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SUMMARY 

A growth model for uneven-aged ~nixed-conifer stands in California was developed with data from 205 permanent plots. 
The model predicts the riurnber of softwood and hardwood trees in nineteen diameter classes, based on equatioris for 
diameter growth rates, mortality arid recruitment. The model gave unbiased predictions of the expected nurnber of trees by 
di'anleter class and species group over eight to twelve years, on 28 validation plots that were not used in   nod el estimation. 
The results of predictions of undisturbed growth over Inore than a century were consistent with previous knowledge about 
successiori and productivity in this forest type. The growth model, embedded in the CalPro simulator, was applied to 
project the effects of managing stands to maintain the current average stand state over the observed plots, with cutting 
cycles of ten or twenty years. The results suggested that uneven-aged management could match the productivity of 
even-aged systems. The tea-year cutting cycle led to higher productivity, higher present value of harvests. higher tree 
species diversity but lower tree size diversity than the twenty-year cycle. 
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Mixed-conifer forests are one of the most extensive 
vegetation types in California, covering 13 percent of the 
state's area (Barbour and Majtx 1977). The mixed-conifer 
forest contains ponderosa pine (Pinus ponderosa, Dougl. 
ex Laws.), Jeffrey pine (Pinus JefJ'reyii, Grev. & Balf.), 
sugar pine (Pinus lum bertianu, Dougl.). Douglas-fir 
(P,suedotsuga menzesii, (Mirb.) Franco), white fir (Abies 
concolor. (Gord. & Glend.) Lindl. ex Hiltlebr.) and incense 
cedar (Libocedrrrs decurrens, Torr.). The extent of the 
~nixed-conifer type and the amount of ti~nber harvested 
frorn the west slopes of the Sierras suggest the need for 
accurate growtti arid yieltl prediction methods to help in 
their management. 

California's forest products industry is an important 
component of the state's economy. The primary and 
secondary industry errlploys over 110,000 workers, 4.1 
percent of the state's total manufacturing workforce, with 
an annual payroll of 0.5 billion. (U.S. Dept. of Commerce 
200 1 ). Mixed conifer forests, while providirig society with 
products vital to everyday life, also shelter wildlife, and 
improve air and water quality. 

In managing those forests for multiple purposes, 
uneven-aged systenis in multi-species stands is an attractive 
alternative to even-aged, monospecific regimes. Uneven-aged 
stands host more biological diversity, maintain a continuous 
cover at all times, tend to be more aesthetically pleasing 

(Guldin 1996), provide better bird habitat (Ambuel and 
Temple 1983) and greater general biodiversity (Hansen et 
al. 1991). Financially, the system may be advantageous, 
particularly if it can rely on free natural regeneration 
(Buongiorno 2001). As a result, uneven-aged stands have 
long accounted for a substantial portion of the harvested 
area on private and public forests in California (Ewing et 
a1 1988). 

The model presented here is intended to help predict 
some of the econon~ic and ecological consequences of 
uneven-aged management in this forest type. This 
diameter-class, species-specific, non-spatial model is an 
extension of earlier matrix models of uneven-aged forest 
stands (e.g. Buongiorno and Michie 1980, Ralston et at. 
2003, Schulte and Buongiorno 2004). It has three ele- 
ments: tree growth, mortality, and recruitment. A related 
diameter-class model (SHAF; Adanls and E% 1974) was 
used to develop optimal uneven- aged management strategies 
in northern hardwoo<f stands in Wisconsin (Adams and Ek 
1974). 

Other growth models are available for mixed conifer 
stands in California. CACTOS (Wensel and Biging 1987) 
is an individual tree nor1 spatial stand growth model 
calibrated using industry data from mixed conifer stands in 
northern California. It does not include regeneration, but it 
does include a separate stand generator (STAG; Biging et 
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al. 1991 1. CAC'TOS also accepts tree lists generated by the 
regeneration/young stand programs SYSTUM- 1 (Ritchie 
and Powers 1993) and CONIFERS (Ritchie 1999 2003). 
The Forest Vegetation Simulator (FVS; Wykoff et al. 
1982, Teck el al. 1997) is also an individual tree stand 
simulator with a long history as a stand management tool. 
Three variants are available for California (Ritchie 1999): 
SONNEC and Klamath for mixed stands in northern 
California and southwestern Oregon. and WESSIN for the 
western Sierra Nevada. Although considerable stand 
optimization has been done for uneven-aged mixed conifer 
stands with the North Tdaho variant of FVS (Haight and 
hlonserud 1990). these three California variants lack 
regeneration nlodules, which preclude a long-term 
uneven-aged analysis. 

'I'he present growth model uses data from stands at all 
stages of development, from juvenile to over mature, and 
from the entire state of California. Furthermore, by 
modeling recruitment, it enables long-term predictions of 
stand dynamics 'and of the associated patterns of succession 
with or without human intervention. 

MODEL STRUCTURE 

Ttie growth model has the following form: 

that enter the smallest diameter class between t and t+l.  
a* is related to b,, and the probability . mij,  that a tree of 
species group i arld diameter class j dies from t to t+l, by: 

where hi, and inij are species-dependent functions of tree 
arld stand characteristics. Ri is a species-dependent function 
of stand characteristics. 

DATA 

The data came from permanent plots in the California 
mixed conifer type. The plots were measured during the 
last two periodic inventories conducted by the Pacific 
Northwest Research Station's Forest Inventory and Analysis 
(FIA) Program (PNW FIA 2000). The surveys were done 
in the 1980's and 1990's on forested lands outside of 
National Forests and parks. 

The 205 plots used to calibrate the model were in the 
mixed-conifer forest type, and in uneven-aged stands. 
Uneven-aged stands were defined as stands in which more 
than 70 percent of the trees differed by more than 30 years 
in age (Hiserote and Wadtlell 2003). Most of the plots 
were in northern California (Figure 1). About 70% of the 

FIGURE 1 Number of plots by California Co~mly 

where a ,  is the probability that a tree of species group i plots were on industry lands 25% belonged to other private 
and diarneter class j stays alive and in the same dimleter owners, the rest were on public lands (Table 1). 
class between I and t+l,  bij is the probability that it stays Trees were grouped as softwoods and hardwoods, and 
alive and grows into diameter class j+ l ,  and Ri is the into nineteen 5.08 cm diameter classes, from diameter 
recruitment rate, i.e. the number of trees of species group i class 10 cm (trees 7.6 to 12.7 cm in diameter) to diarneter 

where y , = [y i j , ]  is a column vector representing tale number 
of live trees per unit area (hectare) of species group i 
(i=1,2.. . . ,m), diameter class j (j=1,2,. . .,n) at time t .  The 
column vector h, = [hiit] represents the number of trees of 
species group i ,  diameter class j that are cut at tirne t. G, 
the state-dependent growth matrix, describes how the trees 
that are not cut grow or die between t and t+ l .  The 
state-dependent vector R represents the number of trees 
recruited in the smallest diameter class of each species 
group, between t and t+ l ,  and 8, i.s a vector of random 
shocks. G arid R are defined as: 

G1 
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TABLE 1 Distribuaion of sample plots, by ownership class 102 cm (trees 99.1 cm in diameter and larger). White 
fir (Abies concolor), a shade-tolerant conifer (Seidel 

Industry with rnills 95 (46.2) 
Industry without mills 50 (24.4) 
Miscellanectus private 48 (23.4) 
Farrner owned 4 ( 2.0) 
Bureau of 1,and Management 4 ( 2.0) 
State owned 3 ( 1.5) 
County/Municipal 1 ( 0.5) 
'Total 205 ( 100) 

19811, was the most abundant softwoo<l on the plots 
(Table 2). The moderately shade-tolerant California black 
oak (Quercus kellogii) and canyon live oak (Quercus 
chrysolepus) were the most abundant hardwoods. 'The 
average number of trees per unit area over all the plots 
decreased exponentially as tree diameter increased (Figure 2). 

Most plots were on lands with site indices between 15 
and 24 m (Figure 3). Site index was based on the height of 
the dominant tree on the plot at age 50 (FIanson et al 
2002), and there was only one site index per plot. The 

TABLE 2 Average number of trees per hectare by species, on the 205 plots 

Scientific: name' Common rlame 1" Inventory 2nd Inventory 

Abies concolor 
Lihocedrus decurrens 
Pseudotsuga menziesii 
Pinus ponderosa 
Pinus lambertiana 
Pinus jefieyii 
Abies ma~nifica 
Pinus contorta 
Juniper us occidentalis 
Taxus brevifolia 
Pinus monricola 
Pinzas coulteri 
Pinus attenuata 
Sequoia gigantea 
Torrey californica 
Pinus sabiniana 
Pinus albicaulis 
Pseudotsuga macrocarpa 
Abies magn[fica v. s. 
Total 

Quercus kelloggii 
Quercus chrysolepi 
Acer mncrop hy llum 
Lithocarpus densiflorus 
Arbutus menziesii 
Umbetlularia californica 
Cornzas nutallii 
Quei.cus wislizeni 
Alnus t-hombifolia 
Alnus rrcbra 
Castanopsis ch-ysophylla 
Quercus garryana 
Salix spp. 
Quercus lohata 
Populrcs tremuloicles 
Total 

Softwoods 
White fir 
Incense-cedar 
Douglas-fir 
Ponderosa pine 
Sugar pine 
Jeffrey pine 
California red fir 
Lodgepole pine 
Western juniper 
Pacific yew 
Western white pine 
Coulter pine 
Knobcone pine 
Giant sequoia 
California-nutmeg 
Gray pine 
Whitebark pine 
Bigcone Douglas-fir 
Shasta red fir 

FIardwootis 
California black oak 
Canyon live oak 
Bigleaf maple 
Tanoak 
Pacific madrone 
California-laurel 
Pacific dogwood 
Interior live oak 
White alder 
Red alder 
Golden ctiinkapin 
Oregon white oak 
Willow 
California white oak 
Quaking aspen 

1 Norrlenclature per Little (1 979). 
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1;IGUKE 2 Average number of trees per hectare over the FIGURE 3 Distribution of plots by site index class (205 
20-5 plots, between the ~ w o  inventories plots in total, site index measured by dontinant tree 

height at age 50 y) 
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mean recruitment rate over all plots was higher for PARAMETER ESTIMATION 
softwoods than for hardwoods (Table 3a). On average. 
softwood trees grew at twice the rate of hardwood trees, The equations of growth, mortality, and recruitment, and 
arid the rnean mortality rate was 5 times higher for the equations of tree volume were chosen based on three 
hardwoods than for softwoods. The superior recruit~nent criteria: 1) Agreement with the expected biological 
rate and the lower nlortality rate of softwoods explaill the response. for example, the effect of basal area on diameter 
five to one dorriinaxice o f  softwoods in the st.mds, in terms growth should be negative (Schulte and Buongiorno 
of number of trees. The average volume of individual 2004); 2) goodness of fit, statistical significance of the 
softwood trees was twice that of hardwood trees (Table 3b). parameters, and distribution of residuals (Draper and 

TAR I ,E 3 a Surrzmary staristics ,fix- stand data on the 205 plots 

Mean 519.88 110.67 11.06 3.06 26.80 28.92 10.88 
S.D. 340.17 195.16 12.42 8.25 4.90 13.74 0.62 
Max 1731.56 1332.44 74.22 65.04 40.54 69.17 12.00 
Min 15.95 0.00 0.00 0.00 10.06 3.04 8.17 
n 205 205 205 205 205 205 205 

a Average over the two inventories. 

TABLE 3 b Summary statistics for individual tree data on the 205 plors 

Mean 0.46 0.20 0.07 0.34 1.63 0.72 42.06 36.07 
S.D. 0.30 0.14 0.25 0.47 2.87 1.69 25.60 24.64 
Max 2.45 1.08 1 .OO 1 .OO 54.72 20.45 214.30 119.51 
Min 0.00 0.00 0.00 0.00 0.00 0.00 7.75 7.85 
n 3836 559 4124 b 845 b 3836 559 3836 559 

a Average between the two inventories. 
b Live and dead trees. 
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Harry 1998); and 3) simplicity and parsimony. The 'The parameter estimates and related statistics are in 
following equations were selected by fitting various Table 4. Figure 4 shows the partial effect of each variable 
functional forms to data from 177 calibration plots, drawn on the predicted growth rate, holding the others constant at 
randonily from the 205 plots. The rerr~ainixlg 28 plots were their sample mean. For softwoods, the growth rate 
used for further testing and verification. increased with tree diameter up to 40 cnl, and then 

declined. For hardwoods, it increased more slowly up to 
Diameter growth equations 

The probability that a survivor tree moved from one dia- 
rneter class to the next was calculated as: 

where d is the width of each diameter class. and gij is the 
expected annual diameter growth of a survivor tree of 
species group i and diameter class j ,  obtained by converting 
periodic growth to annual growth by linear interpolation. 
The expected annual diameter growth was predicted by: 

40 cm. and then remained constant. Higher stand basal 
area reduced significantly the growth rate of softwoods, 
but riot that of hardwoods. Softwoods grew significantly 
faster on higher sites, but hardwoods did not. The low R-"s 
of the equations show that the independent variables 
explained only a small part of the variability in diameter 
growth. For hardwoods in particular, the expected diameter 
growth was nearly constant. Nevertheless, the standard 
errors of the resulting transition probabilities (equation 

FIGURE 4 Efect of each explanatory variable on the 
expected tree growth rase, with other variables being held 
constant at their sample mean 

In gij = cc, + pi ln D, + yi (lt~D,)~ + 1n B + piln S (5) - 223 
where t)i is the tree diarneter, B is the stand basal area, and 
S is the site index. The parameters of equation (5) were 0-@ 

estimated by ordinary least squares. The logarithmic 
transfornlation was used to obtain l~on~oskedastic residuals. 0 3  

'The data came from the 3,334 live softwood trees and 485 
live hardwood trees on the 177 calibration plots. 

TABLE 4 Parameters of diameter growth rate equations, $2 

estimated from individual trees on 177 calibration plots a 
0 2% fB EW I@ 

%es tern 1 

Softwoods 
3.96 -0.52 -0.26 0.58 

SE 0.18 0.03 0.03 0.05 
t 22.43 -20.47 -9.97 10.95 -27.43 ,, 
P 0.00 0.00 0.00 0.00 
R2 0.25 
SEE 0.68 

P 0.08 0.13 0.85 0.00 0.00 % 

SEE 0.71 
R2 0.04 a*& 
dF 480 

0.8 

Dependent variable = logarithm of annual diarnekr growth. 
8.4 SE = standard error. 

f = Student's t ratio. 
P = area in two tails of distribution outside 2 t - value. 
R2 = coefficient of determination. 8 

SEE = standard error of estimates. IQ $8 26 B 49 325 4s 

dF = degrees of freedom. Sm &&ex fmJ 
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(4)) were small: 0.002 for softwoods, and 0.006 for 
hardwoods. A further test of these equations is the accuracy 
of the complete rnodel of which they me a part, examined 
iri section 5.1. 

Mortality equations 

The expected aririual nlortality rate was calculated as: 
1 

fiti i  = - Mij  
rr; (6) 

where Mij was the expected nlortality rate between the two 
inventories and If; was the average interval between 

nlortality rate while other variables were held constant at 
their sample mean. For both softwoods and hardwoods, the 
predicted mortality rate decreased rapidly with diameter. 
It increased with stand basal area for softwoods, but not 
for hardwoods. The mortality rate also increased with the 
time interval between inventories. Other things being 
equal, the expected mortality rate was higher for 
hardwcmds than for softwoods. 

FIGURE 5 Eflect of each explanatory variable on the 
expected ntortality rate between the two inventories, with 
other variables being held constant at their sample mean 

inventories, in years. Because mortality rates are small, 
this linear interpolation is practically identical to an 
exponential interpolation. Mij was modeled with a probit 
equation: 

Mij = P(y, = I~D~,B,T)  = @(v i  + K , D ~ +  hiD,2+ + oiT)  
(7) 

where yJi = 1 if a tree of species group i and diameter class 
j died, and yij = 0 otherwise. is the standard normal 
curriulaljve distribution functiori (Wooldridge 2000). The 
parameters were estimated by maximurn likelihood with @ 9 

individu a1 tree data. 8 Z%T #I a? &3 I@ 
The pardmeter estimates and related statistics of the ekr {ml 

mortality equations ;ue in 'I'able 5, and Figure 5 shows the 
partial effect of each variable on the predicted annual 

TABLE 5 Parameters of probit mortality rate equations 
estimated front individual trees on the 177 calibration 
plots 

Softwoods 
-0.058 

SE 0.004 
Z -13.02 
P 0.000 
L -659.9 
n 3570 
Hardwoods 

-0.054 
SE 0.009 
z -5.97 
P 0.000 
L -363.2 
n '716 

Dependent variable = nlortality rate between inventories 
taken at T year interval. 
SE = standard error. 
% = analog for Student t ratio for probit model. 
P = probability that the coefficient has this sample value if 
the null hypothesis is true. 
1, = log-1,i kelihootl value. 
n = Total nurnber of observations of the response variable. 

Recruitment equations 

There was no recruitment for softwoods on 52 of the 177 
calibration plots, and no recruitment for hardwoods on 
144. A Tobit model was therefore used to represent 
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recruitment. The 'I'obit model conlbines the probability 
that there is recruitment with the expected recruitment 
if there is any, to obtain the urlcorlditional expected 
recruitment: 

where @ and 0 are respectively the standard normal 
currlulative and density functions, a is the standard 
deviation of the residuals (Wooldridge 2000). Only the 
stand basal area and the number of trees of the same 
species group per unit area were found to significantly 
influence recruitment, specifically: 

where Ni is the number of trees of species group i per unit 
area in the stand. 

The rrlaxiniurri likelihood estimates of the parameters 
of the recruitment equations are in Table 6. Figure G shows 
the effect of variations in the stand basal area and number 
of trees on the predicted recruitment, other things being 
equal. Recruitment was affected positively and 
significantly by the density of trees o f  the same species 
group, especially for hardwoods. Recruitment decreased 
as the stand basal area increased, more so for softwoods 
than for hardwoods. 

TABLE 6 Parameters of Tobit recruitment equations 
estimatetl from the 177 calibration plozs 

Softwoods 

Dependent variable = kees ha-1 y -1. 

o = standard deviation of residuals. 
SE = standard error. 
P = probability that the coefficient has this sample value if 
the null hypothesis is true. 
L = log-Likelihood value. 

FIGURE 6 Eflect of each e.cplanato?y variable on the 
expected annidal recruit~nent rate, with other variables 
being held constant at their sarrzple mean 

Tree volume equations 

The following equation was used to estimate the expected 
volume per tree: 

where V i j  is the expected volume. in rn3, of a tree of 
species group i arid diameter class j. The parameters were 
estimated by ordinary least squares, with data from all live 
trees measured a t  both inventories. The results of 
estimation for the tree volume equations are in Table 7. 

Tree diameter, stand basal area and site index all had a 
positive and statistically significant effect on tree volume, 
at the 0.05 level, based on the t ratios. Tree volume was 
most sensitive to tree diameter, as expected. The volume 
of hardwood trees was more sensitive to basal area than 
that of softwood trees. Variations in site index had a similar 
effect on the tree volume of hardwoods arid softwoods. 
Other things being equal, softwood trees had more volurne 
than hardwoods. 
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E'IGUKli 8 Long-term basal cnrea predicted with parameters 
estimated with data from all 205 plots, orfrom a subset of 
177 plots 

state of 60 to 70 m2 ha-1. This is consistent with the 
i normal^' basal area of 65 and 75 rn2 ha-1 for mixed 
conifers on average site at age 100 years (Lawrence 1997). 
But the diameter distribution of trees in old growth plots 
measured by Sudworth at the beginning of the last century, 
from a much more lirnited area, (McKelvey and Johnston 
1992) implied an average basal area of about 102 in2 ha-'. 

'I'he steady state predicted by the model had 54 tree ha-1, 
of which 46% were iri diameter class 99.1 + cm. In 
cornparison, the Sudworth's old-growth plots had 115 tree 
ha-1, of which 42% were in diameter class 99.1+ cm. 
'Thus, the model seems to predict correctly the proportion 
of trees in the largest size class in old growth stands, but 
to underestirnate the total number of trees. 

Still, the predicted steady state was within the interim 
minimum standards for old-growth mixed-conifer forests 
in Califitrnia, which specifies "two or more species with a 
wide age range and full range of tree sizes," with at least 
20 tree ha-1 of diameter above 81 cm (Old Growth 
Definition Task Group 1986). 

To check the sensitivity of these results to the data, the 
calculations were repeated with pararneters estimated from 
all 205 plots, instead of the 177 calibration plots only. The 
paths of basal area had the same shape for the two sets of 
parameters, arid the steady states were very similar, both in 
total basal area and in tree distribution by diameter class. 
However, the predicted basal area during the intermediate 
years of the simulation was substantially lower with the 
pararneters based on the entire 205 plot data. Since the 
pararneters based on 205 plots represented more information, 
they were used in the following application. The results of 
these long-term predictions and steady-state computations 
rnust be taker] cautiously, since they depend on a model 
calibrated with data that span no more than twelve years. 
Still, they do not contradict previous ecological knowledge, 
hence it seems reasonable to use the model in management 
applications. 

MANAGEMENT APPLICATION 

The effect of management on the growth of uneven-aged 
mixed conifer stands can be projected by applying equation 
(1) recursively to predict the expected growing stock, y,, 
given an initial stand state, yo, and a management regime 
defined by the magnitude and timing of harvests, h,. The 
CalPro software (Liang et al. 2004, available at 
ht~://www.forest.wisc.edu/facstaFf~uongiorr~o/ir~dex.htrn) 
facilitates this kind of application. 

CalPro is a spreadsheet add-in prograni based on the 
growth and volunle equations presented above. Stands are 
described by the number of trees per unit area in each of 
19 diameter classes, in softwoods and hardwoods. CalPro 
allows year-by-year predictions of stand develtzpment for 
marly decades from an initial state. Management regimes 
are defined by the interval between harvests (cutting 
cycle) and a target distribution of trees left after harvest. 
Tabulated and graphic results show diameter distributions, 
basal area, volumes, income, net present value, and 
indices of tree size diversity and tree species diversity. 

Alexander and Edminster (1976) indicated that the 
choice of intensity of silviculture and length of cutting 
cycle depends on the growth rate of the stand (embedded 
here in the growth model) and on the economic and other 

TABLE 8 Tree volum and hawest unit values by species 
group and size 

Notes: Tree volume is for a stand of 28.92 n12ha-1 of basal 
area, and a si.te index of 18.90 rn. For a given diameter, 
the tree volume is a function of site and stand basal area. 
Unit values are adapted from California State Board of 
Equalization (2003), Harvest Values Schedule, 
07/2003- 1212003. 
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constraints. The following example summarizes CalPro TABLE 9 Predicted average prodidctivity and financial 
results in predicting the effects of a management strategy returns obtained by using the current tree distribution as 
designed to maintain the current stand state, over the forest target distribution in the California mixed conifer forest 
area represented by the plots in this study. Accordingly, v p e ,  over 100 years 
the initial state was defined by the average number of trees - 
by species group and diameter class on the 205 sample 
plots (Figure 2). The average site index was 27 m. 

The number of trees harvested per unit area, hi,,, 
depended on  the current stand state, arid on the desired 
stand state, as follows: 

where yW*, the desired number of trees of species group i ,  
diameter j .  in year t .  In this particular example of 
application, yi,;* was set equal to the observed initial 
r~urr~ber of trees. The cutting cycle was either ten or 
twenty years, but a harvest would occur only if hiit was not 
zero, according to equation (14). 

'The expec ted individual tree volume calculated from the 
volutne equations, vij, and the corresponding harvest value 
pcr unit of volume, by species group and diameter, p,, are 
in Table 8. Net present values were computed with a real 
(net of inflation) interest rate of 3% y-l, with the formula: 

Cutting cycle (years) 
Unit 10 20 

Total Basal area m2 ha-ly 1 0.60 0.53 
Total Volume m3 ha-ly 1 6-00 5.57 

Softwoods volurne m3 ha-ly-1 5.87 5.46 
Hardwoods volume m3 ha-ly-1 0.12 0.1 1 

Present value of harvests $ ha-1 36,647 32,030 
Value of initial stock $ ha-1 45,970 45,970 
Land expectation value $ ha-1 -9.323 -13,940 

harvested over 100 years were higher with the ten-year 
cutting cycle than with the twenty-year cuttirig cycle 
(Table 9). The ten-year cutting cycle was financially 
superior, giving a 14% higher present value of harvests 
than the twenty-year cycle. Nevertheless, with either 
cutting cycle, the return to the land was negative, 
indicating that the simulated management which aimed at 
maintaining the current tree distribution was very costly, " h .. v.. 

NVP = ' jPi j  even compared with the alternative that would harvest the 

b,n(l + r)kc 
(15) entire stand immediately, without any future benefit. .- ., 

Expected stand diversity was measured with Shannon's 
where r was the interest rate, and c was the cutting cycle, index (Magurran 1988), based on the proportion of basal 
i11 years. The land expectation value was then NPV minus area by species group or diameter class. Tree size diversity 
the value of the initial growing stock. This land expectation decreased at each harvest, and then increased over the 
value could then be cornpared with the land expectation cutting cycle (Figure 10). In contrast, species diversity 
value of an even-aged stand, starting from bare land. increased at each harvest. because the harvest took niostly 

Figure 9 shows the expected st'and basal area with this softwood trees 'and then declined over the cutting cycle, as 
target distribution for ten-year and twenty-year cutting the softwood basal area increased while the hardwoods 
cycles over 100 years. The basal area was practically the basal area remained almost constant. 
same for both cutting cycles during the first decade after Tree size diversity was practically the same for both 
each harvest. However, the twenty-year cutting cycle cutting cycles, during the f i s t  decade after each harvest. 
maintained a substantially higher level of basal area than But the twenty-year cutting cycle maintained a more 
the ten-year cutting cycle over the following decade. diverse stand structure in the following decade because it 

Both the annual basal area and the annual volume let some of the trees grow bigger (Figure 10). 

FIGURE 9 Expected basal area in softwood and  hardwood,^ FIGURE 10 Projected exj>ected diversity qf tree size and 
in managed mixed conifer stands, for two diflerent cutting tree species group in managed mixed conifer stands. The 
cycles. The average tree distribution on the 205 plots is average tree distribution on the 205 plots is the initial 
the initiul state and also the post-harvest target state state and also the post-harvest target state 
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SUMMARY AND CONCLUSION 

A stand growth model was developed for mixed-conifers 
in California, based on permanent plot data from private 
lands arid unreserved public lands outside of national 
forests ar~d parks. One advantage of the method was to use 
the information available by pooling many different plots. 
Consequently, despite its simple underlying structure, the 
model was capable of predicting accurately stand growth 
over a wide geographic area. The underlying diameter 
growth. mortality, and recruitment equations were 
consistent with prior knowledge. Predictions of the growth 
on plots not used for model calibration appeared to be 
unbiased. The introduction of a recruitment equation 
allowed for long term predictions of stand development. 
Predictions exceeding a century were plausible. The 
long-term stand state did not depend on the initial stand 
state, but it was sensitive to the data used to estimate the 
p'arameters. 

The application investigated the effects of cutting back 
the stand to the current stand state, at intervals of ten or 
twenty years. The predicted productivity was 5 to 6 m3 
ha-1 y-1 on site 27 m, for a stand of average initial condition. 
This is similar to the rnaxiniu~n mean annual increment of 
5 rn3  ha-1 y 1 of even-aged pure Douglas-fir stands on 
lands of similar site index (McArdle et al. 1961). Thus, the 
productivity of uneven-aged management may well match 
that of even-aged systems. Both productivity and financial 
performance could be irnproved substantially by choosing 
less conservative target distributions (Ralston et at. 2004). 

With the target tree distribution set equal to the current 
distribution, a twenty-year cutting cycle gave higher 
productivity and higher tree size diversity than a ten-year 
cycle, though lower species diversity. The ten-year cutting 
cycle produced a higher present value of harvests. Further 
analysis is needed to document the economics of different 
target distributions coupled with different cutting cycles, 
and their consequences for stand structure and species 
composition. 

'This paper has concentrated on model development 
and testing. Many more varied applications than the few 
reported here arc possible. Numerous management regimes 
with various cutting cycles, and target distributions could 
be studied either by simulation (e.g. Ralston el al. 2004), 
or optin~ization (e.g . Buongiorno 2001 ). Though inherently 
difficult due to non-linearity of the model, optimization 
is also a potentially fruitful area of future research to 
determine the ecological arid economic consequences of 
different rnanage~nents in the mixed conifer forests of 
California. 
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