone model (MC3_CR2_OMC). Attempts to fit the CR2 model form to Jeffrey pine data
however, resulted in highiy disterted curve shapes in the younger age classes. Both of
these models and the data used io fit the JP_SHZ2_Ca model are shown in figure 6.12.
Differences in site predictions from either of these models are at most four feet at ages
of 20 and 100 throughout the sample site index range.

Table €6.28. Jeffrey Pine site index data summary.

Variable | Sample Statistics Sample Sizes
| Mean | Std. Dev. [ Range' Source | Numbers
Total Height(ft) 52 23 16 - 93 Stands 39
Age (years) B2 23 26-66 Trees 374
Site Index{ft.) 45 17 22 - 81 Cbservations 374

'Range is based on the means of the lowest and highest 10" percentile of the disiribition.

Table 6.2%. Statistical summary for the JP_SH2_Ca Jeffrey pine site index model.

. !
Model Mod | golution Parameter Estimates RMSE 2 |
| Name e | Method gy | R
| Form b b, b b, '
| JP_SH2 Ca SH2 HMC 0.3879 | -1171 194 4 | -0.3456 B.78 .991

Jeffrey Pine Summary and Recommendations

The JP_SH2_CA modei is the only site index curve system availabie for Jeffrey
pine in California. it is very similar to the MC3_CR2_OMC model and either one will
suffice as a site index model for Jeffrey pine in California.
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Jeffrey Pine Site Index Models and Data
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Figure 6.12. Jeffrey Pine Site index models and data.
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6.3.9 Lodgepole Pine

Lodgepole pine is primarily concentrated at high elevations in the Sierra Nevada
and Southern Cascades and is a component of the red fir/subalpine forest types. It aiso
occurs at high elevations in iesser concentrations in the Klamath Mountains and the
Modoc plateau (Wamer Mountains). Subspecies (shore pine) alse occur close to sea
level in suitable environments in the Northern California Coast.

The data availabte for lodgepole pine site index modeling is scant and largely
from high elevations in the Sierra Nevada mountains. Site indices were limited to a
narrow band of 35 - 60 feet. The age range was about 20 — 120 years. The FiA data
series contributed seven stands and 58 measurementis. All other data sources
contributed an additionat six stands, 12 trees, and 39 measurements — about half stem
analysis. All of this data was combined. The SH2 model fit by the HMC method gave the
best results. Within the iodgepole pine sampie site and age range, the resulting site
curves provided an almost coincident overiay of the Jeffrey pine site index curves.
Parameter estimates however, were highly different and extrapotations even slightly
outside the data limits produced what were considered to be unrealistic curve shapes.
The Jefirey pine model appears to be a better choice.

Lodgepole Pine Summary and Recommendations
Either the JP_SH2_Ca Jeffrey pine model or the MC3_CR2_OMC mode! should
provide a good charactenzation of lodgepoie pine site index in California.

6.4 Hardwood Site Index Models

The data available for hardwood site index modeling largely consists of stands
with five or more single height/age measurements on individual trees. The FIA data set
supplied over 85 percent of these observations. The HMC solution method was used for
all hardwood analysis. There were no stem analysis data available and what little
repeated growth data that was available was retained as validation material.

6.4.1 Red Alder

Red alder is primarily a coastal species with major congcentrations appearing in
Humbeoldi and Del Norte counties. Primarily a riparian species, it can be an aggressive
invader on disturbed soils in moist uplands within the fog belt in northern Califomia.

Fast studies of red alder site index in California are iimited to Porter and Wiant
(1965}. They produced a 50-year fotal age based site prediction mode! of the form

Hs = Ho(.849 + 17.556/A,)

Their model was based on 26 stem analysis trees sampled between 30 and 67 years of
age with corresponding site indices in the range of 76 — 114. The average age of trees at
breast height was one year. All of the samples were coliected in Humboldt County. They
noticed that their model produced coefficients that were virtuaily identical to those of
Johnson and Worthington (1963) for red alder in the Pacific Northwest.
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A BD-year age base height prediction mode! can be approximated from their
model (RA_PW_1965) by assuming it takes one year to reach breast height. Performing
basic algebraic operations gives the approximation

H = 4.5+ (H.—4.5)/(.649 + 17 .556/(A+1))

Note that this model is only indicative, as a direct conversion of a total age to a breast-
high age based system is not possible.

Data available for fitting red aider site index curves is relatively scant. A data
summary is shown in table 6.30. Both a base age invariant equivalent of the
RA_PW 1965 model and the SH1 model form provided the best and virtually the same
site curve families. The SH1 mode! form was retained and one medel, RA_SHT_Ca was
considered the best that could be extracted from the data. A statistical synopsis is shown
in table 6.31.

Table 6.30. Red Alder site index data summary.

Variable | Sample Statistics Sample Sizes

[ Mean | Std. Dev. | Range Source | Numbers
Total Reight{) | 62 15 [ 3503 Stands T 14
Age (years) 28 8 | 16-58 Trees 90
Site Index{ft.) 75 6 | 45-102 Observations | 114

Range is based on the means of the lowest and highest 10™ percentile of the distrioution

Table 6.31. Statistical summary for the RA_SH1_Ca red alder site index modetl.

Model Niode! | Sohlution Parameter Estimates RMSE R
Name Form Method by b, {ft.)
RA_SH1 Ca SH1 HMC -7.236 07772 9.1 96 |

Red Alder Evaluation and Comparisons

Figure 6.13 shows site curves for both the adapted RA_FPW 7965 medel and the
RA_SH1_Ca deveioped here along with the data used to fit the latter. Maximum
differences in predicted site indices in the 60-10C foot range (where most of the sample
data jie) between the two models are about five feet. Overall variance ratios differed by
.01. Considering the relatively small and independent samples, the differences in types
of measurements and estimation methods, and the general lack of validation data, there
is little to suggest one model is better than the other.

Red Alder Summary and Recommendations

The previous curves of Porter and Wiant or the RA_SH1_Ca model developed
here are not materially different from each other. Porter and Wiant's curves require an
adjustment to be placed on a breast-high age basis. The RA_SH1_Ca model has
desirable base age invariant properties and is more versatile for computational
purposes.

96



Site Index Models

Site Model F--A-~ RA_PW 1965 |

RA_SH1_Ca

120~
100
T 80
LiF]
L
L 80
o]
X
T 40
o
I__
20
0

10

i
20 30 40 50 60 70 80

Breast High Age (Years)

g0

Figure 6.13. Red alder site index models and data.
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6.4.2 Madrone

Main concentrations of madrone in California appear in the North and Central
Coast, frequently as an associate in redwood — Douglas-fir forest types. Scattered
populaticns also appear in the Klamath Mountains, Southem Cascades and the Sierra
Nevada ecological sections. It appears in moister oak woodland forest types and is an
associate species in lower elevation mixed-conifer forests.

Past studies of madrone site index in California are limited to Porter and Wiant
(1965). They produced a 50-year tofal age based site prediction model of the form

He = Ho(.375 + 31.233/A,)

Their model was based on 25 stem analysis trees sampled between 28 and 71 years of
age with corresponding site indices in the range of 53 — 95. The average age of trees at
breast height was 2.8 years. All of the samples were collected in Humboldt County.

A 50-year age base neight prediction mode! can be approximated from their
model (MD_PW_1965) by assuming it takes 2.8 years 1o reach breast height.
Performing basic algebraic operations gives the approximation

H = 4.5+ (Hs — 4.5)/(.375 + 31.233/(A+2.8))

As with red alder, this model is only indicative as a direct conversion of a total age to a
breast-high age based system is not possible.

A summary of data available for fitting Madrone site index curves is shown in
table 6.32. The data is virtually all from the coastal ecological sections. The data here is
much more extensive than that of Porter and Wiant, spanning a wider age and site range
although the average site index is about 20 feet less. The SH1 model form provided the
best fits of several tried, both in RMSE and reasonableness of fits in the younger age
classes. The explicit model, MD_SH1_Ca was considered the best that could be
extracted from the data. A statistical synopsis is shown in tabie 6.33.

Table 6.32. Madrone site index data summary.

. Sampie Statistics Sample Sizes
Variable Mean | Std.Dev. | Range’ Source | Numbers |
|
Total Height(ft) | 52 18 24 -85 Stands | 54
Age (years) 60 | 25 22 - 101 Trees 418
Site Index(ft.) 50 15 27 -81 Observations | 418

Range is based on the means of the lowest and highest 10” percentile of the disiribution

Tabie 6.33. Statistical summary for the MD_SH1_Ca madrone site index model.
Model Model | Solution Parameter Estimates RMSE 2 |
Name Form | Method by ] b, {ft) R™ |

|MD_SH1 Ca| SH1 | HMC | -5.3508 -0.3883 9.2 97
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Madrone Evaluations and Comparisons

Figure 6.14 shows site curves for both the MD_PW_1965 model and the
MD_SH1_Ca developed here along with the data used to fit the latter. As & whole, these
curve families are almost coincident up to about age 50. In clder ages, the curves
developed here are flatter. For a site index of 80 feet, maximum differences in predicted
site indices are about eight feet at 100 years. Part of this difference is due to the
approximate Porter and Wiant model used for age compatibility. Also noted is that a
base age invariant equivalent of Porter and Wiant's model was tried and although the
curve system was closer to that of the MD_PW_1965 model, the RMSE was about 20
percent higher than the SH1 model form adopted here. This suggests that the model
form adopted by Porter and Wiant may not be optimal for madrone. Comparisons of
variance ratios indicated maximum differences of .05 or less for any age/site quadrant
and .01 overall. Other than noting that the MD_SH7_Ca model had much more data in
the 60-plus age range than the previous study and presumably provides a better fit in
that age range, there is little basis to suggest one model is better than the other.

Madrone Summary and Recommendations

There is little basis to suggest that either the previous curves of Porter and Wiant
or the MD_SH1_Ca model developed here are materially different from each other.
Porter and Wiant’s curves require an adjustment to be placed on a breast-high age
basis. The MD_SH1_Ca model has desirable base age invariant properties and is more
versatile for computational purposes. '
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Figure 6.14. Madrone site index models and dafa.

6.4.3 Tancak

Main concentrations of tanoak in Califomia appear in the North and Centrat
Coast, frequently as an associate in redwood — Douglas-fir forest types. Scattered
populations also appear in the Klamath Mountains, Southem Cascades and the Sierra
Nevada ecological sections.

Fast studies of tanoak site index in California are limited to Porter and Wiant
(1965). They produced a 50-year fofal age based site prediction model of the form

Hs = HD(204 + 39233!’}3\0)

Their mode! was based on 30 stem analysis trees sampied between 32 and 71 years of
total age with corresponding sife indices in the range of 47 — 86. The average iotal age
of trees at breast height was 3.2 vears. All of the sampies were collected in Humboldt
County. A 50-year age base height prediction model can be approximated from their
model (TO_PW _1965) by assuming it takes 3.2 years to reach breast height. Performing
basic algebraic operations gives the approximation

H = 4.5 + (H — 4.5)/(.204 + 39.787/(A+3.2))

As with red alder this model is only indicative, as a direct conversion of a total age to a
breast-high age based system is not possible.
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A synopsis of data available for fitting {ancak site index curves is shown in table
6.34. The data is virtually ali from the Northemn California Coast ecoiogical section. The
data here is much more extensive than that of Porter and Wiant, spanning a much wider
age and site range although the average site index is about 15 feet less. The CR1 model
form provided the best fits of several tried, both in RMSE and reascnableness of fiis in
the younger age classes. The explicit model, TO_CR7_Ca was considered to be the
best. A statistical synopsis is shown in table 6.35.

Table 6.34. Tancak site index data summary.

Variable Sample Staiistics Sampie Sizes
Mean | Std.Dev. | Range’ Source [ Numbers
Total Height(ft) 54 21 22 - 92 Stands 144
| Age (years) 50 24 21 -8¢ Trees 1615
Site Index(ft.) 55 |16 29-83 QObservations | 1618 |

'Range Is based on the means of the lowest and highest 10" percentile of the distribution

Table 6.35. Statistical summary for the TO_CR1_Ca tanocak site index model.
Modei Model | Scilution Parameter Estimates RMSE R |
Name Form | Method by ! b; (ft.)

TO_CRt Ca CR1 HMC -0.007455 0.7743 10.7 .96

Tanoak Evaluations and Comparisons

Figure 6.15 shows site curves for both the TO_PW_1965 model and the
TO_CR1_Ca developed here along with the data used to fit the lafter. Much the same as
madrone, the curves developed here are flatier than previous ones. Also noted is that a
base age invariant equivalent of Porter and Wiant's model was tried and although the
curve system was closer to that of the TO_PW _71965 model, the residual variance was
about 30 percent higher than the CR1 model form adopted here. This suggests that the
model form adopted by Porter and Wiant may not be optimal for tancak. Other than
noting that the TO_ CR7_Ca model had much more data in the 80+-age range than the
previous study and presumably provides a better fit in that age range, there is n¢ other
available basis for comparison.

Tanoak Summary and Recommendations

There is fittle basis fo suggest that either the previous curves of Porter and Wiant
orthe TG_CR1_Ca model developed here are materially different from each other.
Porter and Wiant's curves require an adjustment io be placed on a breast-high age basis
that will not be straightforward. The TC_CR1_Ca model has desirable base age
invariant properties and is more versatile for computationai purposes.
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Figure 6.15. Tanoak site index models and data.
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6.4.4 Bilack Oak

Black oak is wide spread in California. Large concentrations appear in the
Northem California Coast, North Coast Coastal Mountains, Klamath Mountains,
Southern Cascades and the Sierra Nevada ecological sections. It is a common
associate in lower elevation mixed conifer forests and aisc appears on the drier east
side of the Northem California Coast.

Past studies of black cak site index are limited to those of Powers (1972b).
Dominant sprouts in 67 even-aged black oak stands were sampled for single
height/breast-high age measurements. Locations were primarily on the west side of the
Northemn Sierra Nevada ecological section. Locations were stratified by adjacent
ponderesa pine site index to minimize possible site-age correlation problems. White not
stated, it appeared from graphics that most of the sample tocation site indices were in
the 50-80 foot range with a few in the 40-50 foot range. Powers developed a 50-year
breast-high site prediction model of the form

b _ Ho+6413(/4, -/50)

T 1+0.322(,/4, -+/50)

that can be transformed into a height prediction model by basic algebraic operations.
This model is denoted as BO_Powers_1972. Power's notes his site curves should not be
used for trees less than 20 years breast-high age.

Data available for black oak site index analysis was drawn from 63 statewide
locations. Over 65 percent were from black oak as an associate in mixed conifer stands.
A data synopsis is provided in table 6.36.

Table 6.36. Black oak site index data summary.

Variable Sample Statistics Sample Sizes |
Mean | Std. Dev. Range’ Source Numbers |
| Total Height(ft) 54 [ 21 19 -85 Stands 83

Age (years) 64 | 24 24— 104 | Trees 478
Site Index(ft.) 43 |19 19 67 | Observations | 478

'Range is based on the means of the lowest and highest 0" percentle of the distribution

Several model forms produced comparable RMSE values. The LG1 model form
appeared {o extrapolate better beyond the basic age/site range of the data.
Consequently, the LG1 model form was fit to the data and the resulting model,
BO_LG1_Ca was considered 1o be the best BAl model for black oak that could be
extracted from the data. A statistical synopsis is shown in table §.37.

Table 6.37. Statistical summary for the BO_LG1_Ca black oak site index model.

Model Nodel | Soilution Parameter Estimates RMSE R2
| Name Form | Method by b, | b (ft.)
| BO_LG1_ Ca | LGT HMC 2334 | 4984 | -1.016 9.3 86 |
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Black OQak Evaluations and Comparisons

Site curves for both the BO_Powers_1972 and the BO_LGT_Ca model are
shown in figure 6.16 along with the data used to fit the iatter. Both of these curves are
quite compatible In the 45-85 foot site index range at ages over 30 years. This is
somewhat remarkable considering the differences in stand conditions and site tree
selection rules, models forms, and methods. Below 30 years of age, Powers' curves
(Powers, 1972b) performed poorly and, as he cautions, shoutd not be used below an
age of 20 years. His site curves all intersect at an approximate age of 17 years. Power's
site curves also performed poorly below site indices of 40. These site curves become
horizontal lines at a site index of 20 and indicate negative growth at lesser site indices.

Black Oak Summary and Recommendations

Both the BO_Powers_ 1972 and the BO_LG7_Ca appear to be reasonable black
oak site index curves in the approximate 45-65 foot site index range at ages 30 years
and greater. Caution should be exercised in using Power’s black oak site curves outside
of this age/site range. The BO_LGT_Ca model appears to extrapolate much better
outside these ranges and is recommended for a general statewide black oak site index
maodel.

| Black Oak Site Index Models
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Figure 6.18. Black oak site index models and data.
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6.4.5 Other Oaks

True oaks other than black oak are wide spread in northemn California. Major
concentrations occur throughout the Northem California Coast Ranges, the Klamath
Mountains, and oak woodlands and lower elevation drainages surrounding the
Sacramento valiey.

Previous studies of other oaks site index {Delasaux and Pillsbury, 1987) have
been confined to biue oak (BLO_DP_1987) and coast live oak (LO_DFP_7987) in
Monterey and San Luis Obispo counties. They used the technique described by
Dahms(1975) to fit site prediction equations (8§ = ffH, 4}). Twenty-five plots were
established in pure stands of each species. Two to four trees that were the tallest on
each plot at the time of sampling were chosen for stem analysis. Observations from the
tallest tree at each decade beginning at age 20 were retained for subsequent analysis.
Thus the resulting site curves are designed to predict site index from the tailest tree on a
plot and de not quite represent a site curve system designed to predict the average
height trajectory of site trees.

In this study, data from five major oak species (Califomnia live oak, Oregon white -
oak, blue cak, intericr live cak, canyon live oak) with encugh data to warrant
investigation were analyzed. Al of this data came from the FIA data set and the HMC
solution method was used to derive site curve coefficients. Due to the similarity in height
development between species and the relatively coarse nature of the data, we were not
able to sufficiently discriminate between species and other classification variables to
warrant developing separate site index curve systems for specific oak situations.
Consequently, ail other cak data were combined into one composite for site index
analysis. The geographic range of this data was extensive and covered 39 counties
within the State (see Appendix ). The anamorphic SH1 model form fit the data the best
and a composite model, OO _SH171_Ca, was deemed applicable to all oaks other than
black oak in Caifornia. A data synopsis is shown in table 6.38 and a statistica! synopsis
is given in table 6.39.

Table €.38. Other Oaks site index data summary.
Sample Statistics |

Sample Sizes |

Variable Mean | Std. Dev. Range' | Source Numbers |
Total Height{ft) 32 12 12 -108 | Stands 228
‘| Age (years) 61 23 22— 107 Trees 2025
Site Index(ft.) 30 10 14 - 53 Observations | 2025

‘Range is based on the means of the lowest and highest 107 percentile of the distribution

Table 6.39 Statistical summary for the CO_SH1_Ca other oaks site index model.

Model Model | Solution | Parameter Estimates RMSE |
Name Form | Method by bz (f)
OC_SH1 Ca | SH1 HMC | -5.455 -0.3725 6.3 96

The OC_SH7T_Ca model is shown in figure 6.17 aiong with madrone and black
oak site index models and the data used in fitting. As is evident from examination,
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madrone and other oaks have almost the same height growth patterns after age 20.
Black oak however, is materially different.

Other Oak Evaluations and Comparisons

The QO_SH1_Ca model is shown in figure 6.18 and 6.18 along with the
BLO DP_ 1987 and LO_DP_1987 models of Delasaux and Pillsbury (1987). Several
things are worth noting. The latter two models (DP models) were fit to data from 20 ~
100 years in breast-high age. Coast live oak mean sample site index was 37 feet and
blue oak was 21 feet. The range in applicability of both models in terms of age and site
index was not explicitly stated. In our data set, blue cak site index ranged from 15 - 40
feet and live oak site index from 25 — 65 feet.

As evidenced from both figures, the DP models behave erratically befow 20
years of age. On low sites, both models predict heights less than 4.5 feet somewhere
between 0 and 20 years and the blue oak model has a discontinuity at 14.67 years. It is
apparent that neither of these models should be used beiow 20 years of age. Also noted
is that the LO_DP_1987 model indicates that height growth achieves a minimum in the
70-90 year age range for site indices less than 30 feet and increases thereafter.
Converseily, the BLO_DP_1987 model indicates minimum height growth in the 50-90
year age range for site indices greater than 35 years. As noted previously, this behavior
is probably due to utilizing Dahms’ method in estimation.

In spite of these problems, there is not much difference between any of the oak
modeis in the 30 — 80 year age range over the site ranges likely to be encountered in
practice. We would expect the DP models to be steeper as they are based on the tallest
trees on a plot at each decade rather than average trajectories of all sample trees.

QOther OCak Summary and Recommendations

The CO_SH1_Ca mode! is well behaved and has desirable base age invariant
properties. It is also consistent with the site tree concept adopted elsewhere in this
study. It would appear {0 be a good choice as an all around oak site index model in the
State.
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Other Oak and Comparitive Site Index Models
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Figure 6.17. Other ocak and comparative species site index models and dafa.
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Biue Oak and Other Oak Site Index Models
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Figure 6.18. Blue oak and other oak site index models.
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Coast Live Oak and Other Oak Site Index Models
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Figure 6.18. Coast live oak and other oak site index models.
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€.4.6 California Laurel

California taure! (bay) is mainly concentrated in the Northem and Central
California Coast ecological sections. It also has & fairly scattered but widespread
distribution in interior California but seidom as an associate in commercial forest imber
types. No site curves for this species have been constructed previously.

While data avaitabie to analyze Califomia laurel is fairly scant, reasonabie fits
were obtained. Virtualiy all of the data came from the Northem California Coast. The
SH1 model form was in some sense the best and one model, CL_SH7_Ca, was
considered the best that could be extracted from the data. A data synopsis is shown in
table 6.40 and a statisticai synopsis is given in table 6.41.

Table 6.40. Caiifornia {aure! sife index data summary.

Variable Sample Statistics Sample Sizes
Mean | Std. Dev. Range' Source Numbers

Total Height(ft) 50 19 23-N Stands 19

Age (years) 56 20 28 - 92 Trees 133

Site Index(ft.) 30 10 28-69 Observations | 133

'Range is based on the means of the lowest and highest 10™ percentile of the distribution

Table 6.41. Statistical summary for the CL_SH1_Ca California laurel site index model.
Model Model | Solution Parameter Estimates RMSE R?
Name Form Method b | bz (ft.)
CL_SH1_Ca SHA1 HMC -98.58 | -0.007382 | 8.2 .98

L]

The CL_SH1_Ca'model was very similar to that developed for tanoak and both
are shown in figure 6.20 along with the data used to fii the California taurel model.

California Laurel Summary and Recommendations

As no other site index curves exist, the CL_SH7_Ca model is recommended as a
general site index basis for California laurel.
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Figure 6.20. California laurel and tancak site index models and data.
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7. intra-Stand Species Site Index Relationships

Indirect site index estimates for individual species that have not been sampled
are sometimes necessary, for example, to serve as input to growth models such as
CRYPTOS and CACTOS (Wensel, et al. 1987, 1986). Prediction equations are
developed here for this purpose.

7.1 Past Research

Past studies of intra-stand species site index correlations in California have been
fairly limited. Wensel and Krumland (1988) studied the relationship between north
coastal Douglas-fir and redwood and found that Douglas-fir site indices were 10 to 20
feet higher when both species appeared in mixture. Wiant and Porter (1966) compared -
site indices of north coastal Douglas-fir, redwood, and asscciated hardwoods and made
predictive models. Their study however utilized a variety of base ages (50 and 100
years), age bases (breast-high and total age), and some site index models that this
study has found to be fess suitable. Wensei (1997) provided ratio estimators for missing
species site indices in interior mixed conifer stands. Powers (1872b} provided an
equation to predict black oak site index from that of ponderosa pine.

7.2 Methods

Ideal data for species site index correlations require not only appropriate site
index models for individual species but also unified site tree sample selection
procedures. With the data at hand, the latter criterion is not aiways possible to achieve.
The assumption was made that like site tree sampling rules in individual stands produce
comparable proportions in species site index differences. Of several possibie methods
tried, the one outlined below produced the most consistent results.

1) Using what was considered to be the best site index model for the
species/location, an average site index prediction was derived for each tree in
the database based on all of the tree's height/age measurements.

2) The mean site index prediction of all trees of a given species in each stand
and the stangard error of the estimated mean was computed. Three trees of
a given species were minimally required. These means were paired with the
corresponding means of all other species that could be computed in the
respective stand.

3) A modei of the felfowing general form was subsequently fit to the stand site
index estimates:

S}, ="0+‘IISX [7.1)
wheare

S, = Site index of species to be predicted
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S_= Estimated source species site index
ap, @a; = Linear regression coefficients t¢ be estimated

4) Equation 7.1 is general and specific cases were sometimes reduced to
restricted forms including:

a) Mean predictions (a, =0). When overall regressions were insignificant,
the mean value of S, was used as the estimate of ao and a; was set to
0.

b} When intercepts were not significantly different from 0, a; was setto 0
and only a; was estimated. This is essentially a least squares ratio
estimator.

c) in situations where both linear and least squares ratio estimates
appear to give reasonable fits, both are given. In these situations,
ratic estimates usually were quite close to resuits achieved by
bivariate and orthogonai regressions or related technigues that
attempt {o split bivariate data centreids through their major axis.

5) Regression weights were initially taken to be inversely proportional to the
sum of the squared standard errors of stand mean site index predictions of
both the dependent and independent variable. This schema was adopted to
give more weight to stand species pairs that contributed more individual trees
to the stand average. However, it was found not to make any material
difference in coefficient estimates so weights were not used.

6) Post analysis was undertaken to see if general retationships could be further
refined by varicus physiographic conditions.

The estimation equations developed here are mainly from stands of natural origin anc
shouid only be used in these cases.

7.2 Results

Paired observations from over 2000 stands were initially available for analysis.
However, sample sizes for many species combinations were insufiicient 1o make
meaningful comparisons. Table 7.1 shows coefficient estimates and a statistical
synopsis by species for relationships that could reasonably be estimated. in general,
precision of the estimates (R?) is not great and standard deviations {RMSE) are in the
10-15 feet range.

7.3.1 North Coastal Species

Primary species in the Northern Califomia Coast ecological section are redwood
and Douglas-fir. Differences in site index between these species average about 13
percent but differences of up to 30 feet have been observed. Significant differences in
north coastal intra-stand site index reiationships due to topographical position, elevation,
or counties were not apparent. The main redwood — Douglas-fir relationships shown in
table 7.1 are consistent with the previous results of Wensel and Krumland (1986). The
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linear relationships are highly significant but give somewhat inconsistent inverse
predictions in the tails of the respective species site index distributions. The ratio
estimators are almost the same as those achieved by bi-variate regression. This is
essentiaily an entirely different data view than linear regression approaches that answer
the guestion of “what is Y given X"? The ratio estimators are much more inversely
compatible. Compared to interior species, the precision (Rz) of redwood — Douglas-fir
relationships is low. This is targely due to the inherent variability of redwood. Years of
experience modeling redwood (tree volume, taper, DBH growth, etc.) indicate that
residual variation is minimally twice as much as for associate species such as Douglas-
fir.

Inverse linear relationships of redwood and Douglas-fir site indices are the most
disparate of any species examined. Figure 7.1 shows data and finear relationships of
redwood site index on that of Douglas-fir, Dougtas-fir on that of redwood, and a ratio line
which is about the same regardiess of which species is the dependent variable. it is
unknown whether these species differences are due to individual species population
variability or totally different environmental preferences even though they frequently
occupy the same physical sites. In any event, the relationship between Douglas-fir and
redwood site index is weak. When site indices of both species are needed, they should
both be measured in the field where possible. The low precision of correiations between
these species warrants separate site index estimates when both species are abundant in
a specific stand. While they are befter than no information, the prediction equations from
table 7.1 are not recommended for use on a routine basis for redwood or Northem
California Coast Douglasir site index estimation.
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Figure 7.1. Redwood — Douglas-fir site index relationships.

Grand fir appears te always have the highest site index regardless of whether it
is compared toc redwood or Douglas-fir.

7.3.2 interior Species

Tabie 7.1 indicates there is little evidence to suggest that the site indices of
ponderosa pine, sugar pine, Douglas-fir, white fir and red fir, when growing in mixture,
are matenially different. Note that this is qualified for a 50-year breast-high age site
index. Altering the base age to something other than 50 years will alter the MC3 species
- true fir relationships. Numerous situations have been noticed where within stand site
index differences between mixed conifer species approach almost a site class (20 feef).
Some differences in intra-stand species site index relationships were found due to
elevation and topographical position mainly between ponderosa pine/Dougias-fir and
white fir. Site indices of the former tend to be slightly higher than white fir at lower
elevations, particularly on southwest aspects. At higher elevations on northeast aspects,
white fir site indices tended to be higher. However, given the resolution of the data,
discrimination at this leve] of refinement was not considered to be justifiable.

Where situations warrant, species-specific site index estimates can be taken.
The MC3 species site index models shouid be used for ponderosa pine, sugar pine and
Douglas-fir in whichever zenes they occur. Separate true fir site index models shouid be
used for both white fir and red fir. Where one ‘mixed conifer site index is desired,
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sample selection procedures should be applied without regard to species. This wil!
essentially weight species in proportion to their abundance.

Incense cedar site indices are uniformly about 35 percent less than associated
species making incense cedar a poor choice as a component of a mixed conifer site
classification system.
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Table 7.1 Statistical summary of intra-stand species site index refationships.

Source |Predicted Coefficients
Species | Species ' N RMSE (fi) R?
(S9 | Sy 8o 8 |
DF 73.4 0.50 174 | 14.7 0.28
DF 1.47 174 | 18.1 0.21
GF 1.20 16 | 16.6 0.14
R To 41.4 0.24 36 114 0.15
MD 52 4 l
RA 0.71 11 10.8 0.24 ?
RW 35.6 0.55 174 15.5 0.29 '
RW 0.83 174 16.1 0.24
DF GF 1.09 17 13.7 0.28
Cotomn | 10 29.8 0.29 41 110 018 |
Coast) : : - : l,
MD 33.8 0.23 12 9.2 0.14 |
RA 20 5]
1 DFI 34.4 0.56 107 10.5 0.62
DF 0.98 107 11.3 0.58
sP 0.98 78 11.5 0.75
- WF 26.5 0.73 149 13.5 0.59
WF 1.05 149 154 0.53
I 0.65 68 10.4 0.53
BO 0.52 28 8.9 0.46
PP 0.99 107 14.4 0.63
sp 1.00 a8 15.2 0.59
(Ian;Eor) WF 0.98 127 13.9 0.58
LI 0.68 37 10.5 0.45
| BO 0.54 21 11.5 0.26
| PP 0.93 149 14.8 0.56
SP 0.93 101 15.2 0.45
\ we | DF ' 0.99 127 14.2 0.49
s 0.94 44 8.2 060 |
L 0.65 62 10.0 0.54 |
| RF | WF 1.04 44 9.1 0.61
_| | PP 1.00 78 117 0.78
' | wr 1.02 101 13.1 0.42
sP oF 097 | 46 14.6 0.59
c 0.64 26 12.9 0.16
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8. Site Tree Selection Protocol and Siie index Definitions

8.1 Site Tree Seiection Protocol

This section provides a brief synopsis of the recommended site tree selection
protocol. Further details can be found in following sections.

Characteristics of site trees should conform to the following:

1) No visual evidence of spiked tops, deformed tops, broken tops, or
excessive defoliation. Trees should be relatively disease free. Basal
logging or fire damage do nof appear to have appreciable impacts on
height growth development.

2) Crown ratios at the time of sampling should be at least 3C percent.

3) Trees should be minimally classed as either dominants or co-dominants,
subject to specific selection rules.

4} Site trees should be over five inches in DBH and in the age range of 10
years to 100 years af breast height.

Sampling protocols that rely on prepertionate numbers of the largest dominant
and co-dominant trees by DBH are stable and can be applied in a systematic fashion.
These rutes do not rety on fine lines being drawn between dominant and co~-dominant
crown classes. The largest 20 percent or 40 percent of candidate site trees differ in
resulting site index of an average of about two percent. The 40 percent rule is virtually
the same as a random sample of dominant/co-dominant trees that are greater than the
stand mean quadratic DBH. Any of these rules should provide a satisfactory site index
sample basis.

The commonly used site tree sampiing protocol of a random sample of dominant
and co-dominant trees will usually result in trees having DBH greater than the stand
gquadratic mean DBH. In practice, this is probably the easiest method to implement and
is therefore recommended. Site tree selection protocols that concentrate on selecting the
“best” (tallest) site trees in the stand should be avoided.

8.1.1 Sample Size

Estimation of stand site index has two sources of error:

1) Within stand site index variability. This is the variation due to within stand site
index estimates for the individual trees that make up the sample. This source of
error can be controlled by the size of the sample.

2) Between stand site index variability. Site curves portray broad regional average
trends in height growth development. Few stands however, will follow a site
curve exactly. Thus, in specific stand site index applications, estimated site index
will be biased by an unknown amount. This scurce of variability will decrease
proportionately as trees approach the site index base age. There is nothing that
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can be done to control this source of variability other than use the best site index
modeis available.

Standard deviations of predicted site index will vary depending on a variety of
factors. Representative ranges are shown in table 8.1 for common situations.

Table 8.1. Ranges in predicted site index standard deviation for common estimation
situations.

Sampling conditions Prediction Standard Deviation (feet)
Stem analysis measurements on singie
growth plots or closely spaced ¢lusters In 5-10

fairly homogenous stands.
Increment borings and standing tree height
measurements on single growth plots or

closely spaced clusters in fairly 8~15
homogenous stands.

| Increment borings and standing tree height

| measurements on operational areas of 20 12 =20+

| to 40 acres.

What little data exist for analysis indicate that demarcated stands on slopes have
topographical site index gradients. Site index tends to increase down slope.

Sample sizes can be computed by iteratively solving the following equation for n
(Cochran, 1977):

_ Szfztcm)
SRS
where

3
|

Number of site trees to sample.

Student’s 1’ value corresponding to probatility level of |-« with n-1
degrees of freedom.

Desired half width of the confidence interval (feet).

Sample standard deviation.

—
|

w I

Sample sizes are shown in table 8.2 for selected standard deviations, desired
cenfidence intervals, and precision levels.
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Table 8.2. Sample size requirements for desired confidence interval half wiaths by
sample standard deviation and precision levels.

— ——
Iiﬁenrﬁg?g{;?f Standard Prec;s:crn Level (Probability %}
134y [+] 0, 0
Width (ft,) Deviation {ft.) 66% | 90% 95%
5 3 5 6
5 10 5 13 18
15 10 26 37 |
20 16 45 64 |
3] 1 1 3 |
10 | 3 5 6
10 15 | 4 8 11
20 | 5 13 18

8.2 Stand Site Index Definitions

Different definifions of stand site index and comresponding sampling rules for
stand components can lead to different overall site index values. For exampie,
definitions that involve co-dominant and dominant trees will in general produce lower site
index values than definitions based sclely on dominant trees. Similarly, definitions that
are based on any form of superiatives will always be higher than average based
measures. This section examines several definitions of stand site index and relates
them to an arbitrary standard. Sampliing efficiency of the various rules is also evaluated.
This section does not consider possible bias due to individuai stand departures from
regional site index models (Type Il polymorphism), but rather the variation and relative
level of predicted stand site index based on site tree selection rules.

8.2.1 Stability of Tree Crown Class Ciassifications

Virtually all site tree-sampling rules involve selecting irees that are minimally
classified as having a dominant or co-dominant crown classification. These are trees that
are presumed to have grown free of height growth competition their entire lives.
Classifying trees into crown classes however, is uitimately subjective. No objective
standards currently exist. To provide some indication of the degree of stability of tree
crown classifications, repeated tree crown class classifications from seven permanent
plot data sets were examined. These data sets all had tree crown class as a standard
measurement item. Definitions of tree crown class ranged from highly detailed
descriptions with corresponding graphics to nothing. The following protocol was
observed:

a} Only conifer trees were examined with ne regard to species.

b} Two measurement sequences from each plot set were extracted, ali with an
interval between measuremenis of approximately 10 years.

¢) Trees were 5.0 inches DBH and larger without any indication of spiked or
broken tops or excessive defoliation.

d) Trees had to be alive on both occasions.
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Plots were further subdivided into those that were harvested between
measurements and those that were not. Harvested plots were those with af least one
tree cut. This process produced about 53000 observed trees of which about 9000 were
from harvested plots. Crown class movement ratios were subsequently computed and
are shown in tables 8.3 and 8.4.

Table 8.3. Indicative crown class movement ratios for unharvested conifer stands.

fnitial Crown Proportion of frees by crown class 10 years later

Class Dominant Co-Dominant intermediate | Suppressed
Bominant .80 10 - -
Co-dominant 4 .83 .03 -
Intermediate .05 .34 .58 .03
Suppressed .02 14 .31 .53

Table 8.4. Indicative crown class movement ratios for harvested conifer stands.

Initial Crown Proportion of trees by crown class 10 years later
Class Dominant Co-Dominant intermediate Suppressed
Dominant .95 .05 - -
Co-dominant 19 .79 .02 -
Intermediate .08 .38 52 .02
Suppressed .08 .22 34 .38

Examination of tables 8.3 and 8.4 indicates that trees classified as either
dominants or co-dominanis tend o stay that way ten years later. There is a general
tendency however, of upwards movement in all tree crown classes after logging.
Successive classifications of intermediate and suppressed trees also tend to be highly
variable. Movement ratios separated by source {data set) of trees are also highly
variable. In some cases, groups of plots that can be {raced to individual field crews show
movement ratios into and out of dominant and co-dominant classes of over 35 percent.
As a qualitative statement, it seems as though stability of tree crown classification is
directly correlated to a) the amount of verbiage and diagrams that are included in field
instructions, b) the amount of training field personnel go through in order to ensure
consistency in crown classification and c) the amount of check cruising done to ensure
standards are maintained.

8.2.2 Data

Data used to examine site index definitions came from growth or stem analysis
data sets where virtualty all of the trees were measured for breast-high age and total
height at one measurement and had sufficient tree tally coding to ensure that potential
site trees couid be identified as being full crowned and damage free. The LDMC and
LDRF stem analysis data sets had corresponding plot inventories that matched this
criterion. The FIA data set was also used for this purpose with the 1990 measurement
used as the representative inventory. Sample locations of all three data sets were
organized into clusters of three to five piots each. Clusters were treated as stands in this
analysis.
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Qualifying Site Trees
Eligible site trees were minimally required to have the following characteristics:

1. Dominant or co-dominant crown class.
. Crown ratios greater than or equal to 30 percent.
3. No visible signs of current or past leader damage such as forked tops,
crooks, etc.
4. Tree breast-high ages in the range of 10 - 100 years.

Species Groups

Four species groups were examined and treated as composites for this analysis.
Components and site index models used are shown in table 8.5.

Table 8.5. Species groups and site index models used in stand site index analysis.

| Species Group Component Species | Site Index Model

’ Pondercsa pine, sugar pine, |

| MC3 interior Douglas-fir | MC3_CR2_MMC
TF White fir, red fir | WF_CR2 Ca, RF CR2 Ca
RW Coast redwood | RW_KP1_NC
DF North coast Douglas-fir | DF_KP1_NC

8.2.3 Stand Component

The following definitions were considered to span the range of possibie choices
of stand components for defining stand site index. Regardless of the definition, only
qualifying site trees as defined above were considered in estimating site index. Stand
components and rules are described in table 8.6.

Tabie 8.6 Stand component definitions used for defining stand site index.

Rule Name Stand Component Definition ]
All DC All dominant and co-dominant trees.
Dominants All dominant trees.

Co-dominants All co-dominant trees.

P20 Largest 20 percent by DBH of dominant and co-dominant frees.
P40 | Largest 40 percent by DBH of dominant and co-dominant trees.
Note: this rule produces results that are virtually identical to
selecting all dominant and co-dominant trees with the added
stiputation that they be larger than the mean stand quadratic

' mean DBH

| D5 Largest dominant or co-deminant irees by DBH on each plotin a
| cluster. Tree DBH must be greater than the average stand
quadratic mean DBH.

H5 Tallest dominant or co-dominant tree on each plot in a cluster.
D40 Equivalent largest 40 dominant or co~-dominant trees per acra by
OBH based on the entirg cluster inventory.

Computations and Screening
Clusters that had more than 30 percent of the stand basal area in hardwoods
were discarded. Otherwise, hardwoods were ignored in subsequent analysis. All trees
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less than 5.0 inches DBH were discarded. Trees were sorted largest to smallest by DBH
regardless of species and the percentile in the stand DBH distribution and the numbers
of trees per acre larger than the subject tree were recorded. For a sampling scheme to
be considered for a species group, minimally three tally trees were required that
matched the definition of eligible site index trees. Mean site index along with sample
standard deviations and variances were subsequently computed for each species group
and sampling scheme for each cluster.

From several hundred possible ciusters, the numbers remaining that minimally
satisfied the All DC definition are shown in table 8.7.

Table 8.7. Numbers of clusters by species group for site tree component analysis.

Species Group | Numbers of Clusters
| DF 72 |
MC3 195 |
RW 91
TF 204

Differences Due to Stand Component Definitions

The Alf DC stand component definition was used as a standard basis for
comparing and ranking other stand component definitions. Linear regressions of
estimated stand site index from alternative stand component definitions on the Al DC
stand site index value for different species groups indicated the intercept terms were
almost universally not significantly different from zero (p=.05). Also, results across data
sources and species groups were surprisingty uniform. Thus, all sources and species
groups were combined, regression estimators of the proportional difference from the Aff
DC stand site index estimates were computed for each component definition and the
results are shown in table 8.8.

Table 8.8 Proportional differences in stand site index rules from the All DC stand
component,

Rule Name Proportional Difference
H5 1.114
D5 1.073
Dominants 1.051
D40 1.047
[ P20 1.040
[ P40 1.021
| Co-dominants | 0.961

The H5, D5, and D40 sampie selection rules in general produce higher relative
site indices. Differences between these rules and the All DC basis however, were highly
correlated with stand density expressed as trees per acre. The H5 selection rule for
example, produces proportional differences of about 1 07 for stands with 100 trees per
acre and values of about 1.14 for stands in the 300-400 trees per acre range. Also, the
proportionat differences presented here are contingent on the general plot layouts of the
sample basis, Larger plots will in general inflate these values. For general stability in
stand site index definitions, rules that rety on some absolute numbers of trees should be
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avoided. The Dominants, Co-dominants, P20, and P40 rules do not show significant
trends in relative site index with trees per acre.

The Dominants, P20, and P40 rules are ali fairly close in terms of providing the
same relative site indices. in particular, the P20 and P40 rules only require that trees be
classed as dominants or co-dominants and that one aveids drawing fine lines between
upper canopy crown classes. King (1966) for example, found that a rule very similar to
the P20 definition was stable and consistent for Douglas-fir trees in the Pacific
Northwest.

Note that there is about a 10 percent differential between Dominant and Co-
dominant trees in terms of relative site index. This is about one half of a site class on
good sites.

8.2.4 Site index Variability

Analysis of stand site index standard deviations (SSISD) for each site tree
component definition indicated that there was more variability between data sources
than component definitions. Figure 8.1 shows mean SSISD based on combined MC3
and TF species groups for each site tree component definition and data source (values
would be about 0.75 feet higher if the square roots of pooled variances were used). The
LDRF data set was a research plot series purposely placed in relatively homogenous
young-growth red fir stand conditicns. Numbers of countable inventory and qualifying
site index trees averaged over twice those of the LDMC and FIA data sets. These
factors were felt to contribute to generally iower mean SSISD values. Redwood and
Douglas-fir, availabte only from the FIA data set showed similar site tree component
definition patterns but all mean SSISD values were about 1.5 feet higher.
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Figure B.1. Average within stand site index standard deviafions by data source and site
tree selection rule.

Figure 8.1 indicates that the H5 and D5 site tree compcnent rules are the most
precise. As noted previously however, these rules (and D40) should be avoided due to
consistency problems. The All DC rule is uniformly the least precise but it is not that
much different from other rules.

Plots Versus Stands

A sub-analysis was undertaken where the site index sampling rules were applied
to individual plots where possible (the H5, D5 or D40 rules were not considered) rather
than aggregating values over all plots in each cluster. Qverall rankings were similar to
those shown for clusters in figure 8.1. Standard deviations of predicted values were in
general about 2.5 feet lower making average SSISD values much more comparable to
the plot based values reported by Krumland and Wense| (1977). This difference refiects
within stand spatial variabiiity of site index and suggests that trees that are closer
together have relatively similar tree site indices. This difference reflects trees that have
regenerated naturally as is the case with most of the sampie. Differences in plantations
are unknown at this point. The 2.5-foot difference reported here is nominal and reflects
cluster {ayouts that effectively sampled areas of about 2 ~ & acres. Where site index is
desired for iarger operational treatment units or cover types, SSISD values will probably
be greater than those shown in figure 8.1.

Stability of Stand Component Definitions

As an exploratory measure, standard deviations of SSISD values (thisis a
diagnostic rather than any form of a conventional statistic) were computed to provide &
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relative measure of the stability of site index sampling rules across stands. Pootled
restilts for the MC3 and TF species groups are shown in table 8.9. The P20, P40, and All
DC values rank the lowest and would appear to be the most stable.

Table 8.9 Standard deviations of estimated SSISD values for pooled MC3 and TF
species groups by site index sampling scheme.

Standard
Rule Name Deviations {ft.)
Co-dominants 6.3
D5 6.2
Dominants 58
H5 5.2
D40 4.9
P20 4.7
All DC 4.6
P40 4.5

8.2.5 Discussion and Recommendations

Estimated stand site index, the average value of predicied tree heights at a base
age, is in general an imprecise measure and ¢an be influenced by the choice of site tree
sample selection rules. The P20 or P40 rules appear to be the most precise and stable
across different stands. The P40 produces site index values that are almost the same as
the average site index of dominant and co-dominant trees whose DBH is greater than
the stand quadratic mean diameter. All of these rules are replicable and fairly
straightforward to implement in the field. The H5, D5 or any other rule that somehow
concentrates on selecting the 'best’ site trees should be avoided.
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8. A Young Growth Conifer Site Ciass System

Currently, there are no consistent statewide site class systems for young growth
stands in California based on a 50-year breast-high age site index. Existing old growth
site class systems such as Dunning’s (1942} are highly unstable when used to classify
young growth mixed conifer stands. With the best collection of site index models
availabte for various species and regions in the state and a large inventory of plots with
estimated site indices, it is possible to examine the site class concept and propose a
general 50-year breast-high age site class system that is suitable for the emerging
young-growth resource.

9.1 Features of Site Class Systems

Site class', a range in site index values, is used for general forestry classification
purposes, for regulatory compliance under the California forest practice rules, as a
timberland taxation basis, and it is a common means for forestry professionals to refer to
broad ranges in forest stand productivity. Desirabie features of any site class system
are;

a) The site classes should span the range of existing stand site indices.

b) Five to six site classes is in line with the common | through V and possibiy I-A
usage that currently exists in the State.

c) If site class { through V are used, then the middle of site class Il should
represent the average site index of the resource.

d) Site class site index breaks should be in multiples of easy to remember
numbers (e.g. 5,10, 20).

e) Site class site index intervals should be equal so they can be remembered.

f) New systems should be as compatible as possibie with existing systems.

Numerous site class systems have been proposed for use with different species
in Calfomia. They span a range of breast-high/total ages and index ages of 50, 100, and
300 years. The common use of site class however, is much more ordinal in nature and
could prebably best be described as follows:

Site Class Site Description

[-A Very high
I High

Il Good

1H Average
% Fair

\Y Poor

' The word “site”, as commoenly used in forestry, will be considered synonymous with “site
class” in this study.
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8.2 Existing Site Class Systems

The existing site class systems that appear to be the origins of common site
class usage in the State are Lindquist and Pailley (1961) for redwood, McArdle and
Mevyer (1961) for north coastal Douglas-fir, and Dunning (1942) for interior mixed conifer
forests. These site class systems are based on site curves with a variety of age bases
and base (index) ages. They are all used as site class bases under the forest practice
rules in the State of Califonia. Using the 100-year site index break points specified in
the forest practice rules, approximate site index break points were estimated for each
system for a 50-year breast-high age base equivalent. These conversions are shown in
table 8.1.

Table 9.1 Approximate 50-year breast-high age site index ranges for common site class
systems in California. (Based on originating site index curves).

’ Redwood North coastal Douglas-fir | Mixed Conifer
l' Site Class | Site index rangeg{feet) |
i I 122 + : 140 + 80+
' Il 102 - 122 120 —140 67 — 80
1 80 -102 | 100 - 120 55 -867
v 60-80 | 80 - 100 42 — 55
\ <60 | <80 <42 |

The forest practice rules redwood site ciass system is based on 100-year breast-
high ages with class intervals of 25 feet. Break points for the redwood site class system
in the forest practice rules were apparently derived from the site index sampling
distribution used to construct the site curves, as Lindquist and Palley loosely specified
site classes of 20-foot infervals. This is not necessarily representative of the regional
redwood site index distribution.

The forest practice rules site class system for north coastai Douglas-fir was
based on 100-year total ages with 30-foot class intervais. Break points for the Douglas-
fir site class system were apparently directly transiated from the published site class
bounds in McArdle and Meyer's study, which was based on Douglas-fir in Oregon and
Washington. Following King (1966), 50-vear breast-high age breaks were generated by
adjusting totai ages to breast-high ages by factors of six to 10 years for site classes i
through V respectively and interpolating from the site fables.

The mixed conifer site class system is based on 300-year total ages with 25-foot
class intervals. Three hundred year break points for the mixed conifer site class system
were apparently directly transiated from the published site class bounds in Dunning's
study. Dunning’s site curves were used in the State forest practice ruies to adjust the
300-year break points to 100-year break points. Fifty-year breast-high age breaks were
generated by adjusting total ages to breast-high ages by factors of six fo 15 years for
site classes 1 through V respectively and interpolating from the site tables.

There are two primary forested regions to address: the redwood - Douglas-fir
region of the north coast and the interior mixed conifer forests. Data used in this phase
consists of the sample data used in chapter 7- intra-Stand Species Site Index
Retationships.
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%.3 Northern California Coast Forests

The first task is to describe the site index distribution of redwood and north
coastal Douglas-fir. The FIA data set is based on a systematic sampie of all lands that
are not administered by the US Forest Service. There are no major US Forest Service
holdings in the Northern California Coast ecological section, so we can assume this data
source is representative of the site index distribution of both species. Because plot
location in the FIA data set is confidential, onty Douglas-fir stands that had evidence of
redwood cohorts were initially considered. First, means and standard deviations of
stand site index were computed for both species. As a check, similar statistics were
computed for the JSF data set and three other industrial growth or CFI plot data sets that
were systematically laid out over a combined area of more than 800,000 acres.
Differences between these data partitions were minor. Mean redwood site index ranged
from 98 to 105. Mean Douglas-fir site index ranged from 119 to 128. Standard deviations
for both species in all data sets ranged from 18 to 23 feet. All species distributions, either
in aggregate or individually appeared to be normal. Combining all data sources,
empirical distnbutions are shown in figure &.1.
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iFigure 8.1. Bivarniate north coastal redwood/Douglas-fir site index distribution.

As additional confirmation, the above procedure was repeated for both species
individually. Overall redwood mean site index decreased from 103 to 101 feet. Dougias-
fir mean site index decreased from about 126 feet to 117 feet This decrease is primarily
reflected in more stands in lower site index classes located in the eastern somewhat
drier areas of the Northem Catlifornia Coast ecological section.
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8.3.1 North Coasta!l 50-year Breast-High Age Based Site Class System

The following conclusions are drawn from the above anaiysis:
a) Mean redwood site index is about 100,
b) Mean Dougias-fir site index is about 120,
c) 20 foot site index intervals seem appropriate to keep within the data range
and the numbers of desirable site classes.

Given the existence of some rare but highly productive sites on the upper end
that are not in the normal range of commercially operable sites but exist in the resource,
site classes I-A through VI appear to fit the full range of site indexes. A proposed north
coastal 50-year breast-high age base site class system is shown in table 9.2. The means
of the data are centered to represent a site class Ill (the average site).

Table 8.2. Proposed 50-year breast-high age site classes for north coastal forests.
p Redwood Douglas-fir
Site Class Site index ;'*ange (l%ef)
-A 150 + 170+
[ 130 - 150 150 - 170
I 110 — 130 130 - 150
1§ 90 -110 110 - 130

v 70~ 80 90 - 110
\4 50-70 7090
VI <50 <70

9.3.2 Northern California Coast Evaluation and Comparisons

The site class breaks shown in table 9.2 conform to the desirable site class
attributes previously listed. Consistent 20-foot intervals span the site index range of both
species. The mean site index of both species is centered in the middle of site class ill.
Given that the within stand site index variation wili be refiected in standard deviations in
the 10-15 foot range, 20 foot intervals are wide enough so stands can be sampled for
site index and classified without requiring large amounts of field samples. These
quaniitative boundaries correspond to widely accepted regional references to site
quality. Relative to previousiy existing north coastal site class systems, this proposal
keeps the same approximate 20-foot common site index interval but raises ciass
boundaries by about 10 feet or half a site class.

8.4 Mixed Conifer Forests |

Using the FIA data set to describe the site index distribution of interior mixed
conifer lands is somewhat problematic as is it is based on a systematic sample of ali
tands not administered by the US Forest Service. US Forest Service land however,
comprises over half of the interior commercial timberland. industrial private tand (about
25 percent of the statewide commercial forest ownership) is known in general to be of
higher site quality than US Forest Service land. Similarly, while a considerable amount of
plot data is avaiiable from both private and public lands, the samples were not
systematically laid out over targe areas and do not necessarily provide a representafive
cross section. However, this is all the data that is currently available.

130



As a first step, analysis from chaptier 7 indicates that for a 50-year breast-high
base age, site indexes of ponderosa pine, sugar pine, interior Douglas-fir, and true firs
are comparabie when growing as associates. Stand site indices were subseguently
computed based on all qualifying species of this composite mixture. Three data sources
were considered for site index distributional analysis: FIA, NCPlot, and LOMC. The
NCplot data set covered an area of more than 1.5 million private industrial acres of
mixed conifer land with the objective of gaining a good cross section of sites and
growing conditions. The LDMC datia set covered Forast Service mixed conifer lands on
the west slope of the Sierra Nevada with similar objectives. Site index means, standard
deviations, and sample sizes are shown in table 9.3.

Table 9.3. Mean mixed conifer site index and standard deviation by data source.

Data Source Stands Mean(]:?élgat)lndex Stalndagila eI‘Dt()a\arlatlon
FIA 298 66 19
NCPlot 603 73 19
LDMC 81 72 16

Distributions of all three data sources were approximately normal and the site index
ranges were all about the same. The combined distribution from all three data sources
is shown in figure 9.2.
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Figure 8.2 Empirical mixed conifer site index distribution for California.
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8.4.1 Mixed Conifer 50-vear Breast-High Age Based Site Class System

The above analysis indicates that an average mixed conifer site index of about
70 feet and a 20 foot site class interval are appropriate to keep within the data range and
the desired number of site classes. Given the existence of some rare but highly
productive sites on the upper end, siie classes I-A through V adequately fit the whole
range. Centering the means of the data to represent a site class ill (the average site), an
interior mixed conifer site class system is shown in table 9.4.

Table 9.4. Proposed 50-year breast-high age site classes for mixed conifer forests.

Site Ciass | '€ '"{‘:::t)':‘a"ge
A 120 +
! 100120
I 80 - 100
il 60— 80
Y 40-60
v <40

9.4.2 Mixed Conifer Comparisons and Evaluation

The site class breaks shown in table 8.4 conform to the desirable site class
attributes previcusly listed. The site class system is centered to the estimated mean site
index of the interior of the State. Consistent 20-foot intervals span the site index range.
Communications with experienced foresters indicaie that these site class breaks in
general conform to the site class terminology currently used in the mixed conifer region.

The site class breaks bear little resemblance to Dunning’s site classes.
Dunning’s site curves were developed specifically for old growth forests. Dunning
recognized that his sample did not include the best sites. The best sites were primarily
located on industrial private land where most of the oid growth had been harvesied at
the time of his study. Dunning’s site index intervals are in the 12-13 foot range when
expressed on a 50-year basis. For a small tract of land, say 20 acres, a standard
deviation in site index of about 15 feet would probably characterize the within stand site
index variability. With this kind of variability, it would require about three times as many
site trees to provide an estimate within 12-13 feet versus 20 feet at conventional levels
of precision (90-25 percent probability). Dunning’s translated 50-year intervals are a littie
narrow for practical use.

Using the MC3_CR2_MMC model as a reasonable representation of mixed

conifer site tree development for Cafifomia, Table 9.5 shows the corresponding
Dunning’s site class pradiction at various ages for an average site index of 70.

132



Table 9.5. Dunning's site class based upon tree heights predicted with the
MC3_CR2_MMC model for a site index of 70 feel.
Classification | Dunning’s Site
Age Class
10 v
[ 20 IV
30 il
40 111
50 Il
60 il
70 Il
80 I
90 I

This table highlights the existence of proncunced bias in site class prediction with
age. Dunning (1842) noted that his site curves were developed for estimating site index
of old growth mixed conifers, and noted that when management focus shifted to young-
growth, his curves may need to be abandoned.

8.5 Site Class Summary

The objective of this chapter was {o propose young growth site class systems in
line with the distribution of stand site index in different regions using what is considered
to be the best site index models available. The latter ensures some independence of site
ctassification with age.

Acceptance of any site ciass system requires general consensus and changes in
regulatory statutes. The California forest practice rules contain explicit definitions of how
to determine site index for various forms of regulatory compliance. Site class systems
based on new site index models, regardless of the improvement, cannot be substituted
without a change in reguiatory statutes.

The 50-year breasi-high age base site class proposal for the Northemn California
Coast redwood — Douglas-fir forests does little to change the current forest practice rules
system other than provide site class breaks that are more compatibie with how site index
is currently estimated in the region. For the mixed conifer forests of the interiar, the
proposal is highly at odds with the current Dunning site classification system. The
proposed site classification system is fairly stable across age classes. Dunning’s old
growth site class#ication can produce a wide range of values for the site class of a
young-growth forest stand by seleciive ¢hoice of the age of the site trees.

The site class systems proposed here are in line with current regional usage of
the term site class and provides guaniitative site class breaks compatible with young
growth site curves and 50-year base ages. Thus, for general consensus, little is changed
by this young growth proposal.

In terms of imberland taxes, land site class classifications are already in place
for aff forested properties. Land values are based on transactions evidence or some
other appraisal means refative to existing site classes. Consequently, if a2 new site class
system is implemented it will not make much difference, yet the administrative burden
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would probably be prohibitive. Thus, current site class assignments in terms of property
valuation for land taxes should probably not be altered.
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10. Summary and Recommendations

GADA formulated base age invariant site index models have proven 1o be highly
versatile in describing top height development of site trees. They provide generalizations
of traditional height and site prediction models and can be used directly for beth
purposes. Coupled with unbiased estimaticn procedures, resulting models have been
found to be the most accurate in describing the iong-term growth trends of site trees.

10.4 Relationship to Existing Site index Models

The site index models developed here or existing ones suggested for continued
use appear to be the most accurate set of site index modeis currently available for major
young-growth species in California. These models are recommended for future young-
growth site index estimation and in general, predictions of top heights at any arbiirary
age.

Substitution of these models for other curve families will depend on the
anticipated use of site index. Growth models such as Systum-1, CRYPTOS, CACTOS,
and the WESSIN FVS variant require site index to be estimated by specific existing site
index models. Intemal equations have been estimated using site index computed by
these models as definitions. As a conseqguence, site index estimated by new models
cannot easily be substituted. Strictly speaking, replacament of site index models requires
all component growth equations 1o be re-estimated using new site index definitions. In
general, any empirical relationship that utilizes site index as an independent variable
(computed with a specific model and sampling rule) as an independeni variabie cannot
have a new definition substituted without running the risk of corrupting the integrity of a2
model system. The BAI redwood and north coastal Douglas-fir site index models
recommended here come quite close o the redwood (Wensel and Krumiand, 1986) and
Douglas-fir (King, 1966) site index models used in CRYPTOS. Simulation results
indicate that using base age invariant site index estimates produces negligible
differences in resulting stanc growth predictions. With other models, the differences can
be substantial, in which case substitution should be avoided.

10.2 Extensions

This study has made use of most of the historical height/age data and
concomitant classification variables generally available for focations within the State. It
has been both extensive in terms of breadth of species coverage and intensive in efforts
to find broad-based physiographic factors that could be associated with different site
curve famity shapes. Attempts at the latter have only been marginally successful with
three mixed conifer species: ponderosa pine, sugar pine, and interior Douglas-fir. It has
become evident in the course of this study that site curve variation in the form of type ||
polymorphism is highly prevalent in the State, paricularty in the interior. Common
factors such as slope, aspect, elevation, and general location in the form of ecological
sections have demonstrated some weak correlations in explaining variability. The
approach in this study was largely empirical. It is apparent that process-based
approaches accounting for climate, location features and soil properties offer the
greatest opportunities for increasing the accuracy of site-specific site index applications.
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Precision gains in terms of increasingly stand specific site curve shapes can proceed
in several directions, none of which are mutually exclusive:

A. Individua! site curve families can be constructed for specific tracts, or
watersheds. While traditional approaches required compiete stem analysis of
trees old enough to span a site index base age, it has been demonstrated here
that reascnable base age invariant site curves can be constructed with minimally
two height/age pairs per tree as the common denominator. Such measurements
can be obtained from a) repeated growth plot measurements, b} temporary
borings in conjunction with whorf measurements where possible, and c) partial
stem analysis collected in conjunction with logging operations. Growth period
tength should be carefully evaluated to ensure that there are no undue short term
fluctuations that are at odds with longer overall growth trends.

B. Regional site curves can be constructed that are more specific than say, the
broad based zonal MC3 modeis developed here. The most likely candidate
variables to include would appear to be soil properties. Soil depth is probably the
most fikely factor to account for substantial amounts of type ii polymorphism.
Digital databases and publicly available GIS scils layers howeaver are not yet
universally available for all areas in the State. In the meantime, field coitection of
site index related data in whatever form should routinely be expanded fo inciude
GPS locations of sampling sites. Historically, field sampling locations have
traditionally been recorded to the nearest quarter or sixteenth section ('40'}. This
is insufficient to accurately locate soil polygons.

10.3 Extended Availability

All of the base age invariant site index models developed in this study have been
packaged as ActiveX™ components so they can be incorporated in spreadsheets,
database programs, and application software compatible with 32-bit versions of the
Microsoft Windows™ operating system. These software components and a
demonstration program that can produce graphs and tabies as found in Appendix | and
throughout this report and also interactively estimate site index from measured heights
and ages, are available from the Califernia Department of Forestry and Fire Protection,
State Forests Program: http://www fire.ca.gov.
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Appendix I; Site Index Graphs, Tables, and
Distribution Maps

1.1 Introduction

This appendix contains site index graphs and tables for the major base age
invariant site index models developed in the course of this study. Not ali models are
shown. The companicn site index program (see Section 10.3 for availability) however,
can be used to produce a complete sef of tables and graphs for all of the site index
modeis developed here as well several historic sfudies.

To provide a visualization of the extent of the data and how well height
development corresponds with site index models, the empirical time series data used in
fitting the respective models are shown as overlays on site curve graphs for conifer
species fit with the IE method. Data points of models fit with the HMC method are
shown in graphics presented in Chapter 6.

Geographical distributions of sampling locations {stands) of major conifers fit to
maodels employing the IE method are also provided. Due o incompiete locational data,
sampling locations of hardwood and minor conifers are limited to the number of sampling
locations (stands) by county.
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(.2 Conifer Site index Models

i.2.1 Redwood

Model Name: RW_KP1_NC
Model Form: KP1

Synopsis

The redwoeod site index model RW_KP1_NC is applicable to redwood in the
north coast redwood region of California. The data used in fitting the site index model
was confined to the redwood zone in Humboldt, Del Norte, and Mendocino counties. The
approximate breast-high age range of the data 10 — 100 years and the site index range
is 60 - 140 feet.

The RW_KP1_NC model is not much different than the altemnative RW_CR1_NC
madel or the previous modet of Wensel and Krumland {1986).

Figure .1 shows the time series datz used in fitting the model. Figure .2 shows
site curve graphs. Tabie |.1 provides tabular values of heights by breast-high age and
site index. Figure 1.3 maps the redwood sampling locations.

| Redwood Site Curves and Data (RW_KP1_NC)

| site Mode! [—&— RW_KPi_NC |

250—

Total Height {Feet)

F. -
o

0 20 40 60 80 100 120 1
Breast High Age (Years)

Figure 1.1 Redwood data used in site model construction.
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Redwooad Site Index Curves (RW_KP1_NC)
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Figure 1.2. Redwood site index curves for the RW_KP1_NC model.
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Tabie L.1. Redwood site index table for the model RW_KP1_NC.
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Figure 1.3. Redwood Sampling Locations in California.
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{.2.2 Coastal Douglas-fir

Model Name: DF_KP1_Ca
Model Form: KP1

Synopsis

The coastal Douglas-fir site index model DF_KP1_NC is applicable to Douglas-fir
in the North Coast region of California. The data used in fitting the site index model was
confined to the redwood zone in Humboldt, Del Norte, and Mendocino counties. The
approximate breast-high age range of the data 10 — 80 years and the site index range is
70 - 170 fest.

The DF_KP1_NC medel is very similar to the alternative DF_SH1_NC model and
the model developed by King(1986) for Douglas-fir in the Pacific Northwest. The
DF_KP1_NC model can also be used for interior Douglas-fir forest types, except in the
main mixed conifer zone. This region is largely in the Northern California Coast range
and Klamath Mtns. ecological sections. In the 40-100 site index range, this modet is
virtuaily the same as the MC3_CR2_OMC site curves.

Figure 1.4 shows the time series data used in fitting the model. Figure |.5 shows
site curve graphs. Table 1.2 provides tabular vaiues of heighis by breast-high age and
site index. Figure [.6 maps the Dougias-fir sampling locations.

h 1
|

Coastal Douglas-fir site curves and data
[ Site Model | —a— DF_KP1_NC |
27 | | | //J I
S 150 ] |
H S ———
T 100 - A
ic
]
]_.
SORES- g%
i
0 | J
0 20 40 60 80 100 120
Breast High Age (Years)

Figure |.4. Coastal Douglas-fir sife index data used in model construction.
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Coasial Douglas-fir Site Index Curves (DF_KP1_NC)
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Tabie 1.2. Coastal Douglas fir site index table for the DF_KP1_NC model.

Coastal Douglas-fir Sits Index Table (DF_KP4_NC)
Tabled values are total height in feet
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0 | 265|207 | 29 |32 |34 | 48| 61| 495 | 529 | 564 | 509, 634 | 89| W05 i | 78| 815
%2 [279 313|387 [ 382 | 417 | 452 | 488 | 855 | 596 | 632 669 | 707 | 744 | 782 | 820 | @58 |
% |23 | 320 | %6 402|439 | @6 | 513 | 1| s | g2

o
Rt
o

| 665 | 704 43| 782 | 822 | 82| %2

|3 | 308|046 | 384 | 422 | 461 | 500 | 539 | 578 618 | €57 | 698 | 738 | 778 | 819 | 860 | 902 | 944
|3 |22 |31 a0t [a |82 | m2| 3| 4] s4s | 687 | 729 ™1 #3| 855 88| w41 | B
40 |5 | 977 | 019 |41 503 | 545 | 587 | 630 | 673 | 716, 759 | 03 | 846 | 690 | 34| 978 | 1023

T8 | 349 302 ‘43.6 479 [ 523 | 567 | 611 | 655, 700 | 744 | 789 | B34 | 879 | 924 | 969 | 1015 | 1061
4 362|407 | 452 | 497 | 543 | 588 | 634 | €80 | 726 | 772 | 818 | 864 | W1 | 957 | 1004 | 1050 | f007
4 | 375|422 | 468 | 515 | %62 | 608 | 657 | 704 | 751 | 799 | 846 | 894 | 941 | 989 | 1037 | 1085 | 1133

| 4 | 388 | 436 | 484 [ 533 581 | 630 | &8 | 727 | 776 | 825 | &73 | w2 | 971 | 1020 | 1069 | 1418 | 1167

| 50 | 400 | 450 | 500 | 550 | 600 | 850 | 700 | 750 | 800 | 850 | 900 | 950 | 1008 | 4050 | 1100 | 1450 | 1200

412 | 464 | 515 67 618 | 67.0 | 721 | 72| 824 | 8.5 | 926 | 977 | 1026 | 107.9 | 1130 | 181 | 1222

| 424 | 477 | 530 | 583 B35 | 689 | 741 | 794 | 845 | 899 | 951 | 1003 | 1085 | 1108 | 1160 | 1211 | 1262

‘ ' | @22 | 978 1029 | 1082 | 1135 | 1188 41 | 1292

52

H

56 | 436|487 | 545 | 509 [ 653 | 707 | V81| 815 | 858 |

58 ) 448 | 504 | 559 | 815 | 870 | 726 | 81 | 838 SQ.D'I 945 | 995 | 1054 | 1108 | 1182 | 1215 | 12B% | 1322
&0
g2
&
1]

469 516 | 573 | 630 | 687 | 744 | BOO | 856 | 912 | 67 | 1023 | 1078 | 1133 | 1188 | 1242 | 1207 | 1381 |
470 | 29 | 587 645 | 703 | 761 | 818 | 875 | @21 088 | 1045 | 1101 | 1157 | 1213 | 1268 | 1323 | 1378 |
| 481 541 | 604 | 660 ‘ T8 | 78| 836 | 895 | 952 | 1010 | 1067 | 1124 | 1181 [ 1237 | 1203 | 1349 | 1405

492 | 563 | 614 | 674 | 735 | 795 913 | 972 | 1031 | 1089 | 1946 | 1204 | 1261 | 1318 | 1374 | 1430 |
88 | 502 | 565 | 627 | 689 | 750 | 811 | 871 | G3f | 991 | 1051 | 1110 | 11828 | 1226 | 1284 | 1342 | 1398 | 1455
W | 512 | 576 |39 | 702 | 765 | 827 | 888 | 949 | 1060 | 1070 | 1130 | 1189 | 1248 | 1307 | 1365 | 1422 | 1480
72 | 522587 652 | 716 | 778 | 842 | 905 957 | 1028 | 1089 | 50 | 1210 | 1959 | 1328 | 1387 | 1445 | 1503
T4 532 | 508 | €84 | 729 (783 | 857 | 21 | 983 | 1048 | 1108 | 1169 | 1230 | 1200 | 1350 | 1400 | 468 | 1526
78 | 542 | 609 !5?,5 742 | 807 | 872 | 936 | 1000 1063 | 1126 | 1188 | 1249 | 1310 | 137.0 | 1430 | 1489 | 1548
(T8 | 551|620 | 687 | 754 | &1 | 887 | 952 | 1016 | 1080 | 1143 | 1206 | 1268 | 1329 | 1300 | 1451 | 1510 | 1569
| 80 | 560 | 630 | 699 | 767 | 834 | 804 | 957 | 1032 | 1005 | 1160 | 1224 | 1286 | 1348 | 1410 | 1471 | 1531 | 500
Bz | 570 | 640 [ 710 [ 778 [ 847 | 914 | 984 | 1047 | #112 | 1977 | 1241 | 1304 | 1367 | 1428 | 14990 | 1551 1611
B | 578 | 650 | 721 | 791 | 880 | 928 | 95 | 1062 | 1128 | 1193 | 1258 | 1322 | 1385 | 1447 | 1508 | 157.0 | 1830
86 | 587 | 660 | 731 802 | B72 | 941 | 1009 | 1077 | 1143 | 1208 | 1274 | 1339 | 1402 | 1485 | 1527 | 1589 | 1649
%
)
Q2
e

R
=

| 596 65,9_?4.2!8{3'88.4 954 | 1023 | 1099 | 1156 | 1225 | 1280 | 1355 | 1418 | 1483 | 1545 | 1807 | 1668

604 | 679 | 752 | 824 | 896 | 97 | 1035 | 1105 173 | 1240 | 1308 | 1371 | 1436 | 1500 | 1563 | 1625 | 1686
| B12 | 888 | 762 | 835 | 908 | 07.9 1 1049 | 1118 | 1187 | 1255 | 1321 | 1387 | 1452 | 1516 | 1580 | 1642 | 1704
620 697 | 772 | 846 919 981 | 1062 | 1132 | 1201 1269 | 1336 | 1403 | 1468 | 1533 | 1506 | 1659 | 1721
9% ’ 628 | 705 | 781 | 856 | 930 | 1003 | 1074 | 1145 | 1245 | 1283 | 1351 1418 | 1483 | 1546 | 4612 1675 | 9738
% | 636 714|781 | 856 | 841 | 1014 | 1087 | 1158 1228 | 1297 | 1365 | 143.2 | 1498 | 1564 | 1628 | 1695 | 4754
100 ‘54.4 723 | 800 | 876 | 962 | 1026 | 1098 | 117.0 | 1241 | 1310 l 137.9 | 1847 | 1513 | 1579 | 1643 | 1707 | 1770
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Figure .6. Cosstal Douglas-fir sampling locations in Califomia.
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1.2.3 Grand fir

Modei Name: GR_CR1_NC
Model Form: CR1

Synopsis

The grand fir site index model GF_CR1_NC is applicabie to grand fir in the
Nerthem Cafifomia Coast ecological section. The data used in fitting the site index
model was confined primarily to the redwood zone in Humboldt, Def Norte, and
Mendocino counties. The approximate breasi-high age range of the data is 10 -85
years and the site index range is 115 - 155 feet,

Data used to construct the grand fir site index index was relatively sparse but
clearly shows a distinction from Douglas-fir in terms of height growth devalopment

Figure 1.7 shows the time series data used in fitting the model. Figure 1.8 shows
site curve graphs. Table {.3 provides tabular vaiues of heights by breast-high age and
site index. Figure 1.9 maps the grand fir sampling locations.

Grand Fir Site Index Curves and Data
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Figure I.7. Grand fir height growth datfa used in modef construction,
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Grand fir Site Index Curves (GF_CR1_NC)
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Figure L.8 Grand fir site index curves for the GR_CR1_NC model.
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Table 1.3 Grand fir site index table for the GR_CR1_NC modei.

Grand Fir Site Index Table (GR_CR1_NC)
Tahled values are total height in feel

BR 50 Year Breast-High Base Age Site Index _
ae | 108 | 05 | 16 | 115 | 120 | 125 | 130 | 135 | 140 | 5 | 350 | 15 | 160 | 165 | 170

‘12 21 272 | 3| 205 | 306 | 37| 328 | 30| B/A| 862 | 374 | 385 | 306 408 419

14 31,0‘ 323 337 | 351 | 365 | 2798 | 393 | 406 | 420 | 434 | 448 | 462 | 478 49.0‘ 50.3
[ 16 | 359 | 375 | 392 | 408 ] 424 | 441 | 457 | 474 | 490 | 5086 | 523 ] 538 | 558 | 57.2 | 568
|18 | 408 | 427 | 446 | 465 | 484 | 502 | 529 | 540 | 558 | 578 | 597 i 616 | 635 | 654 ! 87.3
|20 | 458 | 477 | 438 | 520 | 542 | 63| 585 | 606 | 628 | 648 | 671 | 692 74 | 7351 757

|

i 22 503 | 527 | 851 575 | 599 | 623 | 647 | 671 | 695 | V18 | 743 | V6T 791 | 815 | €39
2% 648 575 | 802 | 628 | 855 | 681 | 707 | V34 | 78O0 | 7B7 | 813 | 839 | 86 | 892 | 919

% 59,4‘ 622 | 651 | 680 | 708 | 737 | 766 | 795 | 823 | 852 | 881 | 910 | 938 | 967 098
28 ‘ 87 | 668 | 699 | 730 | 76| 792 823 | 854 | 884 | 915 | 948 | 977 | 1008 | 1038 | 107.0
|3 | 678 | 711 | 744 | 778 | 14 | 844 | 877 | 910 | 943 | 976 | 1000 | 1043 | 1076 | 1108 | 1142

2 7i8 | 753 | 788 | B23 | 859 | 894 | 6928 | 864 | 1000 | 1035 | 1070 | 1105 | 1140 | 176 1214
| 34 786 | 793 | B30 | 867 | 905 | 942 | €79 | 1016 l 1053 | 1081 | 1128 | 1165 | 1202 | 1240 l 1277
| 38 792 | 831 | 870 | 908 | 848 | 988 | 1027 | 1068 | 1105 | 1144 | 1183 | 1222 | 1261 | 1300 | 1340
| 38 827 | 8.8 | 908 . 949 | 990 | 1031 | 1072 | 1113 | 1154 | 1195 | 1236 | 127.7 | 1318 | 135§ | 13098
| 40 859 | 902 | 945 987 | 103.0 | 1073 | 115 | 1158 | 1201 | 1243 | 1286 | 1328 | 1371 | 1414 | 1456
| 42 89.1 | 835 | 979 } 1024 | 1068 | 111.2 | 1156 | 1201 | 1245 | 1288 | 1333 | 137.8 | 1422 | 1466 | 1513
‘ 2.0 ‘ 96.6 | 1012 | 1058 | 110.4 | 1149 | 1195 | 1243 | 128.7 | 1333 | 137.9 | 1424 | 147.0 | 1516 i 156.2

|

I

948 | 996 | 1043 | 1080 | 1138 | 1185 | 1282 | 1279 | 1327 | 1374 | 1421 | 1469 | {518 | 1563 , 181.0
97.5 | 1024 | 1072 | 1124 | 197.0 | 1218 | 1267 | 1316 | 1364 | 1413 | 1462 | 1510 | 155.2 | 1608 | 1656

1000 | 1050 | 1100 | 1150 | 1200 | 1250 | 1300 | 1350 | 140.0 | 1450 | 1500 | 1550 | 160.0 | 1650 | 170.0

&
5
| 48
| 50
52 | 1024 | 1075 | 1126 | 117.7 | 1228 | 1280 | 1331 | 136.2 | 1434 | 1485 | 1536 | 158.7 | 1638 | 1690 | 1744
54 | 1046 | 1099 | 1151 | 1203 | 1256 | 1308 | 136.1 | 1413 | 1465 | 1518 | 1570 | 1623 | 1675 | 1727 | 4780
| !
5
60
82
64

| 1087 | 1921 | 1974 | 1228 | 1285 | 1335 | 1388 | 1442 | 1495 | 1549 | 1602 | 1656 | 170.9 | 1763 | 1816
1087 | 1942 | 1195 | 1259 | 1305 | 1360 | 1414 | 1469 | 1524 | 1578 | 1633 | 1687 | 1742 | 1786 | 185.1 |
1106 | 1961 | 1247 | 127.2 | 132.8 | 1384 | 1439 | 1485 | 1350 | 1606 | 1661 | 2717 | 177.2 | 1828 | 1883

|
|

| 1123 | 1180 | 1236 129.3|[134.9 1406 | 1462 | 151.9 | 1575 | 1632 | 1688 | 1745 | 180.1 | 1838 | 1914
|

1140 | 1197 | 1255 | 1312 | 1368 | 1427 | 1484 | 1541 | 150.8 | 1656 | 1713 | 1771 | 1828 | 1885 | 1943
66 | 1156 | 1214 | 1272 | 1330 | 1388 | 1446 | 1505 | 1583 | 621 | 1678 | 1737 | 1795 | 1854 | 1912 | 1670
68 | 117.0 | 1229 | 1288 | 1347 | 1406 | 1465 | 1524 | 158.3 | 164.2 | 1701 | 1760 | 1818 | 1877 | 1936 | 1695 |
70 | 1184 | 1244 | 1303 | 1363 | 1423 | 1482 | 1542 | 160.2 | 661 | 1721 | 1781 | 1B4.0 | 1600 | 1980 | 2019

72 | 1197 | 1257 | 1318 | 1376 | 1438 | 1499 | 1559 | 1619 | 168.0 | 1740 | 1800 | 1861 | 1921 | 1981 | 2042 |
T4 | 1209 | 1270 | 1331 | 1382 | 1453 | 1514 | 1575 | 1636 | 1697 | 1758 | 181.9 | 188.0 | 1841 | 2002 | 2063
P76 | 1221 | 1282 | 1344 | 1405 | 1467 | 1529 | 1500 ; 165.2 | 171.3 | 1775 | 1836 | 1898 | 1958 | 2021 | 208.3
| 78 | 1231 | 1204 | 1356 | 1418 | 1480 | 1542 | 1604 ; 1666 | 1728 | 701 | 1853 | 1915 | 197.7 | 2039 | 2101
80 | 1242 | 1304 ‘ 1367 | 1429 | 149.2 | 555 | 161.7 § 168.0 | 4743 | 1805 | 1865 | 193.1 | 189.3 | 2056 | 2119
[ 82 | 1251 ;1314 [ 137.7 | 1440 | 150.4 | 156.7 | 1830 ; 169.3 | 1756 | 1819 | 1882 | 1945 | 2008 | 2072 | 2135
84 | 260 | 1323 : 138.7 | 1453.1 | 1514 ! 1578 | 1841 | 170.5 | 1768 | 1832 | 1896 | 1958 | 2023 | 2087 | 215.0

|

| 86 | 1268 | 1332 | 1396 | 1460 | 1524 | 158.8 | 1652 | 171.6 | 1780 | 1844 | 1908 | 1973 | 2037 | 210t | 2165
(B8 | 1276 | 1340 | 1405 | 1469 | 1534 | 1508 | 1663 | 1727 | 1791 | 1856 | 1920 | 1985 | 2049 | 2114 | 2178
| 90 | 1283 | 1348 | 1413 | 147.8 | 1543 | 1607 | 167.2 | 1737 | 180.2 | 1867 | 193.1 | 1996 | 2061 | 2126 | 2191
| 92 [ 1290 [ 1355 | 1420 ‘ 1486 | 1651 | 1616 | 1681 | 1746 | 1812 | 1877 | 1842 | 2007 [ 207.2 | 2137 | 2203
| 94 | 1296 1362 | 1427 | 1403 | 1559 | 1624 | 1690 | (755 | 1821 | 1886 | 1952 | 2017 | 2083 | 2148 | 2214
| 96 | 1302 | 1368 | 1434 | 1500 | 1566 | 1632 | 1697 | 1763 | 1829 | 1895 | 1961 | 2027 | 2002 | 2158 | 2224
L9 | 1308 ‘ 1374 | 1440 | 1506 | 1573 | 1639 | 1705 | 4774 | 1837 | 1903 | 1969 | 2005 | 2102 | 2168 | 2234
1100 | 4313 | 1380 | 1446 | 1513 | 1579 | 1645 | 1712 | 1778 | 1845 | 011 | 1977 | 2044 | 2n10 | 2177 | 2243
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Figure .8. Grand fir sampling locations in California.
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1.2.4 MC3 Species - Main Mixed-Conifer Zone

Model Name: MC3_CR2_MMC
Mode! Form: CR2

Synopsis

The MC3_CR2_MMC site index model is applicable to MC3 species (ponderosa
ping, interior Douglas-fir, and sugar pine) in the main mixed conifer zone. This zone
roughly encompasses mixed-conifer site in the 3000-6000 elevation band on the west
slope of the Sierra Nevada's and the Southern Cascades and comparabie sites in the
Klamath mountiains. (cf Section 6.2.2 for more details}. The age range is approximately
10 to 100 years and the site index range is 40 — 120 feet,

Individual MC3 species-specific medels were also developed but they are not
appreciably different from the MC3_CR2_MMC model.

Figure 1.10 shows the time series data used in fitting the model. Figure |.11
shows site curve graphs. Table |.4 provides tabular values of heights by breast-high age
and site index. Figure 1.12 maps the MC3 species sampling iccations in the main mixed
conifer zone.

MC3_MMC Site Index Curves and Data
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Figure 1.10. MC3 species height growth data used in model construction for the main
mixed conifer zone.
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Total Height (feet)

MC3 Species Site Index Curves - Main Mixed Conifer Zone
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Figure L.11. MC3 species site index curves for the MC3_CR2_MMC model.
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Table i.4. MC3 species site index table for the MC3_CR2_MMC model.

MC3 Spacies Site fndex Table - MMC Zone (MC3_CRZ_MMC)
Tabled valuss are tolaf height in fest

B 50 Year Breast-High Base Age Site Index ]
Me | [ 4 [0 (5 [ 60 g [ m [ m [ w [ & | ®w | & [ w0 [ w05 | e | us | m |
12 | 88100 112|126 | 141 157 ] 174 | 191 | 20| 20 249 21| 22| 35| 08| B3| 387
| 100 | 114 130 | 146 | 163 | 82 200 | 22| 43| %5 BB| 32| 36| Bi| 67| 44| @1
114130 | 148 167 | 167 08| 20| 23| 776 301 26| B/2| 79| 407 | 45| 64| 04
28 | 147 | 167 1188 | 201 | 24 | B8 | B4 | 50| B7 | B4 | 23 92 42| 82| 513 | 45
143 | 164 | 187 210 | 25| 1| 27 | 35| 33| 72 402 £3| %47 95| 28 B1| 505
188 182 | 207 233 | 20| B8 | 37| 46| T | 408 40| 472 505 | 539 | 53| 608 | 644
% 174 |00 |28 256 | /8| M5| M| w7 | 40| @3] 47 51| 6! ew1| 617 | 84 69
%191 | 219 | 28 |28 | 30| M2 | 5| 408 | 43| 48| 53 549 | 586 623 | 660 | 699 | 737
08| 238|270 |02 35| B9 | 404 | 439 | 45| 52| 548 887 | 625 | 063 | W3 | 742 | 782
25| 257|291 | 3251 30| 26| 43| 470 | 507 | 546 | 54| 623 863 | M3 | 744 | 784 B8
2 ‘24,2 |17 [s12 [ 348 | %5 | 23 41 00| 59| 570 | 619 58 | 700 [ 742 | 784 | 626 | %8
3 | 80| 26 (wa |32 | s | ws | a9 w9l 50| et | 53| w5 77| 0 B3 86| w¢
%2736 B5 WS | VS| A6 | 517 9| €1 63 86 129 T3 | 817 81| 0S| U
% | 25 | 5 |36 | 417 | 458 502 | 544 | B8 | 631 75| 719 | 763 | 805 | 853 | 898 | 843 | 68

| 312 | 365 397 1440 | @84, 27 | 511 | 616 81y 06| 51| 796 | 842 | 888 | 934 | 980 | 1026
30| 374 | 418 483 | 08| 53| 598 | 644 | 690 | 736 | 782 | 328 | 875 | @2 | %9 [ 1016 | 1063
M8 | 393 439 435 | 551 | 578 | 624 | 674 718 | 785 | 813 | 860 607 | 955 | 1003 | 1051 | 1099

40
42
4
45 | 385 | 412 | 460 | 507 | 54| 602 | 650 | 698 | 746 | 794 | 842 | 891 | 939 | 988 | 1036 | 1085 | 133 |
48
50

R s

383 | 431|480 |528 | 677 | 826 | 875 | 724 | VI3 | 22| 2| @t 970 | 1019 | 1069 | 1118 | 1167 |
400 | 450 | 500 | 550 | 600 | 850 | 700 | 750 | 800 | 850 | 900 | 950 | 1000 | 1050 | 1100 | 1150 | 1200 |
52| 417 | 469 (520 | 571 | 622 | 673 | 724 | 775 | 828 | &7 828 | 978 | 1029 [ 1080 | 1134 | 1181 | 1262 |
8 | €4 | 487|538 |92 646 | 6| 746 | 80| 82| 903 955 1006 | 1038 | 1109 | 160 | 1202 | 1263 |
§ | 451 | 505 | 550 | 812 | 865 | 79| 70| 824 | 87| 928 981 1034 | 1086 | 1137 | 1189 | 1241 | 1293 |
58 | 468 | 523 578|852 | 686 | 740 ( 794 | 842 | 01| 954 /1007 4060 1113 | 1165 | 427 | 200 | 1322 |
60 | 484|540 | 596 | 652 | 707 | 762 | 817 | 71| 95| e 1032 | 1086 | 1139 | 1192 | 1245 | 1298 | 1360 |
62 | 500 | 558 | 615 |67.4 | 727 | 783 | 838 | 83| 948 | 1003 | 1057 | 11h1 | 1185 | 1218 | 1271 | 1325 | 1378
B4 | 516 | 575 (633 (690 | 747 | 04 | 830 | 915 | 9.1 | 1026 | 1081 | 1135 | 1188 [ 1243 | 1287 | 1351 | 1404
|85 | 532 501650 | 709 | 767 | &4 | 81| 937 | %3 [ 1048 | 1104 1159 | 1214 { 1268 | 1322 | 178 | 1430
|68 | 547 608 668 | 727 | 786 3| 01 | 988 | 1014|1071 | 127 | 1182 | 1237 | 1202 | 1347 | w401 | 5§
|0 562|624 | 685 746 | 804 | ®3 | @1 | o8 | 1036 | 192 | 1149 | 1205 | 1260 | 1316 | 1971 | 1425 | 480
(T2 [ 517|640 | 702 | 7B2 | 822 | 882 | 940 | 998 | 1056 | 1113 | 1170 | 1226 | 1282 | 138B | 1294 | 1449 | 1503
T4 [ 502 (655 | 718 | 719 | 840 | 00| 59 | 1018 | 1078 | 1134 | 1184 | 1248 | 1304 | 1360 | 1416 | 4471 | 1526
T6 | 606 671 | 734 [ 796 | 857 | 918 | 978 | 1037 | 1005 | 1154 | 1201 | 1268 | 1325 | 1382 | 1435 | 1493 | 1640
78 | 621 686 | 750 | 812 | 874 | W5 | 996 | 1055 | 1915 [ 117.3 | 1231 | 1288 | 1346 | 1403 | 1459 | 4515 | 1670
80 | 634 | 700 | 765 | 828 | 89| 82 | 1013 | f073 | 1133 | 182 | 1250 | 1308 | 1366 | 1423 | 1478 | 1536 | 1501
82 | 648 | 715 | 780 | 844 [ 907 | 9 | 100 | 1001 | 1161 | 1200 | 1268 [ 1327 | 1385 | 1442 | 1499 | 1558 | 1912
8 | 681 729|795 (859 | 923 | @5 1047 | 1108 | 189 | 1228 | 1267 | 1346 | 1404 | 1462 | 1519 | 1575 | 1632
8 | 674 | 742 | 805 | 874 | 938 | 1001 | 1064 | 1125 | 1186 | 1246 | 1305 | 1364 | 1422 | 1480 | 1537 | 1504 | 1651
8 | 687 | 756 | 823 | 889 | 953 | 1017 | 079 | T41 | 1202 | 123 | 1322 | 1381 | 1440 | 1498 | 1556 | 1613 | 1670
9 | 690 | 769 | 837 | 903 | 968 | 1082 1085 | 1157 | 1216 | 1279 | 1339 | 1308 | 1467 | 1518 | 1573 | 1631 | 1688
% ?1.2'?82‘&5,{) 017 | 982 [ 1047 [ 4110 | 1172 | 1234 | 1285 | 1355 | 1415 | 1474 | 1533 | 1504 | 1848 | 1705

| |
94 ?24'?9,4 863 | 830 | 996 | 1061 | 1125 | $187 | 1249 | 1301 | 1371 | 1431 | 1490 | 4549 | 1607 | 1865 | 1722

% | 735 | 806 | 876 | 943 | 1010 107.5:113,9 1202 | 1284 | 1226 | 1367 | 1447 | 1506 | 1565 | 1624 | 1681 | 1739
9 | 747 | 818 | BB8 | 956 | 1023 | 1088 1153 | 1216 | 1278 | 1341 | 1402 | 1462 | 1622 | 181 | 1639 | 1697 | 1755
100 | 758 | 830 | 900 } %9 | 1036 | 1102 | 1166 | 4230 | 1203 | 1365 | 1416 | W77 | 1537 | 1506 | 4655 | 13 [ M4

158



Modag Pl e

NIC Egast Rangés

northam Caillotrja £

Slema Nevada Fipthilisugv

Ceniral Cafifg

P

Figure 1.12. MC3 species sampling locations for the main mixed-conifer zone.
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£.2.5 MC3 Species — Other Mixed-Conifer Zone

Mode! Name; MC3_CR2_OMC
Model Form; CR2

Synopsis

The MC3_CR2_OMC site index model is applicable to MC3 species (ponderosa
pine, interior Douglas-fir, and sugar pine) in the ‘Other mixed-conifer zone. This zone is
largely the fringe’ area of the interior mixed-conifer distribution and specific details are
provided in Section 6.2.2 . The age range is approximateiy 10 {o 100 vears and the site
index range is 30 — 90 feet.

Figure |.13 shows the time series data used in fiting the model. Figure |.14
shows site curve graphs. Table .5 provides tabular values of heights by breasi-high age
and site index. Figure 1.15 maps the MC3 species sampling locations in the other mixed
conifer zone.

MC3_OMC Site Index Curves and Data
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Figure .13, MC3 Species height growth data used in modei construction for the other '
mixed-conifer zone.
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Figure {.14. MC3 species site index curves for the MC3_CR2_OMC modai.
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Tabie i.5. MC3 species site index table for the MC3_CR2_OMC model.

503 Spectas Site Index, Table - OMC Zone (MC3_CR2_OMC)
Tabled values are total height in feet

BY | 50 Year Breast-High Base Age Site Index
Age | 40 | 45 | 50 | 55 | 60 | &8 n | » 0 & 90 95 | 100 [ M5 | wo | 15 | 1%

- _ |
12 1105 | 118 | 133 | 148 | 183 | 178 | 195 | 213 | 230 | 24B | 266 | 285 ) 304 | 23| 343! 363 | 83|
14 | 120 | 136 | 152 [ 170 [ 188 | 208 | 225 | 244 | 264 | 285 | 308 | 327 | M8 | 36| 92 415 | 437 |

1 | 135|453 | 172 | 182 | 212 | 233 | 255 | 276 | 29| 322! 45| 268 | %2 | #MB | 441 | 466 | 491
18| 150 [174 | 192 | 215 | 237 | 260 | 284 | 308 | 333 | 56| 383 | 409 | 435 | 462 48,8‘ 515 | 543 |
% | 166 | 189 | 213 | 237 | 22| 288 | 313 | 340 | %7 | 394 421 | 449 | 417 506 | 535 | %4 | 593 |
2 182|207 233 260|287 ] 35| 43| 371 400 429 458 | 489 519 | 48| 580 61| 642
2 1198 | 26 256 | 282132 | 31} 37| 42| 43| 44| 405 | 527 | 59| 92| 624 | &7 | 60
% | 215 | 244 |74 05 36| B8 | 400 | 432 465 | 498 | 531 | 5851 509 | 633 667 | 02| 737

28 231|262 285 327 (B0 394 | 428 482 | 497 | 831 567 | €02 | 638 | 873 708 745 |
36 | 247 | 284 | 315 | 349 | 384 420 | 455 | 491 | 528 884 | 601 | 6381 €75 | M3 750 | 788 | 826 |

32 | 263|288 335 | 371 | 408 | 445 | 482 | 520 | 558 | 586 : 634 tOEF3 | F121 751 | 780 | 829 | 859
3 | 279 | 318 | 354 | 392 | 431 | 470 | 508 | 548 | 587 627 | 687 | V07| 748 ] 788 | 829 | 89| 910
13 [ 285|334 | 374 | 413 484 | 535 | 578 | 616 | 658 | 608 | T4l | 72| 824 | 866 | 908 | 8§51
B | 319|351 | 393 434 476 | 518 560 | 802 I 645 | 687 | 730 | 773 | 816 | 859 | 903 | 946 | 990

9 326 | %69 | 411 | 454 | 498 | 541 | 585 | 628 | 672 | 718 | 760 | 805 | 849 | 894, 938 | 983 | 7

g

341 385 430 | 474 [519 | 564 | 609 | 654 | 699 | 745 | 790 835 | 881 97| 972 [ D18 | 1064
356 | 402 | 448 | 404 | 540 | 586 | 633 | 679 | 725 772 | 19| 85 | gt2 | 99 | 1008 ; 1053 | 1900
371 418 | 466 | 513 | 560 ; 608 | 636 | 703 | 751 | 798| 847 | 834 | 842 | 980 | 1038 | 10BE | 1134

400 | 450 | 500 | 550 | 600 | €50 | 700 | 750 | 800 850 | 200 | 850 | 1000 j 105.0 | 1100 | 1150 | 1200

414|465 | 517 568 | 618 | 670 | 721 | 772 | 824 | 8v5| @26 | %77 | 1028 i| 107.8 | 1130 | 1180 | 1231
423 | 480 | 533 | 585 | B3B | 690 | 742 | 704 | 846 | 838 | 950 | 1002 | 1054 | 1106 | 1158 | 1210 | 1262
441 | 485 | 540 BDZ | 656 | 709 | 782 | 815 | 89 | 822 | 975 | 1028 | 1080 | 1123 | 1186

42
4
45
48 | 386 | 434 | 483 | 532 | 580 | 629 | 678 | 72T | 778 | B25 | 84 | 923 | @72 | 1021 11070 | 111.8 | HE8
50
52
54
56

1239 | 1291
58 | 454 | 509 | 564 | 619 | 673 | 728 | 782 | 836 | 890 | 944 | 998 | 1052 | 1408 | 1159 | 1213 | 1265 | 1320
60 | 467 | 523 | 579 | 635 | 691 | 746 | 801 | 56| 94| 96 | 021 | 4078 | 130 1185 | 1239 | 1283 | 1%
62 | 480 | 537 | 534 | 651 | 707 | 764 | B20 | 876 | 932 | 987 1043 ! 1088 | 1154 | 1208 | 1264 | 1319 | 1374
B4 | 492 | 550 | 608 | 866 | 724 | 781 | 838 | 895 | 952 { 1008 | 1064 | 1921 | 1177 | 1233 | 1288 | 134 | 1400
B9 | 504 | 563 | 622 6831 | 740 | 798 | 856 | 913 | G7.1 | 1028 | 1085 | 142 | 1109 | 1256 | 1312 | 1366 | 1425
68 | 518 | 576 | 636 | 696 | 755 | 814 | &3 | 931 | 989 | 1048 | 1105 | 1163 | 1221 | 1278 | 1335 | 1302 | 1448
| 527588 | 649 | 710 | 770 | B30 | 899 | 940 | 1008 | 1086 | 1125 | 1183 | 1242 | 1300 | 1358 | 1415 | 1473

72 | 538 (600 662 | 724 | 785 | B45 | 905 | 965 | 1025 | 108.5 | 1144 | 1203 | 1262 | 1321 | 1379 | 1438 ; 1496 |
4| 540 | 612 | 675 | 73T | 798 | BBO | 821 | 982 | 1042 | 1902 | 1162 | 1222 | 1282 | 1341 | 1400 | 1458 | 1518 |
| T8 560 | 624 | 687 | 750 | 813 | 875 | 836 | 998 | 1059 | 1120 { 1980 | 1240 | 1301 | 136t | 1420 | 1480 | 1638
78 | 570 | 635|699 763 | 626 | 889 | 951 | 1013 [ 1075 | 1136 | 1197 | 1258 | 1319 [ 1380 | 1440 | 1500 | 1560
80 | 580 | 646 | 711 | 77.5 | 838 | 902 | 965 ; 1028 | 1080 | 1152 | 1214 | 1276 | 1337 | 139.8 | 1458 | 1518 | 1880

82 | 530 656 | 722 | 787 | 852 | $16 | 97.0 | 1043 | 1106 | 116.8 | 1230 1202 | 1354 | 1416 | 1477 | 1538 | 1599 |
509 | 866 | 733 | 799 | 84 | @8 | 993 | 1057 | 1120 | 1183 | 1246 | 1309 | 1374 | 1433 | 1495 | 1566 | 1618 |
608 | 676 | 743 | 810 | 676 | %41 | 1006 | 1070 | 1134 | 1198 | 1261 | 1324 | 1387 | 1460 | 1512 | tev4 | 1836

| 617 | 886 | 754 | 821 | 887 | 953 | 1019 | 1084 | 1148 [ 1212 | 1275 | 1340 | 1403 | 1486 | 1529 | 1501 | 1854 |

626 | 895 ?fi_.ﬁ'B&i 83.8 | 965 | 1031 | 1096 : 196.1 : 1226 | 1260 | 1355 | 1418 | 1482 | 154.5 | 1608 167,0;

843 | 713 | 783 | 852 | 920 | 987 | 1054 | 1121 | 18T | 1253 | 1318 | 1383 | 1447 | 1512 | 4576 | 183¢ | 1703
651|722 | 782 | 881 | 930 | 998 | 1068 | 1133 | 1189 | 1265 | 1331 | 1396 | 1481 | 1526 | 1590 | 1854 | 178
658 | 730 | B0 | 871 | G40 | 1009 | 1076 | 1144 | 1291 | 1277 | 1343 | 1409 | 1474 | 1540 ; 1604 | 1888 | 1733
€8 | 738 | 81.0 | 880 | 950 | 1019 | 1087 | 1155 | 1222 | 1289 | 1356 | 1422 | 1487 | 1563 ' 1818 | 1683 | 1747

3

i

83 |
i |
B2 | B34 | 704 | 773 | B42 | 809 | 576 | 1043 | 1109 | 1174 | 1240 [ 1304 [ 1368 | 1433 [ 1497 | 1560 | 1624 1667 |
Y

% |

]

00
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Figure i.15. MC3 species sampling locations for the other mixed-conifer zone.

163



1.2.6 MC3 Species — McCloud Area Zone

Miode! Name: MC3_CR2_MA
Model Form: CR2

Synopsis

The MC3_CR2_MA site index model is applicable toc MC3 species (ponderosa
pine, interior Dougtas-fir, and sugar pine) in the McCloud Area mixed-conifer’ zone. This
zone is largely located in the McCloud flats area of the interior mixed-conifer distribution
and specific details are provided in Seclion 8.2.2 . The age range is approximately 10 to
100 years and the site index range is 80 — 120 feet.

Figure i.16 shows the time series data used in fitting the modef. Figure .17
shows site curve graphs. Table 1.6 provides tabular vaiues of heights by breast-high age
and site index. Figure {18 maps the MC3 species sampling locations in the McCloud
area mixed-conifer zone.

MC3_MA Site index Curves and Data
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Figure 1.16. MC2 Species height growth data used in mode! construction for the -
McCloud area mixed-conifer zone,
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MC3 Species Site Index Curves - McCloud Area Zone
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Table 1.6. MC3 species site index table for the MC3_CRZ_MA model.

M3 Species Site index Table - MA Zone (BC3_CRZ_MA)

Tabled values are il height in feet

B | 50 Year Breast-High Base Age Site Index

Ae | 40 | 45 50 55 60 65 70 7 1] 8 90 55 W s i10 15 | 1
2| 76| 85| 96| W8 | 2| 136| 52| 169 187 | 06| 27 M8 | 21| N5 | RI| UT| ¥5
‘14 BS | 98| 01| 128| 42| 158 | 77| 197 | 28| 240 | 253 288 33| 0| B8 | 07| Q7
16| 98 112 | 128 | 45| 83| 183 | 24 | 26 49| 274 | 0| 27| %5 | /4| 45| 46| 48
8 |10 127 | 45| 185 | 185 | 208 | 2 25.6‘ 82| 309 | 387 | %6 39_?‘ 08 | 41| 495 | 529
W 124 (143 | 164 | 186 | 28| 233 | 259 | 288 | M5 | M4 | 4| 406 | L9 42| 07| M2 | 59
([ 139 [ 160 183 207 | 23| 260 | 28| 317 | #8| e | 412 45| @0 515 | 52| 89| &7
|54 178 | W3 20| B8 | 287 | NI 34.3‘ /Y| 414 | 49| 484 R1| 58| 06| 835 | 674
| % [ 170|196 | 24| 253 | 23| 314 | 346 | 38D | 414 | 450 | 486 | 523 | 51| 600 | 639 | 680 | 721
B 187 | 215 | 45| 25| 00| 2| 36| 411 48| 45| 23| B 601 641 | 62| 724 | W6
0 | 204 25| %7 | 300 | B5| 370 | 08| 43 81 520 59| 89| 640 | 882 | 24| 67| 810
222265 89| 6| %4 | 08| K6 | 475 54 | 564 | 55| &7 | 678 | 722 | 75| 09| 83
M| 241|278 | 32| MUY | W7 | 426 | 65| 06| 7| %9 | 81| 674 | M7 761 05| 80| 86
(% | 260|207 | 25| 34| 44| 454 26 537 | 580 | 623 | 686 | 710 | 755 800 | %45 8a1| W7
(% 279|318 8| 9| 41| 483 | 25| B | 62| 656 | 01| 46| 72| 08| 84| 00| @7
299 | 40| 32| 424 | 467 511 | 555 | 800 | a4 | 690 | 736 782 | w8 | 75| @2 | w9017
@ 38|62 05 49| 94 B9 ;4| 0] 78| 23 B9 | 816 | 84| o0 | 88| 1007 | 1055
4 339 |34 | 429 475 51| 567 | 814 | 861 | 8 | 755 | 803 | 851 | 809 | 947 | 995 | 1044 | 1093
% | 359 | 408 | 45,3i 500 | 547 | 595 | 643 | 601 | 738 | BT | 36| 834 | W3 | %2 | 181 | 1080 | 1129
% |39 |4@8| @76 35 54| 623 | 672 | 721 WO B1G| 88| 907 | %7 | 1016 | 1066 | 1115 | 1165
| % 400 450 500 550 60| 650 700 | 750 | 800 | 850 | 900 | 950 | 1000 | 1050 | 1100 | 1150 | 1200
(% (@1 |42 w4 | 55| 626 677 728 | 79| 00| 61| w1 | 982 [ 1082 [ 1083 | 1133 | 1184 | 1234
5 | 44 04| 57| 600 | 652 704 76| %08 | 89| 911 w2 1012 | 1064 | 1115 | 1166 | 1217 | 167
‘se 462|517 | 1) 824 68| 731 | 784 | 86| 88| %40 | 02| 1044 | 1085 | 1147 | 1108 249 | 1300
(B 483|539 | 84| 649 | 03| 787 | 811 | 864 | 917 | G0 | 1022 | 1074 126 | 178 | 1229 | 1280 | 1332
6 | 504|561 | 617 | 673 | 728 | 783 | 38| 891 945 | W8 1051 | 1104 | 1156 | 1208 | 1260 | 1311 | 1363
B 52453 840 697 | 753 | 808 | %4 | 919 973 | 1026 | 1080 | 1133 1185 | 1238 [ 1200 | 1341 | 1393
B 545605 | 883 721 778 834 | 80| 04511000 | 1054 | 4108 | 1181 | 1264 1266 | 1319 1374 | 1422
6 | 565|626 636 745 | €02 858 | 916 | 971 | 1027 | 1081 | 1135 | 1189 | 1242 | 1205 | 1347 | 188 | 145
8 | 586|645 | 708 | 788 | 826 | 884 | %41 | 07 1053 | 1108 | 1162 | 1216 | 1268 | 1322 | 135 w7 | 1478
0606|658 | 731 791 | 850 | 908 | 966 | 1023 | 1078 | 1134 | 1189 | 1243 | 1286 | 1350 | 1402 | 1455 | 1506
(7o {626 6ol 73] 84 3| 982 W0 [ 1047 1104 | 1159 | 1214 | 1268 [ 1323 | 1976 | 1429 | 181 | 1533
74| 646 | 700 774 | 836 | 897 | 956 | 1014 | 1072 | 1128 | 1185 | 1240 | 1204 | 1348 | 1402 | 1455 | 1507 | 1569
T6 | 866 | 732 | 796 | 858 | 910 | 979 | 1038 | 1006 | 1163 | 1209 | 1285 | 1318 1314i142_7 1480 | 1533 | 1885
86| 752 81T aa.o[ 2| 1002 | 1061 | 1120 | 1177 | 1233 | 1289 | 1344 | 1398 | 1452 | 1505 | 1558 | 1640
0 705 |73 8| 02| 64| 1025 | 1084 | 1143 ) 1200 | 1257 | 1313 | 1368 | 22 | 1476 | 1528 | 1862 | 1634
8 724 702 858 23| 985 [ 1047 [ 1107 [ 1185 [ 1223 | 1280 | 1336 | 1301 | 1446 | 1500 | 1553 | 1605 | 1657
% 743 | B12 | &9 %44 | 1007 ms.aim.e 188 | 1248 130.3‘135,9 14 | 1468 1523 | 1576 162.8‘188.[}
® 762|832 39.9: %4 | 1028 | 1000 | 1150 | 1200 | 1268 | 1325 | 1381 | 1437 | 1401 | 1545 | 1508 | 1851 | 1703
8 | 781|851 | 919 | 9B4 | 1048 | 1101 | 1171 | 1231 | 1289 | 1347 | 1403 | 1450 | 1513 | 1567 | 1620 | 1673 | 4725
(% 799 | 870 | 938 1004 | 1089 | 1131 | 1102 | 1252 | 1311 | 1368 | 1425 | 1480 153,£-j158,9|164.2 1894 | 1748
'@ 817|889 | 7 | 1024 | 1089 | 1164 [ 1213 [ 1273 | 1201 [ 1389 | 1446 | 1501 | 1566 | 4610 | 1683 | 1715 | 1767 |
% | 835907 | 6 1043 | M08 | 1171 | 1263 | 1293 | 1352 | 1409 | 1466 | 1522 | 1576 | 1630 | 1683 | 1736 | 1787
% | 853 | 925 | 995 | 1062 | 127 | 1101 | 1252 | 1313 | 1372 | 1428 | 1486 | 1542 | 1897 | 1650 | 170.3 | 1756 | 107
| 9 | B7.0 | 943 | 1013 | 1081 | 1146 | 1210 12?2|133.2‘139_1|144.9‘150,a 155.1‘161.6 1670 | 1723 | 1775 132.7'[
‘m 887 | %61 | 1031 | 1090 | 1185 | 1228 | 1231 | 1381 | 1410 | 1468 | 1225 | 1581 | 1635 168.9‘1?4.2 1794 | 1848
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Figure L48. MC3 species sampling locations for the McCloud aree mixed-conifer zone.
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£.2.7 White fir

Model Name: WF_CR2_Ca
Model Form: CR2

Synopsis

The WF_CR2_Ca site index model is applicabie to white fir anywhere it grows in
the state. The age range is approximately 10 to 100 years and the site index range is 40
- 110 feet.

Figure 1.19 shows the time series data used in fitting the model. Figure 1.20
shows site curve graphs. Table 1.7 provides tabular vaiues of heights by breast-high age
and site index. Figure 1.20 maps the statewide white fir sampling locations.

White Fir Site Index Curves ang Data
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Figure 1.18. White fir height growth dafae used in model construction.
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White Fir Site Index Curves (WF_CR2_Ca)
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Figure 1.20. White fir sife index curves for the WF_CR2_Ca mode/
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Tabie I.7. White fir site index table for the WF_CR2_Ca modet.

White Fir Site Index Table (WF_CR2 Ca)

Tabled values are total height in feel

P [ 50 Year Breast-High Base Age Site Index

Bae | 40 | 45 | S0 | 55 | 6D 85 % 7 8 B8 | % 95 10 | 105 | w0 | w5 | i3
12 1105 ) 113 | 122|130 | 139 | 47| 158 | 84| 172 ] 181 | 188 | 198 | 208 15| 23| B2| AUb
14 120 | 131 1441 | 152 | 183 | 173 ) 184 | 194 ) 205 28| 28| B7| 47| 38| o | 7| 230
16 | 136 ] 149 [ 162 | 175 [ 188 | 200 203 | 26| 29| 52| 65| 78 200 | 03 316 | RO U2 !
18 | 153 | 168 | 183 | 198 | 213 | 28 | 244 | 258 | 274 | 289 | 304 | 318 | R4 | /0| B5 | Bo| 95
00| 169 | 87 | 204 | 22 88| BT | T4 | 02| 09| 27| 4| B2| 379 | %7 414 £2| 49
2 (186|206 |26 (246 | 208 | 285| 05| 25| 345 W5 /S| 05| 25| M4 | 464 484 04
2| 03|25 |47 |20 | 82| 34| 36| BS| BI | 403 | 425| 48| 470 | 492 | 54| BT B3
(|20 244 289 | 294 | 318 | 343 | 368 | 302 417 41| 466 | 401 | 55| 540 | 54| 89 614
!zs 06|83 80 | N7 | M4 | TS| W8 05 452 479 806 | 5331 %60 | 87| 614 641 | 668
30 | 253 (282 |3t2 | 31| 370 | 400 428! 458 | 487 | 517 | 546 | 575 | 605 | 634 | 53| 682 | 722 !
32| 268301332 384398 427 459 490 522 | %54 | 85| 617 848 | 680 | M2 | 743 | 775
% | 851 N8| B3 | %7 424 | 454 | 488 | 522 | 558 | 580 | 624 | 658 | 691 | 725 | 75g | 73| 87
3% | 301337 | 373|409 | 45| 481 | 57| 553 | 589 | 625 661 | 897 | 34| 7v0| 806! 842 | €78
3 | 316 354|283 | 431469 | 507 | 546 | 584 | 622 | 660 | 898 | T3V | IS5 | ®13| 81| 89| 908
|40 1331|372 412 | 452 | 492 | 533 | 573 | 13 654 | 604 | 734, 775 B15 | B85 | 896 | 936 | 6
CRET 3B | 431 | 473 | 515 | 558 | 800 | 842 | 685 1 | 7S 812 84| 897} 98| 981 1024 )
4 1360|404\ 49 43|57 82| 626 G0 | 715 | 759 | 804 | 88| 892 @7 | W1 1025 | 070
4 | 374|420 | 466 513 | 559 | 605 | 652 698 | 744 | 790 | 837 | 883 | 20| 976 | 1022 | 1068 | 1115
4 3&7%43,5 483 | $32 | 580 | 628 | 676 | 724 | 773 | 821 | 89| 817 | %5 | 1013 | 1062 | 1110 | 1158
50 | 400 450 | 500 | 550 1600 | &50 | 700 | 750 | 800 | 850 | 900 | 450 | 1000 | 1050 | 140.0 | 1150 | 1200
52 | 413|464 | 516 | 568620 | 671 | 723 | 775 | 87| 878 | 20, %2 | 1034 1085 | 1137 | 1189 :' 124.1
Mo 425 | 478 | 532 | 585 | 638 | 692 | 745 | 708 | 852 | %06 | 9591 1013 | 1068 | 1920 | 197.3 | 1227 | 1280
(S | 436|401 547 | 802 | 857 | 712 | 767 | 822 877 | 32| 987 | 1043 | 1088 | 1153 | 1208 | 1263 | 1316
|58 | 448 | 504 | %61 | 618 | 674 | 731 788 | 844 | 901 | 958 | 1015 | 1071 | 1128 | #4185 | 1241 | 1288 | 1355
80 | 458 ;517 | 575 833|691 | 750 | 808 | 866 | 924 | 983 | 1041 | 1008 | 1167 | 1215 | 1274 | 1332 | 1300
62 | 459 | 529 | 588 | 646 | 708 | 767 | 827 | 887 | 847 | 1006 | 1068 | 1126 | 1185 | 1245 | 1305 | 1364 | 1424
64 | 479 | 540 | 601 | 662 | 724 | 7BS | 846 | 907 | 968 | 1028 | 1000 | 1154 | 1213 | 1274 | 1335 | 1306 | 1457
8 | 489 | 511614 676 739 | 601 | 84| @26 | 99| 1081 | 1114 | 176 | 189 | 1301 | 1364 | 426 | 1489
8 | 498 32 626 0889 | 753 anj 881 | 945 | 1009 | 107.2 | 1135 | 1200 | 1264 | 13258 | 1301 | 1455 | 1518
|0 | 507 | 572 637 702 | 767 | 832 837 | 963 | 1028 | 1083 | 1158 | 1223 | 1288 | 1355 | 1418 | 1483 | 1548 |
T2 516 682|648 | 715 | 785 | 847! 913 | 0 | 1048 [ 1012 [ 4478 | 1245 | 4309 | 4377 | 1444 '| 1510 | 1576
T4 | 524 | 591|659 | 726 | 794 | 661 | 929 995 | 1084 1131 | 1998 | 1266 | 1332 | 1405 | 1468 | 1538 | 1603
7 | 532 | 600 | 669 | 735 606 | 7.5 | 943 | 1012 | 1080 | 1149 | 1218 | 1288 | 1355 | 1423 | 1492 | 1560 | 1629
T8 | 540 609 | 675 | 748 | 818 | 888 | 957 | 1027 | 1097 | 1186 | 1236 | 1305 | 1375 | 1445 | 1515 | 1584 | 1854
B | 547 618 598 | 750 1830 | 900 | 971 [ 1042 | 1912 | 1183 | 1254 | 1324 | 1395 | 1466 | 1535 1607 | 16738
B | 54| 626607 | 769 | 841 | 912 | 984 | 106 | t127 1169 | 1271 | 1342 | 1414 | 146 | 1857 | 1628 | 1701
L84 | 561|633 706 778 | 851 | 924 | 996 | 1088 | 1141 | 1204 | 1267 | 1369 | 1432 | 150.5 | 1577 | 1850 | 1722 |
8 | 557 | 841|714 | 788 | 8.1 | 935 | 1008 | 1082 | 1155 | 1228 | 1302 | 1378 | 1448 | 1523 | 1586 | 670 | 1743
B | 573 | 648 | 722 | 706 | 871 | 945 | 1020 | 1094 | 11658 | 1243 | 1317 | 1302 | 1465 | 1540 | 1615 | 1889 | 1763
|90 | 579 | 654 | 730 | 805 [ 880 | 955 | 1030 | 1106 | 1183 | 1256 | 1331 | 1407 | 1482 | 1867 1 1632 | 1708 [ 1783
8 585 | 861 ?3.?381.3 839 | 965 | 1041 | 1117 | 193 | 1289 | 1345 | 421 | 1497 | 1573 | 1849 | 1725 | 801
% 590|687 | 744 | 821 | 837 | 974 | 1051 | 4128 | 1205 | 1281 | 385 | 1435 | 1512 | 1583 | 1665 | 1742 | 181 |
9% | 585 673 | 750 | 828 | 905 | 983 | 081 | 1138 | 1216 | 1283 | 1371 | 1448 | 1526 | 160.3 | 1681 | 1758 | 1836 |
% lsa.oge?,g 757 | 85 | 913 | 891 | 1070 | 1148 | 1226 | 1304 | 1383 | 1461 | 1539 | 1617 | 1695 | 1774 | 1852
100 | 605 | 684 | 763 | 842 [ 021 | 1000 | 1078 | 1157 | 1236 | 1315 | 134 | 473 | 1852 | 1631 | 1790 | 1768 | 1867
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Figure §.21. White fir sampling jocations in California.
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i.2.& Red Fir

Modef Name: RF_KP1_Ca
Modei Form: KP1

Synopsis

The red fir site index model RF_KP1_Ca is applicabie to red fir anywhere it is
found in California and Southem Oregon. The applicable age range is nominally 10 —
160 years and the site index range is 20 - 80 feet. In the unlikely event thai site indices
over 90 feet are encountered, white fir site index curves (WF_CR2_Ca) should be
substituted.

Figure 1.22 shows the time series data used in fitting the model. Figure (.23
shows site curve graphs. Table 1.8 provides tabular values of heights by breast-high age
and site index. Figure 1.24 maps the state-wide red fir sampling focations.

Red Fir Site Index Curves and Data
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Figure 1.22. Red fir height growth data used in model construction.

172



Red Fir Site Index Curves (RF_KP1_Ca)
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Figure 1.23. Red fir site index curves for the RF_KP1_Ca mode! .
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Table 1.8. Red fir site index table for the RF_KP1_Ca modei.

Red Fir Site Index Table [RF_KP4_Ca}
Tabied values are tofal height in fest

8K | 50 Year Breast-High Base Age Site Index |
age [ 20 [ 5 [ [ a0l s | %0 55 40 6 | w | B | 8 | & %0 |
1260 65/ 70 786! 82] 89] 96| 04| m2| 120 130 140 | 150 w62 175

| 64| 74 78| 86| 94 102 | M1 | 121 | 134 | 142 | 154

% 69| 77 86 86 106|116 128 140 | 162 165 180
48 | 74 85 95 | 107 | 119 | 132 145 | 160 | 75| 191 | 208

20 | 80| 92 105 13 | 135 | 148 [ 164 | 181 | 199 | 217 | 237
C2 [ 86 100 | 116 | 131 | 148 | 165 | 184 | 203 | 23 | 245 | 287
2 | 92| 108 ‘ 126 | 145 | 164 | 183 |04 | 26 | 28| 73| %8
26 | 99| 118 138|158 | 180 | 202 (225 | 250 | 275 | 302 | 330

| 28 | 106 ‘ 128 150 ‘ 173 | 196 | 224 ‘ 247 | 274 | 302 | 31| 3/2 | 393 | 427 | 462

167 | 180 | 185 | 211 |
196 | 212 | 230 | 249
226 | 246 | 287 | 288
258 | 281 | 305 | 330 |
291 | 317 | 344 372 |
326 | 363 383 | 414 |
39 | 390 | 422 | 457
4838

24
—
[y ]
€=
[e]

|30 | 114 | 137 182 [ 187 | 214 | 244 | 269 | 208 | 328 | 364 | 384 | 428 | 464 | 501 540
82 [ 121 [ 148 | 175203 | 231 | 261 | 292 | 324 | 386 | 391 426 | 462 | 500 [ 540 580 |
34 | 129 | 158 188 | 218 | 248 | 282 | 315 | 349 | 384 | 420 | 458 | 497 | 836 578 620 |

|3 | 138 | 165 | 201 | 234 | 288 ] 302 | 338 | 374 | 412 | 450 | 490 | 530 | §72 | &15 ‘ 659 |

3| 148 I 180 | 215 250 | 286 | 323 1| 400 | 439 | 480 | 521 | 864 | 607 | 852 | 697
4 | 154 | 194 , 228 | 266 | 305 | 344 384 | 425 | 457 | 500 | 552 ‘ 506 | 841 | 67 | 734 |
42 [ 183 | 203 | 242 | 283 | 324 | 365 | 408 | 451 | 494 | 538 | 583 | 628 | 675 | 722 | 700 |

|4 172 214 | 257 | N9 343 ‘ B7 431 476 | 521 | 587 | 613 | 660 | 707 | 755 ‘ 804

(46| 18126 271 316 | 362 | 408 | 454 | 501 | 548 | 505 | 843 | 601 | 739 788 837

4 [ 1911238 | 285 | 333 | 381 | 420 | 477 | 526 | 674 | 623 | 672 | 721 | 70| 820 869

(50 | 200 | 250 | 300 | 350 | 40.0 450 | 500 | 550 | 600 | 650 | 70.0 | 750 | 800 & 850 | 900
52 210 | 262 | 315 | 367 | 419 | 471|523 | 574\ 625 | 677 | 728 778 | 20 88| 90
54 | 219 | 274 | 329 | 384 | 438 ‘ 49.2 | 545 | 598 &1 03| 755 | 806 87 | %08 | 98

(%6 | 29| 287 | 344 | 401 | 457 | 512 567 | 621 | 675 | 728 | 781 £33 | 884 | 935 | 986

| 58 | 2398 f 299 | 350 | 418 478 | 533 | 589 | 644 | 6989 753 | 806 859 | 916 961 | 1012
60 | 248 | 312 374 | 434 494 | 553 610 | 667 | 723 | 77| 831 | 884 | 936 | 987 1037

62 | 258 | 324 ! 38 l 451 | 51.3 | 57.3 (632 | 689 | 746 807 | 855 908 | 960 ‘ 1015 | 106.1
64 | 268 | 336 | 403 | 466 | 531 | 592 | 52 | 7i1 | 768 | 824 | 87.8 932 | 984 1035 | 1084
85 | 278 | 349 | 417 | 484 | 549 | 612 673 | 732 | 700 | 846 | 901 955 | 1007 | 1057 | 1107
B8 | 266 | 361 | 432 | 500 | 567 | 631 | 693 | 753 | 81t | 868 | 923 | 977 | 1028 1079 | 1128

72 | 308 | 386 461 | 533 601|868 732 793 | 83 910 | 965 | 1018 | 1070 1120 | 1168
T4 | 318 398 475 548 | 619 | 686 | 751 | 8§13 | 872 | 930 | 985 | 1038 | 1000 | 113.8 ‘ 1187
| 76 | 328 | 411 | 489 | 564 | 635 | 704 | 769 | 832 | 802 | 94.9 | 1004 | 1057 | 1108 | 11568 | 1205
i 18 | 338 | 423 | 503 | 57.9 | 652 | 721 | 787 | 850 | 910 | 86.8 | 1023 i 1076 | 1127 | 117.5 | 1222
| B0 | 48 435 ' 517 | 585 | 668 | 738 <805 | 888 | 929 | 986 | 1041 1094 | 1144 | 1183 | 1239

|
70 | 298 | 374 | 448 | 517 | 584 | 849 (72| 773 | 832 | 889 | 944 | 698 | 1050 | 1100 | 1148
|

82 | 358 | 447 | 531 610 | 684 | 755 | 822 | 886 | 946 | 1004 [ 1059 | 111.1 1161 | 1209 | 1255

B | 38 | 450 | 544 | 625 | 700 | 772 | 839 | 903 | €63 | 4021 | 1076 | 1128 | $77 | 1225 | 1270
(8 [ 98 471 555 | 639 | 716 | 788 | 856 | 920 | 980 | 1038 | 1092 | 1144 | 1183 1240 ‘ 1285
|85 388|483 71 654 | 731803 72| 936 | 997 | 1054 | 1108 | 1159 1208 | 1255 ‘ 1209

9 | 398 | 405 584 | 668 | 746 | 819 | 887 | 952 | 1012 | 1069 | 1123 | 1174 | 1223 | 1269 | 1312 |
|82 | 408 | 506 | 507 682 | 764 | 834 | 803 | 967 1028 [1085 | 4138 | 1188 | 1287 | 1282 | 1325
! % | 417 | 518 | 610 | 606 | 77.5 | 849 | B8 | 882 | 1043 | 1009 | 1153 | 1203 | 1250 | 1285 ‘ 1338
| 9 | 427 | 529 | 623 | 709 | 789 | 863 | 932 | 997 | 1057 | 1114 | 1167 | 1207 | 1264 | 1308 ‘ 135.0
|98 | 437 | 540 | 635 | 722 | 803 | 878 | 947 | 1011 1071 | 1127 1180 | 1230 | 1276 | 1320 | 1361 |
100 | 446 | 551 | 647 | 736 | 817 | 891 | 951 | 1025 | 1085 | 1141 | 1193 | 1242 | 1288 | 1332 | 1373 |
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Figure 1.24. Sample locations of red fir in California used in modeling.

175



{.2.9 Incense-Cedar

Modeil Name: IC_LG1_Ca
Modei Form: LG1

Svnopsis

The incense-cedar site index model iIC_LG1_Ca is applicable to incense-cedar
anywhere it is found in Califomia. The applicable age range is nominally 10 — 100 years
and the site index range is 20 - 90 feet VWhile being a common mixed-conifar
component, incense-cedar is in a class of its own with site index values being typicaliy
~30% lower than MC3 species and white fir.

Figure 1.25 shows the time series data used in fitting the model. Figure 1.26
shows site curve graphs. Table 1.9 provides tabular values of heights by breast-high age
and site index. Figure .27 maps the statewide incense-cedar sampling locations.

‘ Incense -Cedar Site index Curves and Data |
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8] 20 40 G0 20 100 120
Breast High Age (Years)

Figure 1.25. Incense-cedar heighi growth dafa used in model construction.
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incense-Cedar Site index Curves (IC_LG1 _Ca)
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Figure [.26. Incense-cedar site index curves for the IC_{.G1_Ca model,
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Tabie 1.8. Incense-cedar site index tables for the IC_LG1_Ca model.
[ncense-cedar Site Index Tabie {{C_LG1_Ca)
Tabled vaiues are fofal height in feet

[ B | 50 Year Breast-High Base Age Site Index |
me | 0 [ 5 [ w0 [ B [0 [ 65 [ %[B[0 65 | 0 ] s | [ 9 B | 100

(12| 73| 83| 93 [t04 [ 115126 [ 138|150} 163 | 77| 11 ] 26| 21| 28] 55| 73] B2
9| 781 901|103 | 115|128 142|156 | 179 | 187 | 203 | 219 287 | 255 | 74| W4 | 35 %7 |
| 85, 99| 113|128 | 143|159 | 175|182 | 210| 28 | 248 | 268 | 280 | 31| 24| B7| 82|
18 | 9 ‘ 107 | 123 [ 140 | 158 | 176 [ 184 | 214 | 24| 25 | 27| 89| NI | M7 | 72| B9 | @7
M, 97| 115 134|153 | 172 | 193 | 214 | 235 | 258 | 284 | 305 | 30| 356 | 383 | 411 | 40| 410
2 104124 [ 144|166 187 | 210|233 [ 267 | 22| 07| 34 | %1 389 | 49 49| 40| 513 :
2% | 110 | 132 | 185 | 178 ! 203 | 227 | 253 | 278 il 06| B4 | B2 02| 422 | 454 486 | 520 | 554
% | 117|141 186 | 191 | 218 (245 | 272 | 305 | 330 | 360 | 380 | 422 | 454 | 488 | 523 | %58 | 55
B 123 ‘ 150 | 177|205 (2833262 | 202 | 322 | 33| 385 | 418 | 452 | 485 | 522 | 558 | 506 | 834 |
N | 130 | 159 | 188 | 28 | 248 | 279 | 314 | 34 | 377 | 411 | 45| 481 518 | 55| 23| €33 | €73
2| 137 168 | 109 | 281264 [ 287 1330 | 365 | 400 | 46 | 473 510 | 549 | 588 | 628 668 | 700 |
W14 077 N0 | U4 1219 314 |30 | 386 423 | 461 | 00| 539 | 578 | 620 | 661 03| TS
% | 159|186 | 21 | 257 | 294 ‘ 331 | 369 | 408 | 446 | 486 | 526 | 567 | 608 | 851 | 694 | 737 | 78

¥ 168 195 B3| 21 |00 | 349 | 388 | 429 | 488 | 511 | %52 | 595 | 638 | 61| 726 | TI0| 816
0 | 165 | 204 244 | 284 | 325 | 366 | 407 | 449 | 492 | 535 | 578 | 622 | 666 | 714 | 757 | 802 | 849 |
42 | 172 | 213 | 255 [ 297 | 34D | 383 | 426 | 470 | 514 | 558 | 603 | 648 | 94 | 740 | 787 84| 81|
# | 179 | 22 | 268 | 311 | 355 400 | 445 | 400 | 536 | 582 | 628 | 675 | 724 | 769 | 816 | 864 | 912 |
|4s !18.6 22 | 78 | 324 |30 | 417 [ 463 [ 510 | 557 | 605 | 653 | 00 | 7248 | 77| %5 | 803 u2 |
#8133 | 241 289|337 35 433|482 (530 | 579 | 628 | 677 | 725 774 | 824 | 83| w2 | 972
(50 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 5@.0! 600 | 650 | 700 | 750 | 800 | 850 | 900 | 850 | 1000 |
52 | 207 1259|311 |33 [ 415 | 487 | 518 | 570 | 621 | 672 | 723 | 74| 825 876 | %27 ¢77 | 1027
8 | 215 289 | 323 |38 | 430 | 483 | 536 53.9‘ B41 | 694 | 746 | 798 | 849 | 904 | 952 | 1003 | 1054
|8 | 22 | 278 | 334 |89 |44 | 499 | 554 608 | 661 | 715 | 708 | 621 | 873 | 926 | 978 | 1029 | 1080
8 29 87 M5 |42 459 515|571 627 | 81| 736 | 190 | 43 807 | 50| 1002 | 1054 | 1i05
60 | 236 | 296 | 356 | 415 | 474 531 | 588 | 645 | 701 | 757 | 812 | 86 | 920 | 973 | 1026 | 1078 | 1130
8 | 243 | 306 | 37 | 428 488 [ 547 [ 605 | 663 | 720 | 777 | 833 | 987 | 942 | %96 | 1045 | 1104 | 1153
64 | 254 | 315 | 378 | 441 | 502 56.3|622|68.1 138 | 197 85,3| 908 | 964 | 1018 | 1072 | 1124 | 1178 |
8 | 258 | 324 | 389 | 453 | 516 | 578 | 639 698 | 758 | 816 | &4 | 930 | 985 | 1040 | 1004 | 1146 | 1198
(88 265 333 400 466 | 530 504 | 656 717 | TI7 | &5 | 83| 950 1006 | 1061 | 1115 | 1168 | 1220
1| 72| 43 ‘ 410 | 478 | 544 608 | 672 | 734 | 785 | 854 | 913 | 970 | 1026 | 1082 | 1136 | 1188 | 1241 |
(Te [0 |32 42 4f 568|624 |68 | 754 [ 613 E@3 | 82| %9 | 1045 | 102 | 1156 | 109 | 261
(T BT | B\ 43 503 572|639 | 704 | 768 | 830 | 81| 91 | 1008 | 1066 | 1121 | 1976 | 1229 | 1284 '
|T6 | B4 MO | M4 515 | SB5 | 84 720 TBA | BT | 909 | 90| 1027 | {085 | 141 | 115 1248 | 1300
| 32| 39| 465 | 525 | S99 | 668 | T35 | B0 | 864 | 927 | 987 | 1046 | 1103 | 1159 | 1214 | 1267 | 1318 |
80 | 309 | 388 | 485 | 540 | 612 | 883 751 | 807 | 881 | 944 | 1005 | 1084 | 1121 | 1178 | 1232 | 1285 | 1337
B2 315|397 | 476 552 625 | 697 | 766 | 833 | 98 | 961 [ 1022 [ 1081 [ 1139 | 1195 | 1250 [ 1303 | 1355
B 323 | 406 | 486 | 564 639 | 704 | 781 848 | 914 | 078 | 1039 | 1009 157 | 1213 | 1268 | 1321 | 1372
% |20 | 415|497 576|852 725 795|864 | 00| 994 | 1056 | 1115 1174 [ 1200 1285 | 1387 133.9‘
8 | 308 | 424 507 567|664 | 739 | 810 | 879 | SA6 | 1010 | 1072 | 1132 180 1247 | 1301 | 1364 | 1405
9 | 345 | 433 | 518 | 599 | 677 | 752 824 | 894 | 91| 1026 | 1088 | 1148 | 1206 | 1263 | 1317 | 1370 | 142

i 2 | 362 | 442 528 | 611|600 766 839 909 | 976 | 1041 | 104 | 1164 1222 | 1279 | 1383 | 1385 | 1436
(% | 359|451 | 538 | 622 (702 779 | 853|023 | 991 | 1057 | 1119 | 1160 | 1233%129.4|134,s 140.1 | 145,1

% ‘35.5 460 | 549 | 833 715 | 792 | B8 038 | 1006 | 1072 | 1135 1195'125,3;t130,9 1363 | 4415 | 1466
% | 373 468 559 | 645 727 | 805 | 880 | 952 | 1020 | 1086 | 1149 | 1210 | 1268 | 1324 | 1378 | 1430 a0 |
100 | 38.1 | 47.7 | 569 | 656 | 739 | 818 | 893 | 966 | 1035 | 1100 | 1164 | 1224 | 1283 1 1338 | 1302 | 1444 \ 149.4
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Figure L27. Incense-cedar sampling locations in California.
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[.2.10 Jeffrey Pine and Lodgepoile Pine

Model Name: JP_SHZ_Ca
Mode! Form: SH2

Synopsis

Lodgepole pine site curves were found to be almost coincident with those of
Jeffrey pine so the JP_SH2_Ca model was considered to be applicable to both species.
For Jeffrey pine, the age range of the data is 10 ~ 120 years and the site index range is
20 — 80 feet. Lodgepole pine had a similar age range but the site range was about 30 —
60 feat.

Figure 1.28 shows site curve graphs for the JP_SHZ_Ca model. Tabie 1.10
provides tabutar values of heights by breast-high age and site index. Table 1.11 and
table .12 provides the number of sampling locations by county for Jeffrey pine and
lodgepole pine respeciively.
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Jeffrey/LLodgepole Pine Site Index Curves (JP_SH2_Ca)
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Figure 1.28. Jeffrey/Lodgepole pine site index curves for the JP_SH2_Ca model.
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Tabie 1.10. Jeffrey/Lodgepole pine site index table for the JP_SH2_Ca modei.

Jeffreyll cdgepole Pine Site Indax Tabie {JP_SH2 Ca)
Tabled values are total hefght in feet

[ &4 50 Year Breast-High Base Age Site Index

‘ Age | 2 [ B [ 0 3“5 | 40 | 4 | 50 | 55 | 0 £5 n | 15 80 85 )

‘ 12 60 88| 80| 92| 105|119 [ 134 | 151 89| 187 | 207 | 227 | 248 | 271 | 205
14| 66| 77| 90| 105121 | 138 | 158 | 175 | 196 | 207 | 240 | 263 288 313 | 29

6 | 72| 88 | 102|118 | 137 157 | 178 | 200 | 223 | 247 | 272 | 208 %5 | 83| 382

18 | 79 95 | 113|133 | 164 | 176 | 199 | 224 | 250 | 276 | 304 | 382 | 361 | 382 | 422

20 | 851104 | 125 | 147 | 170 | 195 | 221 | 248 | 276 | 305 334 | 365 | 396 | 428 | 461
22 | 92 114|137 |61 [ 187 | 214 [ 242 271 [ 301 | B2 4| 37| 40 464 499 |
24| 100 | 123 | 149 | 175 | 203 | 283 | 263 | 204 | 326 | 39 | 03 | 427 | 462 498 85
2 107 | 133 [ 161 | 190 | 220 | 254 | 283 | 316 | 950 | 385 | 421 | 457 | 494 | 531 | 569
2 | 115 | 143 | 173 | 204 | 236 | 26.9 | 303 | 338 | 374 | 411 | 448 | 485 | 524 | 563 | 602
130 | 122 | 153 | 185 | 218 | 252 | 287 | 323 | 360 | 397 | 435 | 474 | 513 553 | 593 | 634 \

‘ 32 (130 | 163 | 167 | 232 | 268 | 30.5 | 342 | 381 | 420 | 458 J| 498 | 540 | 581 | 623 | 865 ‘

|34 | 138 (172 | 208 | 245 | 283 {322 | 361 | 401 | 442 | 483 | 524 | 666 | 608 | 651 | 694

138 | 1451182 | 220 | 259 | 209 | 339 | 380 | 421 | 463 | 505 ‘ 548 | 591 | 635 | 678 | 723 |

381531192 | 282 | 273 | 314 356 | 308 | 441 | 484 | 528 | 572 | 616 | 661 | 705 | 75 5

40 | 164 202 | 244 | 286 | 329 | 37.2 | 416 | 460 | 505 | 549 | 594 | 640 | 685 | 731 | 777 |

T42 [ 1691212 | 255 | 209 | 343 [ 388 | 433 | 47.9 | 524 | 570 | 17 | 663 | 7t0 | 756 | 803 |
4 | 177 | 221 | 266 | 312 | 358 | 404 | 450 | 497 | 544 | 591 | 638 | 686 | 733 | 781 | 828

45| 184 | 234 | 278 | 325 | 572 420 | 467 515 | 563 | 611 | 658 | 708 | 756 | 805 853 |

4B | 192 1 241 | 280 | 338 | 386 | 435 | 484 533 | 582 | 631 | 680 ( 729 | 778 | 828 | 877

| 50 | 200 | 250 | 30.0 | 350 | 40.0 | 450 | 50.0 | 550  60.0 | 650 | 700 | 750 | 8.0 | 80 | 900

| 52 | 208 | 258 | 311 | 362 | 414 | 465 | 516 | 567 | 618 | 669 | 720 | 77.0| 81| 872 | 923

| B4 | 215 | 269 | 322 375 | 427 | 479 | 532 | 584 | 635 | 687 | 739 | 790 | 842 893 | 944
5 | 223 | 278 | 332 | 387 | 440 | 494 | 547 | 800 | 653 | 705 758 | 810 | 862 | 914 | 966

‘ 88 | 231|287 | 343 398 | 453 | 508 [ 562 | 616 | 889 | 723 | 776 | 829 | 82| 934 | 987
B0 | 238 | 206 | 354 | 410 | 465 | 522 | 577 | 83.1 | 685 | 740 794 | 847 | 01| 954 | 1007 |
B2 | 246 | 305 364 | 422 | 479 | 535 | 501 | 647 | 702 1 757 | 811! 866 | 90| 873 | 1027
B4 | 253 | 314 | 37.4 | 433 | 49.1 | 549 | 608 | 662 | 718 | 773 | 829 | 883 | 38| %92 1048

| 86 | 261 | 323 | 384 | 444 | 503 | 562 | 620 | 677 | 733 | 790 | 845 | 901 | 956 | 011 | 1085

| 88 | 268 | 332 | 394 | 455 | 516 | 575 {633 | 691 | 748 | 806 | 862 | 91.8 | 874 | 1029 | 1084

| 70 | 275 | 344 | 404 | 466 | 527 | 588 | 647 | 706 | 764 | 821 | 87.8 | 935 | 991 | 1046 | 1102

72 [ 283 349 [ 414 | 477 [ 539 | 600 | 660 | 720 | 77.6 | 837 | 894 | 959 | 1008 | 1064 | 1119
74 | 290 | 358 | 424 | 488 | 551 | 613 | 67.4 | 73.4 | 79.3 | 852 | 910 | 967 | 1024 | 1081 | 1137 |
76 | 207 | 366 | 433 | 498 | 56.2 | 625 | 687 | 747 | 807 | 866 | 925 | 983 | 104.0 | 1097 | 1154
78 | 304 | 375 | 443 509 | 574 | 637 | 699 | 761 | 821 | 881 | 940 | 998 | 1056 | 1914 | 147.1
80 | 311 | 383 | 452 | 510 | 585 | 848 | 712 | 774 | 835 | 805 | 955 | 1014 | 107.2 | 1930 | 1187
82 | 318 | 301 | 461 | 529 | 506 | 661 [ 724 [ 787 [ 849 | 900 | 969 | 1029 | 1087 | 1145 | 1203
84 | 325 | 399 | 47.0 | 539 607 | 67.2 | 736 | 800 | 862 | 923 | 984 | 1043 1102 | 1161 | 1219
86 | 332 | 407 480 | 549 | 617 | 684 | 749 812 | 875 | 937 | 998 | 1058 | 1107 | 1176 | 1234
88 | 338 | 415 | 488 | 559 | 628 | 695 | 760 | 825 | 888 | 950 | 1011 | 107.2 | 1132 | 194 | 1249
90 | 346 | 423 | 497 | 569 | 638 | 706 { 77.2 | 837 901 | 963 | 1025 | 1086 | 1145 | 1205 | 1264

192 | 353 | 431 | 506 | 579 | 649 | 717 | 784 | 84.9 | 913 | ©7.6 | 1038 | 1100 | 1160 | 1220 | 1279

| 94 | 359 | 439 | 515 | 588 | 650 | 728 | 795 | 864 | 925 | 989 | 1054 | 1143 | 1974 | 1234 | 1203

| 96 | 366 | 447 | 524 | 597 | 689 | 738 | 806 | 873 | 938 | 1002 | 1064 | 1126 | 1187 | 1248 | 1307

| 98 | 37.3 | 454 | 532 ! 607 | 7.9 | 749 | 817 | 834 | 950 | 1014 | 1077 | 1139 | 1201 | 1261 | 321
100 1379 | 462 | 541 [ 616 | 689 | 759 | 828 | 896 e84 | 1026 | 1080 | 1152 121_4_] 1275 | 1335




Table 1.11. Numbers of Jeffrey pine sampling tocations by county.

County ‘(Numbers of Stands
Alpine 3‘
lAmador 2|
El Dorado 1l
Inyo 1]
Kern | 2
[Lassen | 10
iModoc | 3
[Nevada '| 2
Placer | 3
Plumas 5
San Bemardino 1
Sierra 1
Siskiyou 3
Tehama 1
[Trinity | 1
|Tuclumne | 1

Table [.12. Numbers of lodgepoie pine sampling iocations by county

County |Numbers of Stands |
Amador '
{Butte
'El Dorado _
{Inyo |
'Lassen |
{Modoc i
|{Nevada |
Placer
Sierra
|Siskiyou

[ I B A e o e N B B N
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{.3 Hardwood Site index Niodels

1.3.1 Red Alder

Mode! Mame: RA_SH1 _Ca
Modei Form: SH1

Synopsis

The red alder site index model RA_SHT_Ca is applicable fo red alder in the
Northy Coast region of California. The data used in fitting the site index model was
confined to the redwood zone in Humboldt, Det Norte, and Mendocino counties. The

approximate breast-high age range of the data 10 — 80 years and the site index range is
40 - 110 feet.

Figure 1.29 shows site curve graphs for the RA_SH?_Ca model. Table 1.13
provides the number of sampling tocations by county for red aider. Table {.14 provides
tabular values of heights by breast-high age and site index.

County [Numbers of Stands|
Del Norte | 3| Table 1.13. Numbers of red alder sampling
Mendocino| 3| locations by county.
Humboldt | 6
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| Red Alder Site Index Curves (RA_SH1_Ca)
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Figure 1.28. Red alder site index curves for the RA_SH1_Ca model.
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Table 114, Red alder sits index table for the RA_SH1_Ca model.

Red Alder Site Index Table { RA_SHi_Ca)
Tabied valties are lofal height in fes!

BH 50 Year Sresst-High Base Ag4 Site Index

e | ® | 6 [ | 5 [ s [es | s | s [ 85 [ % [ 85 [ am [ s |
|12 [ 221 [ 248 [ 270 [ 205 [ 320 [ 345 [ 369 [ 304 | 418 [ 444 | 468 | 493 [ 518 | 53] 57
14 24.3!27.1529.9 326 | 354 | 382 | 410 | 435 | 466 | 404 | 522 | 49| 57| 605 | 633
(16 | 262 | 292 323 | 354 | 384 | 415 | M5 | 476 | 506 | 537 | 567 | 598 | 628 | 858 | 690
|18 | 278 | 304 | 344 | 37 (410 | 443 | 476 | 508 | BAT | 574 | 60T | 840 | 673 | 708 | 739
| 203 |28 | %308 |42 |47 (0257|5267 ] 62| 677 M2 4T T2
2 1306 342 [ 379 | 416 | 453 | 468 | 526 | 563 | 500 (636 | 673 | 709 | 748 | 783 820
24317 355|394 | 432 | 470 | 508 | 547 | 585 (624 | 862 | 700 | 739 777 | 815 | 864
2% | 327 | 3BT | 407 |47 | 485 | 526 | 566 | 606 | 645 | 685 | 725 | 765 | 804 | 844 | 84
B (337|378 | 419 460 | 501 | 542 {583 | 624 | 665 | 708 | 747 | 738 | 828 | 870 | 814
{30 | 345 | 307 | 429 | 472|514 | 556 [ 598 | 641 | 683 | 725 | 767 | 810 | 852 | 894 | 936
3 | 353|306 | 439 [ 483 f 426 | %59 [ 612 656 | 698 [ 742 | 788 | 828 | 872 | 96| %59
W 360 | 404 | 48| 402 ) 837 | BT | 625 | 670 | 7141758 83| 847 ) 91| 6| 9B
3% 366 410 456 502 | 54T 802 | 637 | 683 {728 | 773 818 | 663 | 909 | 954 | 90
B | 372 418 | 464 | 510 | 556 602 | 648 | 694 | 740 | 785 | 832 | 879 | @25 | on1 |17
4 | 377 424 | 471 1518 | 55 | 612 | 658 | 705 | 752 | 799 | 846 | 893 | 939 | 986 | 1033 |
|42 [ 3831430 | 478 | 525 | 573 | 620 | 668 | 715 | 763 | B14 | 858 | %06 | 953 | 1001 | 1048 |
4|37 (436 484 | 532|580 | 629 (877 725|773 is21| 670 | 918 | 966 | 1014 | 1083
4 | 302 | 4t | 400 | 538 | 557 | 836 | 885 | 734 | 783 | 832 | 880 @8 78| 1027 | 1078
(48305 | 446 | 495 | 544 | 594 | B43 | €33 | 742 792 | 841 | 801 | 040 | B | 1039 | 1088
50 | 400 | 450 | 500 | 550 | 600 | 860 | 700 | 750 | 800 | 850 | 900 | 950 | 1000 | 105D | 400
5 404 | 454 | 505 | 565 | 606 | 656 | 707 | 757 | 808 | 858 | 08 [ 958 | 1010 [ 1060 | 4411 |
54 | 407 | 458 | 509 | 560 | 811|862 | 713 | 784 [ 815 | 866 | 917 | w8 | 1019 [ 1070 | 1121
S | 411 | 462 | 513 | 565|616 688 | 719 | 71 | w2 874 | @5 | o7 | w008 | 1080 | 1134
S| 414 | b6 | 517 | 569|621 | &3 725 777|820 | 881 [ @3 985 | 1057 | 1089 | 1441
|80 | 417 | 468 | 521 | 574 (626 | €78 | 731|783 | 835 | 888 | W40 | 992 | 1045 | 1087 | 1149
62 | 419 | 472 | 525 | 578 630 [ 683 [ 736 | 789 | 841 | 834 | 947 [ 1000 | 1052 | 1105 | 1158
86 | 422 | 475 | 528 | 581 | 635 | 688 | 741 | 794 | 847 | 900 | 953 | 1006 | 1059 | 1413 | 1166 |
8 | 425 478 | 532 {585 | 639 | 602 | 745 799|852 | 906 859 | 1013 | 1086 | 120 | 1173 |
60 | 427 | 481 | 535 (539 | 642 | 606 | 750 (804 | 858 | 911 965 | 1019 | 1073 | 1127 | 1481
70 | 429 | 484 | 538 | 502 {648 | 700 | 754 805 83 | 917 | o741 | 1025 | 1079 | 1133 | 187
72 (432 [ 486 | 544 | 505 | 643 | 704 | 758 | 813 § 857 | %22 | 976 | 1031 | 1085 | 1140 | 1194
| T4 | 434 | 489 | 543 | 508 |65y | 708 | 762 817|672 | 627 | 981 1036 | 1091 | 1146 | 1200
|76 435 | 401 | 546 | 604 | 656 | I | 765 | 824 | 676 | W1 | 986 | 1041 | 1086 | 1354 | 1208 |
(T8 438|493 | BAB | 604 | 659 | 714 | 770 | 825 | 880 | 936 | 931 | 1046 | 1402 | 117 | 1212
(B0 | 440 | 495 | 551 1606 | 862 | 18 | 773 | 328 | 884 1940 ¢ 95 | 1054 | 1107 | 1162 | 1218
82 |44t 497 | 553 609 | 885 | 72t 776 | 832 | 888 944 | 1000 | 1086 | 1112 | 1167 | 1223
B |43 499 | 55 | 611 668 | 24 780 836 1 892 | 946 | 1004 | 1080 | 1115 | 1172 | 1228
85 | 445 | 500 | 867 | 614 | 670 | 726 | 783 | 839 [ 805 | 852 | 1008 | 1064 | 1121 | 177 | 1233 |
8 | 446 | 503 | %0 | 616 | 673 | 729 | 788 | 842 | 899 | 955 | 1012 | 1088 | 1125 | 1162 | 1238
90 448 1505 | 52 | 618 | 675 732 | 789 | 845 | 902 | 959 | 1016 | 1072 | 1128 | 1185 | 1243 |
9 | 450 | 508 | 563 | 620 | 677 | 734 | 791 [ 848 | 905 | %62 | 1019 | 076 | 1133 | 1190 | 1247
8 | 451|508 | 55 | 623 (680 | 737 | 704 | 851 008 | %6 | 1023 | 1080 | 11a7 | ttad | 1251 |
% | 462 | 510 | %87 | 624 | 682 | 729 | 797 | 854 [ 911 | 969 | 1026 | 1083 | 1141 | 198 | 1256 |
9 | 454 | 51| 530 | 626 | 8B4 | 742 | 799 | 857 | 914 | 972 | 1028 | 1087 | 1145 | 1202 | 1260
1100 | 455 | 513 | 571 [ 628 | 686 | 744 | 802 858 | 917 | 97.5 | 1033 | 1080 | 1148 | 1206 126,4‘
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£.3.2 Madrone

Mode! Name: MD_SH1_Ca
Mode! Form: SH1

Synopsis

The madrone site index model MD_SH1_Ca is applicabie to madrone in the
North Coast region of California and in the inierior. The data used in fitting the site index
modet was primarily from the redwood zone in Humboldt and Mendocino counties. The
approximate breasi-high age range of the data 10 — 100 years and the site index range
is 30 - 80 feet

Figure |.30 shows site curve graphs for the MD_SH71_Ca model. Table .15
provides the number of sampling locations by county for madrone. Table {.16 provides
tabular values of heights by breast-high age and site index.

Table 1.15. Numbers of madrone sampling locations by county.

County | Numbers of Stands |
Alameda
Humboldt 1
Mendocino
Monterey
Napa
1San Mateo
iSanta Cruz
Sonoma
Trinity
Yubs

N Y

H
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Madrone Site Index Curves (MD_SH1_Ca)
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Figure [.30. Madrone site index curves for the MD_SH1_Ca model.
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Tabie i.16.

Madrone site index table for the MD_SH1_Ca model.

Madrone She index Table { MD_SH1_Ca)
Tabled values are total heght in fest

BR | 50 Year Breast-High Base Age Site Lndex l
Age ; 30 35 ¢ | a5 | 50 55 | 60 65 0 75 | 8 |, B85 0 |
12 | 152 | 17.3 | 194 | 215 | 236 | 257 | 27.8 | 29.9 | 320 | 341 | 362 | 383 | 404
14 | 166 | 189 | 21.3 | 237 | 260 | 284 | 30.7 | 331 | 355 | 378 | 402 | 426 | 449
16 | 178 | 204 | 230 | 256 | 282 | 208 | 334 | 3O | 3/ | 49.2 | 438 | 464 | 490 |
18 | 189 | 217 | 246 | 274 | 30.2 | 330 | 35.9 | 387 | 415 | 444 | 472 | 500 | 528 |
20 | 200 | 23.0 | 260 | 201 | 321 | 351 | 384 | 41.2 | 442 472 | 503 | 533 | 863 |

| 22 | 208 | 221 | 27.4 | 306 | 33.8 | 37.0 | 40.3 | 435 | 467 | 498 | 53.1 | 564 | 596

| 24 | 218 | 252 | 286 | 320 | 354 | 388 | 422 | 456 | 480 | 524 | 558 | 592 | 626

| 26 | 227 | 26.2 | 20.8 | 334 | 368 | 405 | 441 | 476 | 512 | 547 | 583 | 618 | B54
28 | 235 | 272 | 309 | 346 | 383 | 421 | 458 | 495 | 53.2 | 560 | 607 | B44 | B8A

| 30 | 242 | 281 320 | 356 | 307 | 436 | 47.4 | 51.3 | 552 | 50.0 | 628 | 668 | 706

[32 | 249 | 289 | 326 | 368 | 41.0 | 450 | 49.0 | 53.0 | 57.0 | 61.0 | 850 | 69.0 | 73.0

|34 256 | 287 | 330 | 380 | 422 | 463 | 504 | 546 | 587 | 628 | &7O | TL1 | 753
36 | 262 | 305 | 348 | 390 | 433 | 476 | 518 | 56.1 | 604 | 646 | 689 | 731 | 774
38 | 260 312 | 356 | 400 | 444 | 488 | 532 | 575 | 61.9 | 663 | 707 | 751 | 794

| a0 | 27.4 | 319 | 364 | 408 | 454 | 499 | 544 | 580 | 634 | 670 | 724 | 769 | 814

{742 | 280 | 326 | 372 | 418 | 464 | 510 | 556 | 60.2 | 64.8 | 694 | 741 787 | 833 |

| 4 | 285 | 332 | 379 | 427 { 474 | 521 | 568 | B%5 | 862 | 70.9 | 756 | 803 | 851
46 | 290 | 335 | 387 | 435 | 483 | 531 | 579 | 627 | 675 | 728 | vri | 820 | sea8
48 | 285 | 344 | 39.3 | 442 | 482 | B41 | 5.0 | 839 | 888 | 737 | 786 | B35 | 884
50 | 300 | 350 | 400 | 450 | 500 { 550 | 60.0 | 85.0 | 70.0 | 750 | 800 | 850 | 800
52 | 30.5 | 355 | 406 | 457 | 508 | 55@ | 610 | 661 | 712 | 763 | 813 | 864 | 915
54 | 308 | 261 | 412 | 464 | 516 | 588 | 818 | 671 | 723 | 775 | 828 | 87rs | @30
56 | 313 | 266 | 41.8 | 471 | 524 " 576 | 628 | 681 | 73.4 | 766 | 839 | 892 | 944

| 88 | 317 | 371 | 424 | 477 | 531 | 584 | 638 | 697 | 744 | 79.8 | 851 | 805 958

| 80 | 321 | 375 | 430 | 484 | 538 502 | 646 | 70.0 | 755 | 808 | 883 | 817 | 973

| 62 | 325 | 380 | 435 | 49.0 | 545 | 600 | 655 | 71.0 | 764 | 819 | 874 | 929 | 984 \

| 84 | 329 | 384 | 440 | 496 | 557 | 807 | 663 | 71.8 | 77.4 | 83.0 | 885 | 849 | 997
66 | 332 | 389 | 445 | 502 | 558 | 614 | 671 | 727 783 | 840 | 896 | 952 | 1008 |

| 68 | 338 | 303 | 450 | 507 | 564 | 621 | 67.8 | 735 | 702 | 849 | 906 | 963 | 1020 |
70 | 339 | 357 | 455 | 612 | 57.0 | 628 ' 686 | 743 | 801 | 859 | 916 | 974 | 1032 |
72 | 343 [ 401 | 450 518 | 5756 | 634 | 693 | 751 | 810 | 86.8 928 985 | 1043
74 | 348 | 405 | 464 | 523 | 582 | 641 | 700 | 758 | @18 | 877 | e36 | e85 | 1054
76 | 349 | 408 | 46.8 | 528 | 587 | 647 | 70.7 | 76.6 | 826 | 885 | 945 | 1005 | 1064
78 | 352 | 412 | 472 | 533 | 503 | 853 | 71.3 | 77.4 | 834 | 894 | 954 | 1014 | 1075
80 | 355 | 416 | 477 | 537 | 598 | 659 | 720 | 7841 | 841 | 902 | 963 | 1024 1085
82 [ 358 | 410 | 481 | 542 | 603 | 665 | 726 | 787 | 849 | 91.0 | ©72 | 103.3 | 1084
B4 | 361 | 423 | 485 | 547 | 80.8 | 670 | 732 | 794 | 858 | 91.8 | 980 | 1042 | 1104
86 | 364 | 426 | 488 | 551 | 613 | 676 | 738 | 801 | 863 | 026 | 988 | 1051 | 1113 |
88 : 366 | 420 | 422 | 555 | 618 | 681 | 744 | 807 | 87.0 | 933 | 956 | 1058 | 1122
90 | 369 | 43.2 | 496 | 550 | 623 | 686 | 75.0 | 813 | 87.7 | 940 | 1004 | 1067 | 1931 |
92 | 371 | 435 [ 49.6 [ 563 | 627 | 601 | 755 | B1.9 | 884 | 948 | 101.2 | 1076 | 114.0
94 | 374 | 438 | 503 | 567 | 832 | 896 | 761 | 825 | 890 | 954 | 101.9 | 1083 | 1148
9% | 376 | 441 | 506 | 571 | 638 | 70.1 J 766 | 831 | 8ae | 961 | 1026 | 1091 | 1156

| 98 | 37.¢ | 444 | 510 | 575 | 841 | 708 | 77.2 | 857 | 903 | 96.8 | 1033 | 1008 | 1184

(100 | 381 | 447 | 513 | 579 | 645 | 711 | 77.7 | 843 | 90.8 | 974 | 1040 | 1106 | 117.2
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i.3.3 Tanoak

Model Name: TO_CR1_Ca
Model Form: CR1

Synopsis

The tanoak site index model TO_CR171_Ca is applicable to tanoak in the North

Coast region of Califomia and in the interior. The data used in: fitting the site index model

was primarily from the redwood zone in Humboldt and Mendocino counties. The

approximate breast-high age range of the data 10 — 100 years and the site index range

1s 30 - 90 feet.

Figure {.31 shows site curve graphs for the MD_SH7_Ca model. Table 1.17
provides the number of sampling focations by county for tanoak. Table [.18 provides
tabular values of heights by breast-high age and site index.

Table L17. Numbers of tancak sampling jocations by county.

‘County [Numbers of Stands|
Butie 2
Del Norte 5
Humboldt | 81
Mendocino 57|
Nevada | 1
Santa Cruz| 3]
Sonoma | 7|
Trinity i 2|
Yuba | 1!
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Tanoak Site index Curves (TO_CR1_CA)
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Figure 1.31. Tanoak site index curves for the TO_CR1_Ca mode/.
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Table 1.18. Tanoak site index table for the TO_CR1_Ca modsl.

Tanoak Site Index Table [ TO_CR1i_Ca)

Tabled values ate total height in feel

BH | ] 50 Year Breast-High Base Age Site Index |
Ae | 30 | 35 [ a0 [ 4 [ 50 | B [ [ | ™ 5| W &5 [ 5| 00 |
12 | 139 | 157 | 176 (194 | 212 | 231 | 249 [ 268 | 286 | 304 | 323 | 341 | 360 | 378 | 306
14 150 | 170 | 191 [ 212 | 233 | 253 | 27.4 284 | 315 | 336 | 356 | 377 | 388 | 418 | 439
16 | 161 | 184 | 206 | 229 [ 252 | 27.6 | 207 | 320 | 343 | 366 | 388 | 411 | 434 | 456 | 479
18 179 | 196 | 221 | 246 [ 270 | 205 | 320 | 345 | 369 | 394 | 419 | 444 | 468 493 | 518
20 | 181|208 | 235 | 261 | 288 | 315|362 | 368 | 305 | 422 | 48| 475 | 502 | 520 | 555
2 191|216 [ 248 277 | 305 | 334 | 363 [ 301 | 420 | 448 | 477 [ 506 | 534 | 563 501
24 | 200 | 234 | 261 201 | 322 | 352 | 383 | 413 | 444 | 474 | 504 | 535 | %65 596 | 626
(| 200 241 | 274 306 | 338 | 370 | 402 | 435 | 467 | 490 | 531 | 63| 55 628 | 660
(B |28 252 286 320 | 34| 37421 | &5 | 480 523 | 57| 501 625 659 603
I | 228 262|208 | 333 369 | 404 {440 | 475 | 511 | 646 | 582 | 618 | 853 | 689 | 724
32 | 235 | 27.2| 309 | 346 | 383 | 421 | 458 | 495 | 532 [ 55 | 606 [ 644 | 681 718 | 755
34 | 243 281 | 320 [ 359 308 | 435 | 47.5 | 514 | 553 | 591 | 630 | 868 | 708 | 746 | 785
3% | 250 | 291 | 331 | 374 | 412 | 452 | 482 | 532 | 573 | 613 | 653 | 694 | 734 | 774 | 814
38 268 | 300 | 342 | 383 | 425 | 467 | 509 | 550 | 982 | 634 | 676 | VI8 | 758 | 801 | 843
49 | 265 | 309 | 352 | 395 | 438 | 48.2 [ 525 | 6.8 | 611 | 655 | 698 | 741 | 784 | 827 | 879
42 | 273 | 317 | 362 | 407 | 454 | 496 | 541 [ 585 | 630 675 | 719 | 764 | 808 | 853 | 808
44 | 280 | 326 | 372 | 418 | 464 | 51.0 | 555 | 602 | 648 694 | 740 | 786 | 832 878 | 024
% 287 |34 | B 429 | 476 | 524 | 571|618 666 | 713 | 761 808 | 85| 903 950
48 | 263 | 342 | 301 | 440 488 | 537 | 586 | 634 | 683 732 | 780 | 829 | 678 | 927 | o7
(50 | 300 | 350 | 400 | 450 | 500 | 550 | 600 | 650 | 700 | 750 | 80.0 | 850 | 900 | 850 | 1000 |
| 52 306|358 408 | 460 | 512 | 563 | 614 665 | 717 | 768 | 819 | 870 | 922 | 973 | 1024
54 | 313 | 385 | 418 | 470 | 523 | 57.5 | 628 | 680 | 733 | 785 | 838 | 89.0 943 | 925 | 1048
(% | 319 | 373 | 426 | 480 | 534 | BT | 641 | 605 | 749 | 802 ‘| 856 | 910 | 963 | 1017 | 107.1
(88| 325 380 | 435 | 490 | 545 | 509 BS54 | 700 | 764 | 815 | 874 | 926 | 984 | 1039 | 1003
60 | 334 {387 | 443 | 499 { 555 [ 611 867 | 723 | 770 | B35 | 94 | 947 | 1004 | 1060 | 1116 |
62 | 337 [ 394 | 454 | 508 [ 565 | 623 | 680 [ 737 | 794 | 5.1 | 09| 6 1023 | 1080 | 1137
64 | 342 401 | 459 | 517 | 576 | 634 692 | 750 | 808 | 867 | 925 | 984 | 1042 | 1100 | 1159
86 | 343 | 407 | 487 | 526 | 685 | 645 | 704 | 764 | 823 | 882 | 942 | 1001 | 1061 | 1120 | 147.8
68 | 353 | 414 | 47.4 | 535 | 505 | 656 | 746 | 77.7 | €37 | 887 | 958 | 1018 | 1079 | 1138 | 1200
70 | 359 | 420 | 482 543 | 605 | 65.6 | 726 | 789 | 851 | 912 | 674 | 1035 | 1097 | 1158 | 1220
72| 364 | 426 | 489 [ 552 | 614 [ 677 | 739 (802 | 864 | 927 | 89 | 1052 | 1194 | 1177 | 1238
74 | 369 433 | 496 560 | 623 6.7 | 750 | 814 | 677 | 941 | 100.4 | 1068 | 1131 | 1195 | 1259
76 374 | 435 503 | 568 | 632 647 | 761 | 826 890 | 955 | 1019 | 1084 | 1148 | 1213 | 1277
78| 379 445 510 | 575 | 841 | 706|772 837 003 | 68 | 1034 | 1089 1165 | 1230 | 1206
B0 | 384 | 450 | 517 | 583 | 650 | 716 | 783 | 849 | 915 982 | 1048 | 1115 | 1181 | 1248 | 1314
B2 | 368 456 | 523 [ 501 668 | 725|783 | 80 628 | 95 | 1062 | 1130 | 1197 | 1264 | 1332
B 393 462 | 530 | 598 | 666 | 735 803 671 | 940 | 1008 | 1078 | 1144 | 1213 | 1281 | 1349
86 308 467 | 536 | 605 | 675 | 744 | B13  B82 | 951 {1024 | 1000 | 1158 | 1228 | 1207 | 1368
8 402 472 | 52 | 613 | 683 | 753 | 623 | 803 | 963 | 1033 | 1103 ] 173 | 1243 | 1313 | 1383
%0 407 478 | 549 | 620 | 690 [ 761 | 832 | 903 | 974 | 1045 | 1116 | 1187 | 1258 | 1329 | 140.0
S2 [ 411 [ 483 | 555 | 626 | 69.8 | 77.0 | 842 | 914 | 985 | 1057 | 1129 | 1201 | 127.2 | 1344 | 1416
9 | 415 | 488 | 561 | 633 | 708 | 77.6 | 851 | 924 | 995 | 1089 | 1141 | 1214 | 1287 | 1359 | 1432
% 419 ‘ 493 | 566 | 640 | 71.3 | 787 | 860 | 934 | 1007 | 1080 | 1154 ) 1227 | 1301 | 1374 | 1448 |
S8 | 424 | 498 | 572 | 646 | 724 | 785 | 869 | 943 | 1017 | 1092 | 1166 | 1240 | 1314 | 1389 | 1463 |
100 | 428 | 503 | 578 | 663 | 728 | 803 | 878 | 953 | 1028 | 1103 | 1176 | 1253 | 1328 | 1403 | 1478 |
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i.3.4 Black Oak

Model Name: BO_LG1_Ca
Model Form: LG1

Synopsis

The black oak site index model BO_LG7_Ca is applicable to black oak primarily
in the interior regions of California. The data used in fitting the site index model was
primarily from interior iow elevation mixed conifer sites surrounding the Sacramento —
San Juaquin valleys. The approximate breast-high age range of the data 10 — 100 years
and the site index range is 20 - 80 feet.

Figure 1.32 shows site curve graphs for the BO_LG7_Ca model. Table 1.19
provides the number of sampliing tocations by county for black oak. Table 1.20 provides
tabular values of heighis by breast-high age and site index.

Table 1.18. Numbers of black oak sampling locations by county.
County |Numbers of Stands
Butte
|Calaveras |
|El Dorado |
Humboldt |
Kemn i
ILake
Lassen _
Mendocino|
Modoc
Napa
Nevada
FPlacer
Plumas
Shasta
Siskiyou
Sonoma
Tehama
Trinity
Tulare
Tuolumne
Yuba

—
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Black Oak Site index Curves (BO_LG1_Ca)
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Figure L.32. Black oak site index curves for the BO_LG1_Ca model.
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Table 1.20. Black oak site index table for the BO_LG1_Ca model.
Black Qak Site Index Table ( BO_LG1_Ca)
Tabled vaiues are fotal height in feet
BH ) 50 Year Breast-High Base Age Site Index
Age | 20 [ 25 [ 30 | 35 | 40 | 45 | 50 | 55 | & | & | 70 7 8 5 [ %
12 831 97 | 110 | 125139 | 155 | 170 | 187 | 204 | 222 241 | 260 | 280 | 302 | 324
14 | 980|105 | 121 [ 137 154 1 17.2 | 190 | 209 29 | 249 | 274 | 293 | 316 | 0| 364
16 | 96| 114|132 | 150 | 170 | 189 | 210 | 281 | 253 | 27.6 | 300 | 324 | 350 | 376 | 404
18 102 | 122 | 142 | 163 | 184 | 207 | 229 | 253 | 277 | 302 | 328 | 355 | 383 | 412 | 42
20 | 109 | 130 | 153 | 176 | 199 | 223 | 248 | 274 | 301 | 328 | 356 | 365 | 415 | 46| 478
22| 115 | 139 [ 163 | 188 | 214 | 240 [ 267 | 295 ‘ 323 | 353 383 | 414 | 46| 479 513
28 [ 121 147 | 173 200 | 228 | 255 | 285 | 315 | 346 | 377 | 410 | 443 | 476 | 511 | 547
26127 | 155 | 184 | 213 | 242 | 27.3 | 304 | 335 | 368 | 404 | 435 | 470 | 506 543 | 580
28 | 134 | 183 | 184 | 226 | 256 | 288 | 324 | 355 | 389 | 424 | 460 497 | 534 573 | 812
30 | 140 ! 172 | 204 | 237 | 270 | 204 | 309 | 374 | 410 | 47 | 485 | 523 | 52 | 602 | 642
32 | 146 | 180 ‘ 214 | 248 | 284 [ 320 [ 355 | 303 | 431 4701 509 | 548 | 589 | 630 | 67.2
34 1152 | 188 | 224 | 260 | 297 | 335 | 373 ; 412 | 451 | 4e1 | 532 | 573 | €15 657 | 70
3 | 158 | 196 233 | 272 | 311 | 350 390 | 430 | 471 | 513 | 555 | 507 | 640 | 884 | 728 |
3 | 164 | 204 243 | 283 | 324 | 365 | 406 | 448 | 491 | 534 | 577 | 621 | €65 | 70| 755
‘ 40 | 7.0 | 211 | 253 | 205 | 337 | 380 | 423 | 466 | 510 | 554 | 598 | 644 | 688 | 735 | 781 |
42 [ 176 | 219 | 262 [ 306 | 350 | 394 | 439 | 483 | 520 | 574 | 620 | 666 | 712 | 759 | 806
44 | 182 | 227 | 272|317 | 363 | 40.8 | 454 | 500 | 547 594 | 641 | 688 | 735 783 | 831
4 188 | 235 | 281 | 328 | 375 | 422 | 470 | 517 | 565 | 613 | 661 | 708 | 757 | 808 | 85
8 | 194 | 242 l 201 | 339 | 38 | 436 | 485 | 534 683 | 632 | 681 | 730 | 779 | 828 78
|50 | 200 | 250 | 300, 350 | 400 | 450 | 500 | 550 | 60.0 | 850 | 700 | 750 | 800 | 850 | %00
52 | 208 | 258 [ 309 [ 361 [ 412 | 463 [ 515 | 566 | 617 | 66.8 | 718 | 770 | 820 | &7t | 922
54 | 212 | 265 | 318 | 371 | 424 | 477 | 529 | 582 | 634 | 686 | 738 | 788 ‘ 84.0 [ 832 | 943
‘ 5 | 218 | 273 | 327 | 382 | 436 | 490 | 544 | 507 | 650 | 703 | 756 | 808 | 860 | 12| 63 |
| 88 | 223 | 280 | 336 | 392 | 448 | 503|558 [ 612 | 666 | 720 | 77.3| 826 | 7.9 | 931 | 983
| 80 | 229 | 287 | 345 | 403 | 459 | 516 | 572 | 627 | 682 | 737 | 791 | 844 | 87 | 950 ( 1003
62 | 235 | 205 | 354 413 | 471 [ 528 [ 585 | 642 | 608 | 753 | 808 862 | 916 969 | 1021
84 | 240 'I 02 | %3 423 | 482 | 541 500 | 656 | 713 | 769 | 824 | 870 | 833 | 7 | 1040
66 | 246 309 371 433 | 493 | 553 [ 812 | 670 728 | 785 | 841 | 896 | 951 | 1004 | 1058
88 | 252 | 317 380 | 443 | 505 | 565 | 625 | 684 (743 [ 800\ 857 | €12 | 967 | 1022 | 1075 |
70 257 | 324 | 389 | 453 | 515 | 57.7 | 636 | 698 | 757 | 815 | 872 | 829 | 984 | 1038 | 1002 |
72 1263 ] 331 [307 [462 | 526 | 588 | 651 712 774 | €30 | 868 | 944 | 1000 | 1055 | 1108 |
74 | 269 | 338 | 405 | 472 | 537 | 604 | 664 | 725 | 785 | 845 | 903 | 960 | 1016 | 107.4 | 1125 |
T6 | 274 | 345 | 414 | 482 | 548 | 612 | 676 | 78 | 799 | 859 | 918 | 975 | 1031 | 1085 | 1141 |
|78 | 280 | 362 | 422 | 431 | 558 | 624 | 668 | 751 | 813 | 673 | 32 | 900 | 1046 | 1102 | 1156
|80 | 285 | 359 | 430 | 50.0 | 568 | 635 | 70.0 | 764 | 826 | 887 | 946 | 1004 | 1061 | 1117 | 1171
82 | 201 | 36 | 438 | 510 | 57.9 | 646 | 712 | 776 | 839 | 900 | .0 | 1018 | 1075 | 1131 | 1166
8¢ | 206 | 372 | 448 | 519 | 589 | 657 724 | 789 | 852 | 014 | 074 | 1032 | 1089 | 1145 | 1200
86 | 301 | 379 | 454 | 528 | 599 | 668 | 735 | 801 | 865 | 927 987 | 1046 | 1103 | 1159 | 1214
88 | 307 | 386 | 462 | 537 } 609 | 67.9 | 747 | 813 | 877 | 940 | 1000 | 1058 | 1117 | 1973 | 1227
50 | 312 | 393 | 470 | 546 | 619 | 689 | 758 | 825 | 889 | 952 | 1013 | 1072 | 1130 | 1186 | 1241
92 | 317 | 399 | 478 | 555 | 628 | 70.0 [ 769 | 836 | 90.1 | 965 | 1026 | 1085 | 1143 | 119.9 | 1254 |
|84 323 | 406 | 486 | 563 | 638 | 710 | 780 | 848 | 913 | 7.7 | 1038 | 1098 | 1456 | 1212 | 1266
| 96 {328 | 412 | 494 572 | 648 | 720 | 791 | 859 | 925 | 980 | 1051 | 1110 | 1168 | 1224 | 1279
98 | 333 419 | 50.1 | 581 | 657 | 731 | 802 | 67.0 | 937 | 100.1 | 1063 | 1122 | 1180 | 1237 | 129.1
100 | 339 | 426 | 500 | 589 | 666 | 741 | 812 | 884 | 948 | 101.2 | 1074 | 1134 | 1192 | 1249 | 1303 |
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1.3.5 Other Daks

Model Name: OO_SH1_Ca
Model Form: SH1

Synopsis

Data from five major oak species (California live cak, Oregon white oak, blue
oak, interior live oak, canyon live cak) were used to make a composite site index model,
OC_SH1_Ca. This model is applicable tc woodland oaks wherever they are found
throughout California. The approximate breasi-high age range of the data 20 - 110
years and the site index range is 15 - 60 feet.

Figure 1.33 shows site curve graphs for the OC_SH7_Ca model. Table 1.21
provides the number of sampling locations by county for black oak. Tabte 1.22 provides
tabular values of heights by breast-high age and site index.

Table [.21. Numbers of woodland oak sampling locations by county.

L County Number of Standsl
iAlameda 4i
{Amador 4!
Butte 14
Calaveras 3
Colusa 3
Conira Costa 2
{El Dorado ' g
[Fresno I 5
[Humboldt 16
iKem . 7!
[Lake ' 4
ILassen 1
IMadera 3
[Mariposa |
Mendocino 18!
Monterey i 10
Napa 'i 1]
Nevada | 3
Placer : 4!
\Sacramento | 1!
San Benito | 5|
San Diego | 1l
San Joaquin ' 1!
San Luis Obispo 5
San Mateo : 1
Santa Barbara | 2]
ISanta Clara | 7
|Santa Cruz 5
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County  |Number.of Stands|
Shasta 17]
Siskiyou 4]
'Sonoma 12
|Stanislaus 4
Tehama | 17
Trinity 8
|Tulare 8
Tuolumne 4
Ventura 1
'Yolo 2!
Yuba 14
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Other Oak Site Index Curves (OO_SH1_Ca)
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Figure 1.33. Other oak site index table for the OO_SH1_Ca model.
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Tabie i.22. Other oak site index table for the OO_SH1_Ca model.

Cther QOak Site Index Table (OC_SH1_Ca)
Tabled values are total height in feet

BH 50 Year Breast-High Base Age Site Index

| Age 20 25 30 | 35 40 45 | 50 55 60 65 70

14 10.7 12.7 14.7 | 18.7 187 | 207 | 228 | 248 | 268 28.8 30.8
18 11.3 136 | 158 | 180 | 202 [ 224 | 246 | 26.8 | 290 31.2 334
i8 | 12.0 144 | 188 | 182 | 216 | 240 | 264 | 288 | 312 3386 36.0

i
1
(12 101 [ 119 | 137 [ 164 | 172 | 180 | 208 | 226 | 244 | 262 | 280
20 | 125 | 151 | 177 | 203 | 229 | 255 | 281 | 307 | 333 | 359 | 385

22 | 139 | 159 [ 187 | 214 | 242 [ 270 [ 2098 | 325 | 363 | 381 | 409
| 24 | 137 | 166 | 196 | 225 | 255 | 284 | 314 | 344 | 37.3 | 403 | 432
| 26 | 142 | 173 | 205 | 236 | 267 | 209 | 330 | 361 | 393 | 424 | 455
28 | 147 | 18.0 | 243 | 248 | 27.8 | 312 | 345 | 378 | 411 | 445 | 478
30 | 153 | 187 | 222 | 257 | 291 | 326 | 36.1 | 395 | 430 | 465 | 499

32 15.8 194 | 230 | 267 | 303 | 33.¢ | 376 | 41.2 | 4438 48.5 52.1
34 16.3 | 201 239 | 276 | 314 | 352 | 380 | 428 | 466 50.4 542
| 36 18.8 | 207 | 247 | 2886 | 326 | 365 | 405 | 444 | 484 §23 £8.3
| 38 172 | 213 | 2556} 206 | 337 | 37.8 | 419 | 46.0 | 50.1 54.2 58.3 |
A0 177 | 22.0 | 26.2 | 305 | 348 | 30.0 | 433 | 476 | 51.8 56.1 60.3

18.2 | 226 | 27.0 | 314 | 358 | 403 | 447 | 491 | 535 | 57.9 | 623
186 | 232 | 278 | 323 | 369 | 415 | 460 | 506 | 552 | 59.7 | 643
191 | 238 | 285 | 332 | 379 | 427 | 474 | 521 | 568 | 615 | 862
196 | 244 | 293 | 341 | 390 | 438 | 487 | 535 | 584 | 63.3 | 68.1
200 | 250 | 30.0 | 350 | 40.0 | 450 | 500 | 55.0 | 800 | 850 | 70.0

BESEEN

52 | 204 | 256 | 30,7 | 359 | 410 | 462 | 51.3 | 564 | 515 86.7 71.9
54 | 209 | 262 | 374 | 367 | 42.0 | 47.3 | 528 | 57.9 | 63.1 68.4 737
56 | 213 | 267 | 321 | 376 | 43.0 | 484 | 538 | 593 | B4.7 70.1 75.5
58 | 217 | 27.3 | 328 | 384 | 440 | 495 | 551 | 60.6 | 662 71.8 77.3
B0 | 222 | 2785 | 335 | 302 | 449 | 508 | 56.3 | 62.0 | 67.7 73.4 79.1

62 226 | 284 | 342 | 401 459 | 51.7 | 575 | 63.4 | 69.2 75.0 80.9
64 23.0 | 289 | 349 | 409 | 468 | 528 | 58.8 | 647 | 707 0.7 826
66 234 | 285 J 356 | 41.7 | 478 | 539 | 600 | 661 | 722 | 783 | 843
68 238 | 300 | 383 | 425 | 487 | 549 | 612 | 674 | 736 | 79.8 86.1
70 242 | 306 | 388 | 433 | 496 | 560 | 623 | 687 | 751 81.4 g7.8

72 | 248 | 311 376 | 441 505 | 57.0 | B35 | 700 | 785 83.0 88.5
74 | 250 | 316 | 382 | 448 | 515 | 581 647 | 71.3 | 77.8 84.5 811
76 254 | 321 389 | 458 | 524 | 59.1 658 | 726 | 79.3 88.0 82.8 |
78 258 326 | 385 | 464 | 532 | 601 670 | 738 | 80.7 87.6 94 .4
&0 26.2 | 33.2 | 40.2 | 471 541 61.1 68.1 73.1 821 89.1 96.1

82 266 | 337 | 40.8 | 479 | 55.0 | B21 692 | 76.4 | 83.5 90.8 Q7.7
84 269 | 342 | 414 | 486 | 559 | 631 704 | 776 | B4.8 92.1 98.3
86 | 27.3 | 347 | 420 | 484 | 568 | 841 715 | 788 | 862 835 | 100.8
88 277 | 352 | 427 | 50.1 576 | 651 726 | 801 | 875 95.0 | 102.5
90 28.1 357 | 43.3 | 50.9 | 58.5 | 66.1 73.7 | 81.3 | 88.9 96.5 104.1

| 92 284 | 362 | 439 | 516 | 583 | 67.0 | 748 | 825 | 90.2 97.9 | 1058
94 288 | 366 | 445 | 523 | 602 | 68.0 | 758 | 837 | 915 984 | 107.2
96 29.2 | 371 | 451 53.0 | 810 | 69.0 | 769 | 8498 | 928 | 1008 | 108.8

| 98 | 2905 | 376 | 457 | 538 | 61.8 | 82.8 | 78.0 | 861 | 941 | 1022 | 110.3
100 | 298 | 38.1 | 46.3 | 545 | 627 | 70.8 | 791 | 87.2 | 954 | 1036 | 111.8
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i.3.8 California Laurei

Model Name: CL_SH1_Ca

Model Form: SH1

Synopsis

California taurel (bay) is mainly concentrated in the Northem and Central

California Coast ranges ecological sections. It alsc has a fairly scaftered but widespread
distribution in the interior but seldom as an associate in commercial forest timber types.

The approximate breast-high age range of the data 30 — 80 years and the site index
range is 30 - 70 feet.

Figure 1.34 shows site curve graphs for the CL_SH7_Ca model. Table 1.23

provides the number of sampling locations by county for black oak. Table i.24 provides

tabular values of heights by breasi-high age and site index.

Table 1.23. Numbers of Califomia laurel sampiing locations by county.

| County |Numbers of Stands|

‘Contra Costa|

1

[Humboldt

5

l.ake

IMarin

iMendocino

ISan Mateo

|Santa Cruz

1Sonoma

Trinity
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California Laurel Site Index Curves {CL_SH1_Ca)
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Figure 1.34. California laurel site index curves for the CL_SH1_Ca model.

201



Tabie [.24. Californmia laurel site index table for the CL_SH1_Ca model.

Califernia Laure! Site index table (CL_SH1_Ca)

Tabled values are total hewght in feet

[ BH 50 Year Breast-High Base Age Site Index
Age | 20 1 | 30 | 35 a | 4 50 55 | 60 65 70 75 80
12 109 | 11.9 | 137 | 154 | 172 | 190 | 208 | 226 | 244 | 262 | 280 | 298 | 3186
14 107 | 127 | 147 167 | 187 | 207 | 228 | 248 268 | 288 | 308 | 328 | 348
16 | 113 | 136 | 158 | 180 | 202 | 224 | 246 | 268 | 200 | 312 | 334 | 356 | 378
! 18 120 | 144 | 168 | 192 | 216 | 240 | 264 | 288 | 312 | 338 | 360 | 384 | 408
20 | 125 | 151 | 177 | 203 | 229 | 255 | 281 | 307 | 333 | 359 | 385 | 411 | 437
P2 | 131 [ 159 | 187 | 214 | 242 | 270 | 288 [ 325 | 353 | 381 | 409 | 437 | 464
o ‘ 137 | 166 | 196 | 225 | 255 | 284 | 314 | 344 | 373 | 403 | 432 | 462 491
‘ 26 | 142 | 173 | 205 236 | 267 | 209 | 330 | 361 | 303 | 424 | 455 | 486 | 518
% | 147 180 | 213 | 246 | 279 | 312 | 345 378 | 411 | 445 | 478 511 | 544
| 30 | 153 | 187 | 222 | 267 | 291 | 326 | 361 | 395 | 430 | 465 499 | 534 | 569
132 | 158 194 | 230 | 267 | 303 | 339 | 376 | 412 | 448 | 485 | 521 | 557 | 59.4
3| 163 201 | 239 | 276 | 314 | 352 | 300 | 428 466 | 504 | 542 580 | 618
|3 | 168 | 207 | 247 | 286 | 326 | 365 405 : 444 | 484 | 523 | 563 | 602 | 642
|38 | 172 | 213 | 255 | 296 | 337 | 378 | 419 | 460 504 | 542 | 583 | 624 | 665
40 | 177 | 220 | 262 | 305 ' 348 | 300 | 433 | 476 | 518 | 561 | 603 | 646 | 689
42 | 182 | 226 | 27.0 | 314 | 358 | 403 | 447 | 499 | 535 | 579 | 623 | €67 | 712
4 | 186 | 232 | 278 | 323 | 369 | 415 | 460 | 506 552 | 507 | 643 | 688 | 734
46 | 191 | 238 | 285 | 332 | 379 | 427 ‘ 474 | 521 568 | 615 | 662 | 709 | 758
48 | 196 | 244 | 203 | 349 | 390 | 438 | 487 | 535 584 | 633 | 681 | 730 | 778
50 | 200 | 250 | 30.0 | 35.0 | 400 | 45.0 | 500 | 550 | 60.0 | 650 | 700 | 750 | 800
52 | 204 | 256 | 307 | 359 | 410 | 462 513 | 564 | 616 | 667 | 719 | 77.0 | 821
8 | 209 262 | 314 | 367 | 420 | 473 526 | 579 | 831 | 684 | 737 ‘ 790 | 843
5 | 213 | 267 | 321 | 37.6 | 430 | 484 | 538 | 503 | 647 | 704 | 755 | 809 | 864
58 | 217 | 273 | 328 | 384 | 440 | 495 | 551 | 606 | 662 | 718 | 773 | 829 | 884
| 60 | 222 | 278 | 335 | 392 | 449 | 506 | 563 | 620 | 67.7 | 734 | 791 | 848 | 905 |
62 | 226 | 284 342 401 | 458 | 51.7 | 575 | 634 | 692 | 750 | 809 867 925
| 84 | 230 | 289 | 349 | 400 | 468 | 52.8 | 588 | 84.7 | 707 | 767 | 826 | 886 | 945 i
| 66 | 234 | 205 | 356 | 417 | 478 | 539 | 600 | 861 | 722 | 783 | 843 | 904 | 965
68 | 238 | 30.0 | 363 | 425 487 | 549 | 612 674 736 | 788 | 861 | 923 | 985
70 | 242 | 308 | 369 | 433 | 496 | 56.0 | 62.3 | 687 ‘ 751 | 814 | 87.8 | 941 | 1005
72 {246 | 311 | 376 | 441 | 505 | 570 | 635 [ 700 | 765 | 830 | 895 | 959 [ 1024 |
‘ 74 | 250 316 | 382 | 448 | 515 | 581 | 647 | 713 | 778 | 845 | 911 | 977 | 1044 |
76 | 254 | 321 389 | 456 | 524 | 501 | 658 | 726 | 793 | 860 | 928 | 995 106.3
( 78 | 258 326 | 395 | 464 532 | 60.1 | 67.0 738 807 | 876 | 944 | 1013 1062
80 | 262 | 332 | 402 471 | 541 611|681 | 751 | 821 | 894 | 961 | 1031 | 110.1
| 82 | 266 | 337 | 408 | 479 | 550 | 62.1 892 | 764 | 835 | 906 | 977 | 1048 | 1118
8 | 269 342 414 486 | 559 631 | 704 776 | 848 921 | 993 1065 | 1138
8 | 27.3 347 420 | 494 | 568 ' 841 | 715 | 788 | 862 | 935 | 1009 1083 1158
88 | 277 | 352 | 427 | 501 | 57.6 | 651 | 726 | 8041 | 875 | 950 | 1025 | 1100 | 1175
9 | 281 | 357 | 433 | 509 | 585 | 66.1 | 737 | 81.3 | 889 | 985 | 1041 | 1117 | 199.3
92 | 284 362 | 439 | 5168 | 583 | 670 | 748 | 825 | 902 | 97.9 | 1056 | 1134 | 1211
% | 268 | 3686 | 445 | 523 | 602 | 680 | 758 837 | 915 | 904 | 107.2 1150 | 1229
% | 292 | 371 | 451 | 530 | 610 | 89.0 | 769 849 | 928 1008 | 1088 1167 | 1247
88 | 295 | 376 ‘ 457 | 53.8 | 618 | 699 780 861 | 941 1022 | 1103 1184 | 1264
:100 | 299 | 381 463 | 545 | 627 | 708 | 791 . 87.2 | 954 | 1036 | 111.8 | 1200 1282
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Appendix ii: Evaiuation of Model Construction
Methods

This appendix provides a general overview and a description of statistical issues
and methods that have been employed to estimate global parameters of the base age
invariant site index models developed in the course of this study. The main objective in
constructing site index models in this study is, for a particular species or group of
species in a specific location, to find the model that best describes the long term height
growth development of dominant and co-deminant trees. ‘Best’ is meant to imply
unbiased parameter estimates that are of minimum variance.

I[.1 Conceptual Modeling Framework

in this study, trees are used as the primary unit of analysis as it allows the most
breadth in the use of available data.

Conceaptually, we can consider every ‘free-to-grow’ iree to have its own pre-
ordained height over age curve. This is designated as the /ocal free model. This curve
will never be fully observed until the tree is terminaied — either naturally or culturally. At
any age, the actual height of the tree will be its ‘prediction’ from the local model plus the
sum of all previous annual deviations from the curve. What the observed height will be at
any age is the actual height of the tree plus measurement error.

If local tree models are assumed to be of the same form as a global population
model, then local free model parameters can be considered random variables with
expected values egual to global model parameters and concomitant distributional
properties of multivariate normality.

1i.2 Statistical Estimation Issues

In estimating parameters of base age invariant site index modeis there are two
main but interrelated issues: a) how i order the data into dependent and independent
variables (}'s and Y’s) and b) the estimation procedures to employ.

With traditional base age specific models (H=f{H, A) or Hg = f(H,A})), how
observations are ordered is not an issue. If 2 height prediction model is being fitted, all of
the heighfs with the exception of height af the base age (site index) are dependent
variables. The converse is true with base age specific site prediction models.

With base age invariant models or traditional height prediction models framed as
difference equations, choice of independent variables (initial conditions) and dependent
variables (heights to be predicted) can be seemingly arbifrary as the X's and Y’s are the
same.

Cac (1993) for example, evaluated several forms of base age invariant site index

models using non-overtapping forward differences (initial age is iess than prediction age)
and ordinary least squares (OLS) estimation techniques. Borders et al. (1988) suggested
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an ad hoc method consisting of using all possible combinations of height/age pairs for a
specific tree as observations. Bailey and Clutter (1974) did not use any heights (site
index) as dependent variables, propesing 2 method that estimates each site-specific
parameter along with alt of the global modef parameters through covariance analysis.
Fumnival et al. (1990) compared several techniques and noted that under cerfain
conditions for site index models that can be kinearized, several solution procedures
produced the same result.

Goelz and Burk (1996) have noted that tree heights are seldom measured
exactly and are subject to ‘measurement’ error. Interpolated site index values are a good
exampte. Whether the error is due to pure measurement or some combination involving
cumulative seasonal fluctuations about a local tree model does not make any difference.
When heights appear as dependent variables, they are specified to have an associated
regression error. However, when they appear as independent variables, they are
assumed to be error free. These are conflicting assumptions. Regardless, a primary
tenet of regression analysis, namely that the X's are measured without error, is viclated.
Statistical theory suggests that conventional estimation techniques applied to linear
regression models when the X's are not error free lead to biased parameter estimates.
By extension, the problem will also persist in non-linear models.

Ages are also prone to measurement error and can further exacerbate the
problem. One other primary tenet of regression analysis is that the stochastic regression
errors are uncomelated with the systematic parts {the X's). If this assumption does not
hold, then conventional estimation technigues will result in biased parameter estimates.
It is well known that the dependent variables in regression models are correlated with
the stochastic error terms. And, as in base age invariant site index models, if the X’s and
Y's are essentially synonymous, then this latter assumption is also violated.

Strub and Cieszewski (2001), Cieszewski (2002) and several others have
expounded on the ‘measurement error’ problem or in general, the fact that any 'height’
that appears on the nght hand side of a regression model is essentially an unobservable
variable. To summarize:

a) Site index models are by nature ‘seif-referencing’ (Northway, 1985). Heights and
ages that appear on the right hand side of models shouid represent points on the
global site index model (estimates) that cannot be evatuated until the global
parameters are estimated. However, the estimated heights must be known in
order to obtain unbiased estimates of the global model parameters. Using
measured rather than estimated heights results in biased global model
parameters.

b} Traditional height prediction models are normally conditioned to predict site index
when the prediction age is equal to the base age. Failure fo do so produces a
site index system that is inconsistent. Forcing site curves through a fixed point
that is usually specified as an observed value exacerbates bias induced by
measurement and other forms of secular ‘error’ and results in inconsistent curve
shapes when base ages are changed (Heger, 1973).

¢) Base age invariant site index models framed as difference equations as in this

study, force site curves through initial conditions which, if specified as ‘observed’
values, is analogous to what is done in traditiona! height prediction models.
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2.1 Unbiased Estimation

Numerous methods have been suggested to overcome the above problems. With

the exception of Goelz and Burk’s proposal (19886}, they all involve estimating the giobal
site index model parameters and al! of the tree heights (site indices) that appear as
independent variables simultaneousiy. Methods that may possibly be adaptabie to this
study are {solution abbreviation methods appear in parentheses):

1.

03

Borders ali combination method (BAC). Goelz and Burk (1996) proposed an
ad hoc method to deal with ‘measurement’ error that, among other things,
prescribed the use of Borders et al. (1988) all combination method. Based on an
analogy with linear principal axis regression, their rationale for using this
approach when measurement efror exists can loosely be paraphrased as: ‘If the
regression of Y on X resulis in parameter estimates that are biased in one
direction, and the regression of X on Y results in parameter estimates biased in
the opposite direction, then regressing everything on everything should balance
everything out’.

Forward Differences (FD) or Backward Differences (BD). Bias is a matter of
degree. If it is negligible, then estimating global model parameters with data
ordered as forward differences or backward differences is simple and can be
efficiently implemented with conventional OLS non-linear algorithms.

Dummy Variable Approach {DV}. Cieszewski ef al. (2000) describe a procedure
employing dummy (0,1) variables that can be summarized as follows: For each
tree, the initial conditicns (independent variables) are specified to be the same
for alf tree measurements. The age can be arbitrary within limits (for example,
age zero is not permissible). The initial height {Hp) is then estimated for each tree
atong with all of the global site index modet parameters. A minimum of two
measurements per {ree is required. This procedure has proven to work weli with
small data sets (100-200 trees), particularly with models that are anamorphic in
form. On large data sets (more than 800 trees), this approach can sometimes
take hours to converge and often fails to converge reasonably at all.

Nested Regression (NR). This method (Cieszewski and White,1993), Strub and
Cieszewski, 2002) involves the same conceptual framework as the DV method
but in practice, it is much more computationally efficient and stable. The method
uses a nested regression procedure. The first step is to arbitrarily assign an initial
age {Ao) to each tree. This is taken to be the average of all ages in a tree's
measurement sequence. An estimate of the corresponding initial height is taken
to be the average of all total heights in a tree’s measurement sequence. The
solution procedure is iterative involving two steps at each iteration:

a. Perform one regression iteration to estimate the global mode! parameters
using the estimated initial heights as constants.

b. Given updated giobal parameter estimates, treat them as constants and,
for each tree, optimize the estimate of the initial height (find the estimated
height that will minimize the residual sum of squared residuals for each
tree).
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Steps a) and b) are repeated until the residual sum of squares stabilizes.

5. lerative Evaluation Approach (IE). The basis for this solution approach is due
to Tait et. al. (1988). It was further developed as an alternative to the nested
regression approach described above. The nested regression approach normaliy
works well but sometimes ‘thrashing’ occurs where the global parameter and
loca! site variable solutions oscillate back and forth without stabilizing. Also noted
are the following:

a. Performing a nonlinear regression on a small number of measurements
{the height/age sequence for a single tree) where there is only one
parameter to estimate is somewhat computationally excessive. This can
be reduced to a simple optimization problem utilizing a univariate search
aigorithm that can exploit the fact that the optimization is for one variable
only. The IMSL routine DUVMIF has been found to be satisfactory for this
purpose (see section I1.6 below).

b. Given good starting guesses for both global model parameters and the
local tree heights, the [E approach proceeds as foliows: i) allow the
regression {0 estimate the global parameters to go to completion holding
the estimated local free heights constant. i) update the local tree height
parameters after a global solution is obtained. This is done by holding the
global parameters constant and optimizing the estimates of the local
heights on a tree by tree basis using the DUVMIF routine; and iii) repeat
the process until the change in sums of squares is negligible (107 was
used here). Normally, this modffication produces the same results as the
nested regression procedure (site index curves appear visuzlly as virtual
overlays). Solution time however, can sometimes be reduced by over 500
percent.

Thus, the IE method was used as a general solution basis. Final solution values were
than used as starting values with the nested regression procedure as a final check.

If.2.2 Compatibility

The DV, NR, and IE approaches ail conceptually accomplish the same objective
and, when things work right in applications, produce solutions that are practically the
same. The DV approach however sometimes fails, parficularly with large numbers of
trees and polymorphic model forms. This solution approach was not routinely used. The
preferred method was the IE approach with the NR approach used as a check.

1.2.3 Age Errors

The DV, NR, and |E approaches concentrate on estimating tocal unobserved site
variables {heights or site indices) to produce unbiased estimates. Age errors are
ignored because the site index base age or initial condition age is arbitrary. The
prediction age is the problem. However, one can take the view that whatever age the
prediction age was recorded as, it is the ‘real’ age and the one at which heights should
have been measured. Age errors can then be viewed as another measurement error
factor in iree heights.
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1i.2.4 Calendar Periods

It was decided that site index curves should nominally incorporate the average
pericdic influence on height growth patterns as evidenced in the 20" century (1900 —
2000). A problem exists in that observation ages in the site tree database are correlated
with calendar years and it was suspected that weighting observation sets too heavily in
certain caiendar ranges would unduly influence the shape of resulting site curves.
Preliminary analysis also indicated that, depending on the catendar periods from which
observations were taken, differences in resulting site index models could sometimes be
in the marginal range, This may be one source of disparity in existing site index models
applicabie to mixed conifer forest typeg. This problem could be remedied by balancing
observation site index and age with calendar period. However, initial attempts indicated
that over 60 percent of the data would have to be discarded if this solution procedure
were to be adopted. An alternative approach was developed that allowed the retention
of all data and also stabiiized the influence of calendar perfods. This procedure can be
summarized as follows:

a) Only tree height/age data that were observed between 1898 and 2002 were used
in all analyses.

b) Twenty 5-year calendar period classes (lustrums) were created and denoted as
1800, 1805...1985. The 1800 class spans the pericds 1898 — 1902; the 1805
class spans the periods 1903-1907 and so on.

¢) Each tree observation spans an age interval (Ap to A) that corresponds to a
calendar interval. The number of years each tree observation contributed to each
of the 21 lustrums was subsequently computed and then divided by 5. These
variables are denoted as z,.-For backward differences, the z; were negated.

d) Twenty-one ‘nuisance’ parameters were defined that correspond to proportional
growth deviations for each S-year calendar period. These are denoted as g,for
the 1900 calendar class, ¢, for the 1805 calendar class, etc.

e) A multiplicative term Z was subsequently defined for each cbservation as:

Z=(1+2Z4g1+ 2202+ ... .Z1G21)

f) Zis subsequently appended to all models in the regression analysis as a
proportionate correction:

H =45+ f(H,, Ap»4,b,,b,,.b )2

The parameiers g; — @»; are estimated simultaneously along with the global model
parameters and whatever tree specific variables are necessary. To ensure that =0,
only 20 parameters were actually estimated and g»; was set to be -Zg;, i=1,20.

The estimated g; represent proportional deviations from long-term growth for each
five-year calendar period. While they are employed in post analysis of residuals, the g,
are eventually discarded. In several instances, the g; sequence had to be condensed, as
specific analyses did not have trees from all calendar periods avaitable.
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1.3 Mixed Conifer Empiricai Comparison

In the course of this study, several existing traditional base age specific models
were evaluated along with base age invariant modeis developed here. With numerous
solution techniques implemented in the past and several available here, socme empirical
comparison was felt to be appropriate at an early stage to gain an idea of the magnitude
of differences resulting from different solution procedures and te provide information to
aid in selecting best solution procedures.

I£.3.1 Data

Data to test models and solution procedures came from five stem analysis data
sets: NCStem, GspPP, POPP, LDMC, and LDRF. The MC3 species group (ponderosa
pine, sugar pine and interior Dougias-fir) was used as a test case. One observation sef
was extracted in which all stem analysis tree data series had ‘measured’ tree site indices
(linearly interpolated from adjacent heights and ages if necessary) at ages 30 and 70.
This data set consisted of 384 trees and 2486 measurements. The age span was from
five to 107 years.

[1.2.2 Mode! Forms

Base Age Invariant Modei Form. The CR2 model form derived from the GADA
formulated model (see chapter 3.):

H= 4.5+CXp®[I—8Xp€)IA)](b2 +b/X)

has been found in general tc be a versatile mode! for mixed conifers and is retained here
as the comparative BAI model.

Base Age Specific Model Forms. Pilotting empirical exponents from the fitted CR2
mode! against corresponding measured heighis at arbitrary base ages of 30 and 70
years indicated that the following functionat form for an unconstrained height prediction
model would be appropriate:
A
C,
Model CRa: H=45+¢,55T1-exple, )

Where S is site index (H; at 2 base age of 4;). A difference form constrained to ensure
that H = S when A = A; was formulated as

]_] e (02503)
Model CRb. M =4.5-(5—4.5) L-xpeD]
[1-exple.4, )U

The CRa/CRb model forms or suitable variants have been used by several authors (Ek,
1971; Payandeh, 1974; Wensel and Krumland, 1986; Carmean and Lenthall, 1989).

11.3.3. Methods

Where appropriate, site index base ages of 30 and 70 years were arbitrarily
assigned for comparative purposes. Several explicit model forms and soiution
procedures were specified as shown in table 1.1 and subsequently tested. Starting
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guesses for all parameters were set to values obtained for comparable 50 year age base

solutions. Trees were weighted so the sum of weights for each tree totaled one.

Table 1l.1. Models tested for comparative purposes.

Model Model - | Solution | .
‘ Type Designator ! Method | Description
| ! % Height as an independent variable is estimated
i ? | at the mean age of each tree’s growih
i CR2_Ave IE sequence. Starting height values for each tree
i are specified as the average height of all tree
i measurements.
( | Height was estimated at age 30 years for all
; CR2_30 [E | trees. Starting height values were ‘measured’
site indices at age 30 years.
IB:\?:ngi | Height was estimated at age 70 years for all
CR2_70 IE trees. Starting height vaiues were ‘measured’
" site indices at age 70 vears.
CR2 F oLs' Forward non-O\{erIapping differences were used
L as the observation set. .
| Backward non-overlapping differences were
| CReB OLS | Lised as the observation set.
All combinations of measurements were used as
| CR2_AC OLS | the observation set.
1_— CRa 30 m OLS 30-years base age with measured site indices
i - - used as opservations,
30-years base age with site indices estimated.
LRa_30_e IE Starting values were measured site indices.
30-years base age with measured site indices
CRb_30_m _?_LS used as observations.
| CRb 30 e I 3C-years base age with site indices estimated.
Base Age | == Starting values were measured site indices.
Specific | CRa 70 m oLS 70-years base age with measured site indices
: = used as observations.
| 70-years base age with site indices estimated.
j | CRa_70_e IE Stalsfting values \.?rere measured site indices.
| ‘ CRb 70 m OLS 70-years base age with measured site indices
'] | = - used as observations.
' ' CRb 70 e IE ?D-ygars base age with site indtcn_es n_esii'maied.
' ‘ == Starting values were measured site indices.

'OLS denotes ordinary non-iinear least squares solution methods.

(Note: Several reviewers have taken the view that base age invarfant site index models
not only have the have the desired base age invanant structural properties but are also
ones that have their paramefers estimated by unbiased techniques. With this view, the

only ‘irue’ base age invariant modeis are CR2_Ave, CR2_30 and CR2_70)

H.3.4 Post Evaluation

Comparing modeis directly by evaluating mean square residuai errors (MSE) or
equivalent functions of the data as a means to determine which solution procedure is
best is not totally appropriate as different sums of squares were minimized in several of
the cases. Given the objective that the best site curves are the ones that best describe
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the long-term height growth devetopment of site trees, a standard residual variance for
each model was computed as follows:

1) Estimated global model parameters for each model were assumed {o be
constants.

2) Forinitial conditions (Ao), base ages for base age specific models were either 30
or 70 years depending on the specification. 50 years was arbitrarily assigned to
base age invariant models.

3) The IMSL routine DUVMIF was used on a tree-by-tree basis to estimate the initial
height (or site index) to minimize the sums of squared residuals. Denoting this
vaiue as SSR for tree i, 2 mean sguare error was computed as

MSE; = SSR/(n;i-1)

where nyis the number of measurements available for tree i. Noie that this is
exactly what happens in the final iteration of the IE/NR solution methods.

4) A pooled variance (V) was subsequently computed as

Vk = Z MSE;ka, i= 1Nk

Where k denotes mode! k, and N, denotes the number of trees used with model k.
Ordinarily, Ny is the same for all models but in empirical evaluations some existing site
index models ‘fail’ to be able to predict heights at some site index and age levels (see
chapter 6).

5) For model k, a variance rafic (WVR\) was computed as
VR = VidVppai

where Ve, denotes the comparable variance from the best base age invariant
model.

The variance ratio is used as a diagnostic rather than a2 formal test statistic. The closer it
is to 1.0, the more similar models ara. With suitable refinements, the varance ratic can
be used as an F-statistic. With large numbers of irees (300-400+), values less than
aboui 1.2 would indicate modets are not significantly different at conventionai test levels

{p <= .05).
1.3.5 Results

The fitted CR2_Ave model and the data used in this analysis are shown in figure
I.1. Visually, the model appears to describe the data guite well. Note that all of the
models where height (or site index) as a parameter 1o be estimated appears on the right
hand side of the model produce virtuaily coincident site index curves. These are all of
the models that use the IE solution. The same results were found with the NR solution
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CR2_Ave model and empirical data
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Figure 1.1, Fiffed CR2_Ave mode! and data used in analysis.

method. Estimating the site-specific heights is shown to provide consistent estimates
across a wide range of model formulations. The CR2_Ave model was subsequently
chosen to be representative of all models using the IE solution method.

Departures relative to the CR2_Ave model come in the form of all models that
use some form of measured heights as variables (OLS methods). Variance ratios for
these models are shown in fable [1.2 using the results of the CR2_Ave model as the
basis for Vpai

Table 1i.2. Vanance ratios for different estimation techniques and model formulations
relative fo the CR2_Ave model.

Model VR
CR2_F 1.25

| CR2.B 1.06

| CR2_AC 1.08 'l
CRa_30_m 1.07 |
CRb_30_m 1.09 |
CRa_70_m 1.03

| CRo_70_m 105 |
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Base Age Invariant Modeis

Site curves for the CR2_Ave, CR2_F, CR2_B, and CR2_AC models are shown
in figure 11.2 for site index levels approximately equal to the mean and the upper and
lower bounds of the data. The forward difference model, both visually and in terms of
variance ratios, performs the worst. In other empirical trials and sampling simulations
discussed below, this has proven to be a consistent observation. The BAC method
applied to the CR2_AC model, in spite of its intuitive appeal and recommendations by
Goelz and Burk as a method that may reduce bias, appears to be the next worst
method. Also note that the residual sums of squares from this method tends to be quite
flat over a large solution space probably due to the somewhat redundant nature of the
data (2486 {ree measurements produced 15,000+ combinations}. Solutions are thus
sensitive to starting guesses and convergence criteria. The CR2_E model was closest
te the CR2_Ave model. This was coincidental to this case. Repeating this exercise with
a true fir data set showed backward differences performed quite poorly.

Base Age Invariant Site Index Models |

180 ; |
180 :
140 [
— 120
w —
@ 100 Site Model
= CR2_Ave | |
2 g0 L v— crz_AC | |
I ----..--- CRz_B
_,_Q 60 L e | | L. > CR2_F | |
(v 3 |
'_
40 ; |
20 . i
0_.__!'_ ! ! — — |

| | i : i i ] i
0 10 20 30 4b 50 60 70 80 S0 100 110

Breast High Age (Years)

Figure IL.2. Base age invariant site index models resulting from different estimation
methods.

Base Age Specific Modeis

Site curves for the base age specific models estimated with OLS techniques are
shown in figure 1.3 along with the CR2_Ave results. All base age specific models where
site index was estimated along with the global mode! parameters were essentially the
same as the CR2_Ave model. Visually and from Table 11.2, it is apparent that
constraining models to pass through site index when forecast ages are equal {o the base
age 1o provide consistency results in a loss of precision. Choice of base ages however
appear to result iIn much greater differences with the seventy year base age models
being more precise than the thirty year base age resuits. Cieszewski {2002) offers a
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geometrical argument about why this should occur and it seems to hold true in the case
examined here.

| Base Age Specific Site Index Models
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Figure 11.3. Base age specific site index models resulting from different model
formulations.

Il.4 Sampling Simulations

While the previous empirical results tend to support the idea that consistent site
index model parameter estimates result from methods that aiso estimaie ali heights that
appear as independent modei variables along with giocbal mode! parameters, they are
however, case specific and do not directly address the possibility of bias. Sampling
simulations provide a means to examine estimation techniques from a more controlled
basis. The essentials of using simulated data are:

1) Select a generating model with arbitrary parameters as the basis for true means
(heights and ages).

2) Postulate various schema to account for measurement error, secular growth
variation, possibte bias, etc. and infuse them with the generating model to
produce pseudo-growth observations series for trees.

3) Compare estimation technigues. Those that reasonably recover the shape of the
generating model can be considered useful estimation technigues.
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iL.4.1 Stem Analysis Simuiations

Estimation technigue comparisons applicabie fo simulated stem analysis data
generated with reasonable measurement error and secular variation have essentially
confirmed results found in the previous empirical evaluation. Cases examined here used
the CR2_Ave model and estimated parameters as a generating function. The DV, NR,
and |IE estimation technigues all produced site curves that were very close to the
generating model. Maximum differences were seldom more than one foot and occurred
in the tails of the simulated site index distribution. The OLS methods appiied ic both
base age invariant and base age specific models all performed less precisely. The BAC
method produced erratic results, particularty when simulated age/site index distributions
were unbalanced. In spite of the suggestions of Goelz and Burk (1996), the BAC method
cannot be considered a routine technique for consistent and unbiased site index model
parameter estimation.

{l.4.2 Repeated Growth Plot Measurements

Chapter four inciuded a discussion of the possibility that breast-high ages
determined by increment borings may be systematically biased, at ieast in comparison to
comparable ages from stem analysis ring counts. For interior conifers, sufficient stem
analysis data is available so growth plot measurements do not necessarity need to be
used. In several situations however, they are useful in filling in gaps in regional site
index/age distributions. For the Northern Califomia Coast, virtually all redwood/Douglas-
fir data are based on repeated growth plot measurements. To gain some idea of what
possible effects systematic age measurement bias has on site curve parameter
estimation, the following simulation was performed.

Experience has shown that growth forms of north coastal species tend to be
anamorphic. The CR1 model form, suitably altered so the initial conditions are site index
at a breast-high age of 50 years, was used as a generating model (CR1_Gen):

l—ex %
H=45+(5-4.5 0PG4
[I-expf 0]
Generating parameters were set to be -.015 and 1, which is reasonably close to what
has been found empirically. Base simulation parameters included:

1) Height measurement error is assumed to be represented by a coefficient of
variation equal to five percent of true heights.

2) Observed ages were assumed to have a mean of 95 percent of the true age.
The standard deviation of age measurement error was assumed to be 4
(Age/30) for ages less than 30 years and four years for ages greater than 30
years.

3) Seascnal variation was assumed to have a mean of zerg and a coefficient of
vartation equa! to six percent of growth for periods of approximately 10 years.

4} Mean 50-year breast-high age site index was assumed to be 100 feet with a
standard deviafion of 20 feet.
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5) Measurements were assumed to be taken nominally every 10 years with a
standard deviation of two years.

6) Measurement sequences were nominally generated from breast-high age of
about five to 110 years.

7) One age in a measurement sequence was randomiy generated with the
above parameters. All other ages were taken to be the difference in calendar
years from this age.

8) All ages were rounded to the nearest whole year.

Three cases were specifically examined with the IE estimation technique applied {o all.
An initial condition age of 50 years was arbitrarily used for all trees.

CR1_A. Pseudo growth seguences generated as described above were used as
the observation set.

CR1_B. As with CR1_A, but data were trimmed on a height/age cell wise basis
to remove negative height growth measurements and an equal number of
measurements on faster growing trees. This resulted in roughly a 15 percent
reguction in the number of pseudo observations. This procedure is described in
more defail in chapter four, and was a standard basis adopied for all data used in
this study.

CR1_C. As with CR1_A | but an additional 750 tree measurements were
generated without an age bias. This combined data was considered to be a
reasonable representation of mixed stem anaiysis and growth plot
measurements. In fitting models, forecast ages were multipiied by an ‘age
difference’ correction in the form of

(1+d*)
Where d is 2 dummy variable with a value of zero for stem analysis based
measurements and one for repeated growth measurements, and ¢ is an
additional global model parameter. Parameter estimates for ¢ are expected to be
about .05 given the specified age bias used in generating the data.

11.4.3 Growth Measurement Simulation Results

Approximate 50-year breast-high age site index bounds were 80 and 140 feet.
Site index levels for these values and the data mean of 100 feet are shown in figure 1.4
for the generating model (CR1_Gen} and the three test cases. Visually, there is not
much difference in any of the cases examined. Maximum differences from the
generating model occurred at the highest site index vaiues. Differences of each of the
three cases from the generating model for a site index of 140 feet ars shown in figure
[1.5. The unaduiterated CR1_A case, while being the most different, is still within what is
considered to negligible bounds in this study. The CR1_B mode! where data was
subjected to trimming, appears to reduce biases induced by age bias and other sources
of error. The CR1_C mixed data model aimost recovers the underlying shape of the
generating function. The estimated value of ‘¢’ was 0.031, which was not quite the
expected value of 0.05, but it was reasonably close and in the right direction.
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Figure Il.4. Site curves resulting from growth measurerment pseudo-data.
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Figure IL.5. Site curve differences for a site index of 140 feet.

i.5 Summary and Conclusions

The simulations indicate that systematic age biases resuiting from increment
borings of a magnitude thought to possibly exist in the data do not cause excessive site
curve distortions when estimation techniques such as the NR or IE methods are
employed. Age difference comrections, only possible when both stem analysis and
growth plot measurements are available, appear to alleviate most of the possibie

problems.

Theoretically and empirically, site index model parameter estimation techniques
that involve estimating all heights that appear as independent variables have shown o
be both unbiased and the most precise. Consistent results are obtained with both base
age invariant and base age specific mode! formulations. The iterative estimation method
was subsequently used as the primary parameter estimation technigue in all site index

model development in this study.

I1.6 Post Script: The Analyfical Workbench

The estimation procedures used in this study are not traditional estimation
processes that can be directly implemented by standard procedures available in most
statistical packages. They either require exiensive data {able preparation, the use of
software specific scripting languages (Strub and Cieszewski, 2002), or linking estimaticn
procedures in statistical software exposed as ActiveX™ software components with

modem Windows™ programming languages such as Visual Basic.
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None of the above procedures were used here as the overall process involved
fitting literally hundreds of models composed of various combinations of data sets, mode!
forms, and estimation procedures. To automate the process as much as possibig, a
software program was written in Visua! Basic that could integrate the various aspects of
model development. Central features of the software are:

a) Microsoft Access 2000. Queries tc exiract data sets from the overall database
were developed and tested with Microsoft Access and subsequently stared for
later use. Microsoft Data Access Objects™ (DAO) software components provide
the programmatic means to access and manipulate the database from within
Visual Basic.

b) International Math and Statistical Library {IMSL). This library is a setf of peer
reviewed and tested mathematical and statistical procedures. Translated into
various programming {anguages, the version used in this study was distributed
with the 32-bit Windows compatible Microsoft Fortran Power Station™ compiler.
Fortran routines can be called directly from Visual Basic. The main routines used
were:

1) DRNLIN nonlinear regression routine, which estimates parameters in
nonlnear models and has a wide selection of convergence criteria that
can be fine tuned for cases at hand.

2} DRCOVB, which produces parameter variance/covariance matrices from
the DRNLIN solution.

3) DUVMIF, which finds the minimum of a univariate function. This was used
in place of non-linear regression in the 1E solution method for iterations
involving estimating local site variables (tree heights) for each tree.
Several other similar routines performed comparably. Equally effective
was a 'brute force’ procedure: systematically search in the neighborhood
of the last estimated tree height at a desired tolerance increment (.1 feet
was used in this study) until a definite minimum was found.

4) Numerous other routines to calculate p values of parameter estimates,
parameter correlation matrices, grid searches to find starting non-finear
parameter estimates, etc.

¢) ActiveX components. All GADA-based models were framed as ctass modules
with common interfaces so they could be used in nondinear function evaluations,

graphical generation of site curves, and computations of supplementary
statistics.

d) Proprietary graphics routines were also used to create function plots, scatter

plots, histograms, etc.

Thus, fitiing of models was reduced fo:
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a) Select the query that describes the data set.

b) Select the medel fo fit.

c) Select starting guesses.

d) Select the solution process.

e) Fit the model.

f) Process and store the results for post analysis.

Specific models that were selected for further evaluation had names assigned to
them and parameter estimates and all forms of residuats were stored in database tables.
The Statistica software package (StatSoft, 2003) was used to do all of the major post
analysis as it is OLEDB compliant and can import database tables and gueries directly
from Access databases.
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