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Abstract Forest ecosystems may be actively managed
toward heterogeneous stand structures to provide both
economic (e.g., wood production and carbon credits) and
environmental benefits (e.g., invasive pest resistance). In
order to facilitate wider adoption of possibly more sus-
tainable forest stand structures, defining growth
expectations among alternative management scenarios is
crucial. To estimate the effect of tree size and spatial dis-
tributions on growth for forest structures commonly
considered in uneven-aged forest stand management, large
(0.2 ha+) plots were established in 14 uneven-aged pon-
derosa pine stands in eastern Montana. All study trees were
stem-mapped and measured for diameter and 10-year
sapwood and basal area increment. A generalized growth
model was developed to predict both total and merchant-
able 10-year basal area increment for nine hypothetical
stand structures [three diameter distributions (reverse-J,
irregular, flat) x three spatial distributions (clumpy, partial
clumpy, uniform)]. Results indicate that the size and spatial
distributions of individual trees have a considerable effect
on overall stand growth. The greatest total stand growth
was in stands with reverse “J” shaped tree size distribu-
tions, while the greatest merchantable stand growth was in
stands with “flat” diameter distributions and uniform
spatial distributions. Through better comprehension of
generalized uneven-aged stand growth dynamics, forest
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managers may better assess the effects of alternative stand
structures on stand growth while providing forest stand
structures that may be more resilient in a changing climate.
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1 Introduction

Forest ecosystems across the U.S. have been providing a
myriad of resources (e.g., clean air, water, recreation,
wildlife habitat, wood, fuel, aesthetics) to the populace for
centuries (Smith et al. 2004). Substantial portions of U.S.
forestland have been directly managed for resource
extraction or indirectly altered through fire suppression and
fragmentation. More recently, the effects of climate
change, increased fire occurrence, and invasive pests/plants
have further impacted the Nation’s forests (Malmsheimer
et al. 2008). Taken collectively, the sustainability of U.S.
forests is now being more closely monitored than at any
previous point in U.S. history (e.g., USDA 2004).

Given the threats facing U.S. forests, numerous ecolo-
gists/foresters have been proposing that forest management
paradigms shift from one where forest vegetation is
manipulated to maximize wood production toward one
where vegetation is manipulated to resemble a pre-Euro-
pean-American settlement condition. The theory is
postulated that historic forest stand structures evolved over
millennia toward conditions sustainable with natural dis-
turbance processes/patterns. Some foresters seek to create
ranges of forest stand density, structure, and species com-
position that approximate historically sustainable
conditions (Fiedler 2000). Others seek to remove nearly all
trees established after Euro-American settlement and
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approximate pre-settlement tree locations with as much
fidelity as possible given existing tree sizes and locations
(Fule et al. 1997, 2001). These pre-settlement forest stand
structures may be more resilient in the face of the mounting
threats facing contemporary forest ecosystems (e.g., cli-
mate change).

Forest managers that seek to “restore” forest stand
structures to pre-settlement conditions often adopt
uneven-aged stand management practices compared to
traditional even-aged management. Even-aged forest
stands typically consist of one age cohort of trees often of
the same species. Uneven-aged stands may be defined as
forest stands that consist of more than two age-cohorts
often with a mixed-species composition (O’Hara 1996).
Growth in even-aged stands has been studied for decades
(Assman 1970) resulting in numerous well-established
management indices (for example, see Long 1985). In
contrast, a similar knowledge is not available for struc-
turally complex uneven-aged stands with trees of different
sizes, diameter distributions, and spatial arrangements. To
date, growth models such as the Forest Vegetation Sim-
ulator (Wykoff et al. 1982) or the General Growth and
Yield Model (Edminster et al. 1991) have been the only
tools available for foresters to predict growth responses to
management activities in uneven stands in some forests of
the U.S. However, these models do not account for tree
spatial distributions, a stand variable that may signifi-
cantly affect growth and yield (Miina 1994; Shao and
Shugart 1997). Defining growth dynamics in relation to
tree diameter distribution and spatial arrangement, and
proposing generalized principles of growth in uneven-
aged structures, could aid managers facing restoration
implementation decisions. If the forest management
strategy of adopting possibly more resilient uneven-aged
stand structures across landscapes is to be more widely
adopted by the forestry profession, tools for projecting
stand growth are necessary. Because most forestland in
the U.S. is owned by private citizens (Smith et al. 2004),
the efficacy of alternative forest management paradigms
may need to be evaluated both ecologically (e.g., invasive
pest resistance) and economically (e.g., wood production
and carbon credits).

The widespread ponderosa pine (Pinus ponderosa)
forests of the intermountain west of the U.S. provide a
unique opportunity to examine the effect of various
alternative forest stand structures on forest stand growth.
It has been estimated that there are over 12.7 million ha
of ponderosa pine forests in the western U.S. (Smith et al.
2004). The benefits of uneven-aged management of pon-
derosa pine have been demonstrated for decades and
provide a context for exploring the effects of alternative
forest management practices on stand growth (for exam-
ples see Covington and Moore 1994; Covington et al.
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2001; Arno and Fiedler 2005; Fule et al. 1997). If dif-
ferences in stand growth can be broadly conceptualized
among varying forest stand structures for one forest
ecosystem, this information may inform uneven-aged
management practices in forest ecosystems in other tem-
perate regions around the world. The goal of our study
was to generalize growth dynamics for a range of hypo-
thetical uneven-aged stand structures in ponderosa pine.
Specific objectives of this study were: (1) develop models
to estimate individual tree sapwood area by DBH
(diameter breast height —1.37 m) and individual tree
GREFF (growth efficiency) per unit sapwood area by
level of surrounding competition (spatial distributions)
and DBH size-class; (2) develop a generalized uneven-
aged growth model based on individual tree sapwood area
and GREFF models; and (3) evaluate growth predictions
from the generalized growth model for nine alternative
stand structures (three diameter distributions x three
spatial distributions).

2 Methods
2.1 Study sites

Study sites were located in ponderosa pine forests to the
east of the Continental Divide in the northern Rocky
Mountains (Montana, United States) predominantly within
the Bull Mountains, Snowy Mountains, and Powder River
uplands (for study site map and detailed descriptions refer
to Woodall 2000, 2008). Sites were located in 14 pure
ponderosa pine stands that exhibited negligible evidence of
recent human or natural disturbances (Table 1, see Woo-
dall 2000). The relatively xeric study sites of eastern
Montana represent the poorer site qualities that ponderosa
pine inhabits along its range stretching from British
Columbia and Canada to the southwestern U.S. Although
the majority of land in eastern Montana is dominated by
agriculture or grazing, ponderosa pine monocultures still
occupy nearly 0.9 million ha (O’Brien and Conner 1991;
O’Brien and Collins 1991) on lowlands and hilly terrain
(850-1350 m in elevation) (Arno 1979), where soils are
typically shallow and poorly developed with precipitation
averaging 260—420 mm a year (Pfister et al. 1977). Due to
the historic low-intensity fire regimes, sporadic regenera-
tion events, and harsh environmental conditions of eastern
Montana, these forests are often mosaics of tree sizes and
stand densities making up irregular multistoried stands
(Alexander 1986). Given that many of these forests have
never been actively managed, these study sites present the
unique opportunity to evaluate stand growth dynamics of
“target” forest restoration conditions for a widespread
ponderosa pine resource.
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fT;bll Z ztufi];n;?;r}i]nnlllfr?er\rzit-wn Site Sample plot Number of Quadratic mean DBH range Age range
aged ponderosa pine stands in number size (ha) sample trees diameter (cm) (cm) (years)
eastern Montana 1 0.32 347 13.9 3.8-60.7 12-362

2 0.28 545 10.7 3.8-46.7 20-138

3 0.32 255 15.5 3.8-50.3 25-330

4 0.23 349 14.5 3.8-51.8 17-187

5 0.20 257 15.7 3.8-64.3 33-206

6 0.30 373 12.5 3.8-47.2 21-140

7 0.32 202 17.5 3.8-56.1 8-199

8 0.27 604 10.2 3.8-50.8 14-178

9 0.29 566 11.2 3.8-49.5 23-244

10 0.41 208 17.5 4.0-57.2 22-236

11 0.32 348 15.7 3.8-72.9 14-116

12 0.35 250 21.6 3.8-66.3 10-155

13 0.29 383 15.7 3.8-71.1 13-240

14 0.26 345 12.2 3.8-54.4 12-213

2.2 Field and lab methods

A 0.2- to 0.4-ha fixed-radius circular plot was established
at each study site. The location of every plot tree,
>3.8 cm DBH, was mapped by distance and azimuth
from plot center using a laser range-finding device and
digital compass. An increment borer was used to extract a
single core from each plot tree between 3.8 and 12.7 cm
DBH; trees > 12.7 cm DBH were cored twice to the pith
[once from an upslope position (occasionally downslope
if excessive branching or an adjacent tree physically
precluded boring upslope), then on contour (perpendicular
to slope)]. Once a core was extracted, its sapwood/
heartwood boundary was marked with a pen and the core
was inserted into a labeled plastic straw for later analysis
in the laboratory. In addition to core work, all trees were
measured for DBH (nearest 0.25 cm). Approximately
5,000 trees were sampled across the 14 sites (210-605
trees per site). Because uneven-aged stands may be
defined as stands containing groups of trees of varying
ages with rather complicated development patterns (Smith
et al. 1997), tree age and size distributions indicated that
all study stands could be defined as uneven-aged. Indi-
vidual trees were sampled across a range of naturally
occurring stand conditions, providing the basis to assess
growth by tree size, diameter distribution, and spatial
arrangement.

Every increment core taken in the field was dried,
mounted on a grooved board, and sanded for subsequent
analysis. Sapwood width and inside-bark bole radius were
measured to the nearest mm. Ten-year radial growth
increment was measured to the nearest 0.0254 mm using
an ACU-GAGE Coordinate Measuring Machine and Jav-
elin Smart Cam video system. Sapwood area and 10-year

basal area increment were calculated for each tree, aver-
aging dual estimates for trees that were bored twice. In this
study, GREFF was defined as an individual tree’s 10-year
basal area increment divided by its sapwood area (for
similar sapwood area measurement techniques refer to
O’Hara and Valappil 1995; O’Hara 1996). The sum of
basal areas (BACOMP) of all trees (>3.8 cm DBH) located
within 6.1 m of each individual tree (excluding the basal
area of the subject tree) was used to estimate surrounding
competition. Basal area growth of individual ponderosa
pine trees in uneven-aged stands was found to be highly
correlated to this measure of competition (Woodall et al.
2003). Trees in clumpy spatial distributions were assumed
to have high levels of BACOMP around individual trees,
while trees in uniform distributions had lower levels of
BACOMP.

2.3 Analysis

The vertical and horizontal heterogeneity in uneven-aged
stands complicates efforts to estimate growth differences
among the various ponderosa pine stand structures con-
sidered by forest managers. To help resolve this
complexity, this study adopts the approach of combining
aspects of both process-based and empirical based growth
models. One assumption of our analysis is that an uneven-
aged stand may be viewed as a given amount of leaf area
occupying a site (O’Hara 1996). This leaf area, partitioned
into individual trees, has an associated rate of growth per
unit leaf area that can be expressed as growth efficiency
(GREFF) (Waring 1983; Coyea and Margolis 1994).
GREFF of ponderosa pine trees in uneven-aged stands has
been shown to vary with tree size and level of surrounding
competition (tree spatial arrangement) (Woodall et al.
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2003). Thus, the growth of an entire uneven-aged stand can
be generalized by assessing a stand’s leaf areas and asso-
ciated GREFF. Because of the high correlation between
sapwood area and leaf area (pipe model theory—Shinozaki
et al. 1964; Waring et al. 1982), and because the mea-
surement of sapwood area is much more practical, it is
often used as a surrogate for leaf area in models calibrated
using field data (Long and Dean 1986; O’Hara 1996).
Ultimately, the effect of varying site quality among sample
sites is controlled through the adoption of tree-level sap-
wood area competition models, whereas it does not matter
if one site supports more leaf area than another since
sapwood area competition is directly included in growth
models.

Analytical methods consisted of three parts: developing
individual tree growth models, linking individual models
into a general growth model, and finally predicting growth
for a variety of uneven-aged stand structures considered in
ponderosa pine restoration efforts. Nonlinear models were
developed for individual tree sapwood area versus DBH
(Eqg. 1) and individual tree GREFF versus DBH class and
level of competition (Eq. 2),

E(sapwood area) = b; + b,DBH + b;DBH?, (1)

where FE(-) denotes statistical expectation, b’s are
parameters to be estimated, and DBH is diameter at
breast height.

E(GREFF) = b, e[t2(DBH-38)"-+b:BACOMP's] (2)

where E(-) denotes statistical expectation, b’s are parame-
ters to be estimated, e is base for natural logarithms,
BACOMP is the summed basal area of all trees within
6.1 m of the subject tree (surrogate for tree spatial distri-
butions), the constant 3.8 accounts for the minimum
diameter of the study data set, and DBH has been previ-
ously defined.

The nonlinear equations (1, 2) were fitted using the SAS
NLIN procedure with the Gauss-Newton option. A general
growth model was developed based on the parameterized
individual tree models (Egs. 1 and 2). Equations 1 and 2
were linked such that for each diameter class, the indi-
vidual tree sapwood area and GREFF could be predicted,
with subsequent growth (10-year basal area increment/ha)
being estimated for each diameter class (3) and mer-
chantable growth being considered basal area increment in
trees with DBH >30.0 cm.

DBHcg = TPH, * GREFF,  SAP,, (3)

where D/B\HCG is the 10-year basal area stand growth for
one diameter class, TPHy is the trees per hectare for a given
diameter class, GREFF; is the predicted growth efficiency
for the midpoint diameter of the DBH class (Eq. 2), and
SAP, is the predicted sapwood area for the diameter class
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midpoint (Eq. 1). In the generalized growth model, the
various diameter distributions are reflected by TPH4. The
spatial distributions are reflected by the GREFF,,, which
varies by the amount of competition within 6.1 m of
individual trees (BACOMP) (Eq. 3).

The final step of the analysis involved evaluating the
growth predictions for nine hypothetical uneven-aged stand
structures based on output from the generalized growth
model. The nine structures were based on combinations of
three diameter distributions (reverse-J, flat, and irregular)
(Fig. 1 and Table 2) and three spatial arrangements
(clumpy, partial clumpy, and uniform) (Fig. 2) of trees in
uneven-aged stands (Fig. la—c) with a stand basal area
density of 11.3 m*/ha. The spatial arrangements were not
modeled. Instead, levels of competition surrounding indi-
vidual trees were used as a surrogate for spatial distribution
(Table 3). For example, in a tightly clumped tree
arrangement there would be intense competition within
6.1 m of any individual tree, whereas in a uniform distri-
bution tree competition would be less (Fig. 2 and Table 3).
Therefore, spatial distributions are represented by the
variable BACOMP in Eq. 2. For overall stand density, we
used 11.3 m*ha in our analysis because it is a recom-
mended reserve density for maintaining tree vigor and
inducing regeneration of shade-intolerant ponderosa pine
(Arno and Fiedler 2005). Evaluation at moderately lower or
higher densities had little effect on the relationships
reported here.

Trees Per Unit Area

/\/\

DBH

Fig. 1 Hypothetical diameter distribution of trees used in model
process (a = reverse-J, b = irregular, ¢ = flat)
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Table 2 Number of tree per Diameter distributions DBH classes (cm)
hectare by diameter classes and
diameter distributions for 0.0-15.0 15.1-30.0 30.145.0 45.1-60.0 60.0-75.0
hypothetical stands
Reverse-J 2006 109 18 6 3
Flat 14 14 14 14
Irregular 65 10 22 6
A . 3 Results
. o O
° b ’ 3.1 Individual tree models
[ J
[ J
[ ) . Cge .
‘ ° L The cross-sectional sapwood area of individual ponderosa
° pine trees in uneven-aged stands appears to increase expo-
7Y % ‘ b nentially with increasing tree DBH, a trend that is more
® .. .
. pronounced after a minimum DBH of about 30 cm is
. reached (Fig. 3) (Eq. 1) (SE(b;) = 0.000482, SE(b,) =
0.000049, SE(b3) = 0.000001; approximate R?> = 0.87;
o .. Y ‘ F-value = 7643.86, total degrees of freedom = 2253;
° 8.0 ° ‘ p-value <0.0001). Reflecting this trend, the nonlinear
o 0

Fig. 2 Hypothetical spatial arrangement of trees used in model
process (a = clumpy, b = partial clumpy, ¢ = uniform)

Table 3 Growth model competition levels for three hypothetical
spatial distributions using the amount of competing basal area (m?)
within 6.1 m of individual trees as a surrogate for spatial distributions

DBH class Hypothetical spatial distributions (mz)

cm

(cm) Clumpy Partial clumpy Uniform
0.0-15.0 0.7 0.7 0.1
15.1-30.0 0.7 0.7 0.1
30.1-45.0 0.7 0.5 0.1
45.1-60.0 0.7 0.3 0.1
60.0-75.0 0.7 0.1 0.1

model form (Eq. 1) accommodates the exponential increase
in sapwood area found in increasingly larger trees (param-
eter estimates, Table 4). Individual tree GREFF is
dependent both on individual tree size and the amount of
surrounding basal area competition (clumpy or uniform
spatial distributions) (Fig. 4). Smaller trees under the lowest
levels of competition attain the highest levels of GREFF,
while larger trees have lower levels of GREFF, but are less
affected by increasing levels of surrounding competition
(Fig. 4). A nonlinear multivariate model (Eq.2) was
required given the differences in trends of GREFF among
diameter classes and levels of surrounding competition
(Table 4) (SE(b;) = 0.4415, SE(b,) = 0.0292, SE(b3) =
0.0423, SE(b4) = 0.1880, SE(bs) = 0.0163; approximate
R? = 0.76; F-value = 1958.03, total degrees of free-
dom = 2253; p-value <0.0001). The dynamics between the
individual sapwood area and GREFF models provide the
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0.080

Sapwood Area (m2)

0.060
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0.020 -

0.000 -
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Fig. 3 Individual tree sapwood area versus DBH for ponderosa pine
trees measured on study plots in uneven-aged stands, eastern Montana
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Table 4 Parameter estimates for sapwood and growth efficiency individual tree models

Model Equation by bs by bs
Sapwood area 1 —0.000300 —0.000020 0.000042 - -
Growth efficiency 2 5.717800 —0.129900 0.632100 —3.407700 0.116800
T T 5 1
09— =0 — - 0.9 +—{ M Reverse-J
Dﬂm%ﬂ DDDi D@ . 2 Tree Size E O Irregular
R 0.8 coffa M o - O Diameter <10 cm | | % 0.8 7| O Flat
2 07 o© m%n% R N @ Diameter > 30 cm | | = o7
@ ™ E] ek o <
] @ 06
i 05
£ b 0.4
° 0.4
5 §
] & 0317
S 02
o
F 01
0 ' ' ' ' : ' ' 0+ ; ;
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 Clumpy Partial Clumpy Uniform

Basal Area Competition (m?2)

Fig. 4 Individual tree growth efficiency versus surrounding basal
area competition (within 6.1 m of subject tree) for small and large
ponderosa pine trees measured on study plots in uneven-aged stands,
eastern Montana

A

Top Quartile Basal Area Incr.

DBH

Top Quartile Growth Efficiency

Competition Surrounding Individual Trees

Fig. 5 Conceptual relationships between individual tree growth,
growth efficiency, tree size, and surrounding competition for
individual trees in uneven-aged stands, eastern Montana

theoretical basis for understanding how stand growth varies
among stands with the same stand basal area but with
varying tree size and spatial distributions (Fig. 5).

3.2 Generalized growth model

Growth model output for the nine hypothetical stand
structures indicates substantial differences in total 10-year
basal area growth related to the diameter distribution and
spatial arrangement of constituent trees (Fig. 6a and
Table 5). For all three diameter distributions, stand-level
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Spatial Arrangement (inter-tree competition)

0.45

0.4 1 H Reverse-J |
O Irregular

0.35 4 O Flat —

0.3 —

0.25 —

0.2 —

0.15 F —

0.1+ —

0.05 [—

Merchantable Stand 10-yr BAI (m2/ha)

Clumpy Partial Clumpy Uniform

Spatial Arrangement (inter-tree competition)

Fig. 6 Effect of varying competition levels (spatial arrangements) of
individual trees and diameter distributions on stand total (a) and
merchantable (b) 10-year basal area increment

growth was greatest under the spatial arrangement that
minimized intertree competition (uniform) (Fig. 6a and
Table 5). In contrast, total stand growth was reduced by
nearly 50% under a clumpy arrangement (Fig. 6a and
Table 5). The reverse-J distribution produced the greatest
disparity between total and merchantable growth of the
three diameter distributions (Fig. 6a, b and Table 5). Total
stand growth of reverse-J stands appears driven by the large
proportion of small-diameter trees. Because small trees are
more affected by competition than larger trees, the clump-
ing (heavy competition) of small trees greatly reduced total
stand growth. If competition is to be allowed in some
component of reverse-J stand structures, leaving high levels
of competition around larger trees may reduce total stand
growth by only about 15% (Fig. 6a and Table 5).

Total stand growth for the flat-diameter distribution was
least affected by the spatial arrangement of individual trees
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Table 5 Total and merchantable stand 10-yr basal area growth
expressed as percentage of maximum 10-year basal area growth for
nine hypothetical stands (both total and merchantable) for stands with
11.2 m* basal area

Spatial distribution Diameter distribution

Reverse-J Irregular Flat

Total Merch. Total Merch. Total Merch.

Uniform 100 53 60 88 48 100
Partial clumpy 55 36 40 65 37 80
Clumpy 51 27 31 45 24 51

(Fig. 6b and Table 5). The irregular and flat-diameter dis-
tributions showed relatively little difference between total
and merchantable stand growth (Fig. 6a, b and Table 5).
Because high numbers of growth-efficient smaller trees
drive total stand growth, the modest number of small trees
in these distributions results in lower total stand growth.
Although minimizing competition among individual trees
may be an unrealistic (or undesirable) goal for most stand
treatments, stand growth for the flat-diameter distribution
with partially clumpy spatial distributions was nearly the
same as when trees were uniformly spatially distributed
(Fig. 6b). Because much of the stand site is occupied by
larger trees, minimizing competition on these trees, while
allowing smaller trees to “crowd,” may still produce
appreciable stand growth.

The irregular diameter distribution represents a rather
common structure in western ponderosa pine stands—
scattered large-diameter trees left from late 1800 to early
1900 logging activities, numerous medium trees that
regenerated following these early harvests, and thickets of
small trees in the understory that regenerated following
patchy mortality of trees in the middle or upper canopy.
Overall growth of the hypothetical stand with an irregular
diameter distribution was less affected by changes in tree
spatial arrangements than the stands with the two other
diameter distributions (Fig. 6a, b and Table 5). Growth
differences between tree spatial arrangements providing
the most competition (clumpy) versus those with less
individual tree competition (uniform) indicate that the large
numbers of medium trees were major growth contributors
in stands with irregular diameter distributions (Fig. 6a, b
and Table 5). Stands with relatively large numbers of
medium trees may give managers the flexibility to vary
spatial distributions with the least impact on merchantable
stand growth.

4 Discussion

The growth of structurally complex uneven-aged stands
was quantified by first observing patterns in site occupancy

and GREFF for individual trees by tree size and spatial
distribution. Although some assumptions and caveats (i.e.,
competition reflected by tree spatial distributions) were
stated to generalize the growth of uneven-stands, our
study’s results may augment the base of forest restoration
information. Different size components of uneven-aged
stand structures (small, medium, and large trees) contribute
substantially different proportions of growth to overall
stand growth, depending on tree diameter distribution and
spatial arrangement (Fig. 5). Maximum individual tree
growth is found in the largest trees growing under the least
competition, while maximum individual tree GREFF
occurs in the smallest trees. Evaluating growth across the
full range of diameters and spatial distributions indicates
that only medium trees growing under the uniform spatial
arrangements (least competition) achieve both high levels
of growth and GREFF (Fig. 5). With site occupancy lim-
itations setting sapwood area occupancy bounds for any
given forest site (Grier and Running 1977), a forest man-
ager may influence the complicated process of stand
growth by recognizing trends in individual tree GREFF and
growth for stands containing infinite combinations of
individual tree diameters and spatial distributions. Whereas
in even-aged stands the mean size and number of trees
predominate predictions of stand growth (Long 1985), in
uneven-aged stands growth may be viewed in a different
light as being affected by tree size and spatial distributions.

Our use of a semi-empirical uneven-aged model here is
hardly unique (O’Hara 1996). The purpose of this study’s
growth model was to highlight obvious trends in growth
dynamics across diverse restoration treatments, rather than
to serve as an operational tool for forest managers. Growth
model results indicated that growth among stands with
even the same diameter distribution and stand basal area
may vary as much as 49%. The spatial arrangement of
different-size trees within an uneven-aged stand strongly
influenced total and merchantable increment—sometimes
as much as the diameter distribution itself. Reverse-J
diameter distributions produce the greatest total growth,
but are most affected by tree spatial arrangement. Flat-
diameter distributions produce the lowest total stand
growth of the three distributions, but are least affected by
tree spatial arrangement. Additionally, the total stand
growth of all three diameter distribution scenarios appears
to be greatly affected by the spatial arrangement of the
smaller-diameter trees, as opposed to the spatial arrange-
ment of larger-diameter trees that are least affected by
surrounding competition. Uniform spacing that minimized
the clumping of small trees resulted in the highest stand
growth, whereas clumpy spatial distributions (most com-
petition) reduced growth the most. It is typically difficult
for forest managers to predict the growth response of
stands with irregular diameter distributions. In our study’s
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irregular distribution scenario, stands had high levels of
total growth, while not sacrificing merchantable growth.
This was due to a large number of intermediate-size trees
accruing substantial increment relative to their sapwood
area, while growth of the largest trees remained relatively
unaffected by their surrounding competition (Fig. 5). The
management of intermediate-size trees may be the most
important component controlling the growth of uneven-
aged stands. Hall (1993) came to a similar conclusion: the
younger half of an uneven-aged stand may be the most
important component to consider in terms of management
and manipulation.

Generalizing growth relationships in uneven-aged pon-
derosa pine stands may provide broad guidance for forest
managers considering adoption of alternative management
scenarios in temperate, uneven-aged single-species forests.
There are measurable tradeoffs between individual tree
GREFF and actual growth increment. These tradeoffs can
be broadly summarized in tree size/competition diagrams,
and can be used to develop restoration prescriptions for
uneven-aged ponderosa pine stands. Forest managers have
much influence over growth in uneven-aged stands,
because growth variations appear driven by basic stand
parameters such as the number, diameter distribution, and
spatial arrangement of constituent trees. If forest managers
can manipulate these stand attributes, they can influence
stand growth and highlight the yield potentials of complex
alternative management scenarios.

5 Conclusions

Our study quantified trends in the individual tree attributes
of sapwood area and GREFF among various stand struc-
tures with respect to tree size and spatial distributions.
Models to predict these individual tree attributes were
joined in a generalized growth model to estimate total and
merchantable 10-year basal area stand growth, whereby
sapwood area and GREFF served as surrogates of site
occupancy and growth, respectively. Total stand growth
may be maximized in stands with reverse-J shaped diam-
eter distributions where trees are arranged uniformly.
Merchantable stand growth may be maximized in stands
with flat-diameter distributions with uniform tree spatial
distributions. Given the strong effect that tree size and
spatial distributions have on stand growth, forest managers
can greatly control the yield of any treated stand while
maintaining uneven-aged stand structures. Although not
always the first priority when adopting alternative forest
management scenarios, the quantification of growth
implications of treatments may allow their more wide-
spread acceptance and management flexibility in the face
of possible climate change.
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