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Abstract
We modeled cavity tree abundance on a landscape as a function of forest stand age classes and as a function of aggregate stand
size classes. We explored the impact of five timber harvest regimes on cavity tree abundance on a 3261 ha landscape in southeast
Missouri, USA, by linking the stand level cavity tree distribution model to the landscape age structure simulated by the LANDIS
model. Over 100 years, mean cavity tree density increased constantly under all timber harvest regimes except for even-aged
intensive management. This was due in large part to the continued maturation of the numerous stands that were >70 years old at
the start of the simulations. However, compared to the no harvest (control) regime, the uneven-aged, the mixed, the even-aged
long rotation, and the even-aged intensive harvest regimes reduced the cavity tree density by 9–11, 11–13, 15–18, and 28–34%,
respectively, as more old stands were cut. Forest managers and planners can use this information to evaluate the practical
consequences of alternative timber harvest regimes and consider the need for activities such as cavity tree retention.
# 2004 Elsevier B.V. All rights reserved.
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1. Introduction
The past decades have seen a fundamental shift in
forest management philosophy from commodity-based
resource management to ecologically sustainable management of forest resources—managing landscape patterns and ecological processes in a holistic manner to
provide for sustained ecological functioning while
deriving commodities and amenities (Diaz and Bell,
1997). This type of management requires an under*
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standing of ecosystem patterns and processes and the
ability to predict, at multiple spatial and temporal
scales, ecosystem response to management practices.
Implementation is guided by the results of experiments,
by observation and adaptation of previous management
results, and by computer simulation.
In the Central Hardwood Region of the east-central
United States, significant effort has been made to
understand the impacts of alternative forest management practices on multiple ecosystem components
simultaneously. This has been approached through
synthesis and simulation (e.g., Thompson et al.,
1992, 1995; Shifley et al., 2000; McShea and Healy,
2002) as well as through landscape scale experimental
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studies such as the Missouri Ozark Forest Ecosystem
Project (MOFEP). The MOFEP experiment was
launched in 1990 to investigate the impacts of forest
management practices, namely even-aged management with harvest by intermediate thinning and clearcutting, uneven-aged management with harvest by
single-tree and group selection, and no harvest, on
multiple biotic and abiotic ecosystem attributes at
multiple spatial scales (Brookshire and Shifley,
1997; Shifley and Kabrick, 2002). Response variables
include vegetation composition and structure, mast
production, the abundance and dynamics of wildlife
communities, fungal communities, herbivorous
insects, down wood, decay rates, nutrient cycling,
and tree cavities (Jensen et al., 2002).
The abundance of tree cavities is an indicator of
habitat quality for many species of wildlife, and
availability of cavity trees (both live trees and snags)
in forests managed for timber is of concern for wildlife
conservation in this region and elsewhere. Timber
harvesting tends to decrease the abundance of cavity
trees and cavity-dependent wildlife species (e.g., Conner et al., 1975; Cline et al., 1980; McComb and
Noble, 1980; Mannan and Meslow, 1984; Zarnowitz
and Manuwal, 1985; Wilson, 1996; Fan et al.,
2003a,b) because timber harvests usually target large
trees which are likely to become cavity trees. This is
especially the case in the Central Hardwood Region
where most cavity trees are large, live trees, and only
about 10% of cavity trees are snags (Fan et al., 2003a).
Retention of current and potential cavity trees during
harvest can be important for wildlife management
because it partially offsets the reductions in the cavity
resource due to timber harvest. Resource managers
and planners must quantitatively evaluate effects of
timber management regimes on cavity trees to assess
tradeoffs between wildlife and timber goals and to
understand how those tradeoffs change over time
across a landscape. Cavity tree abundance is highly
variable among forest stands (or inventory plots), even
when the stands (or plots) are similar in many other
respects (Carey, 1983; Fan et al., 2003a,b). Therefore,
a large spatial scale such as a landscape (e.g., thousands or tens of thousands of ha in extent) is appropriate for analyzing broad trends in the relationship of
timber management to cavity tree availability.
The objective of our study was to simulate and
analyze the effects of alternative timber management

practices on cavity tree dynamics across a real
landscape for 100 years, the duration of a typical
timber harvest rotation in this region. We investigated
the dynamics of cavity tree abundance under five
alternative timber harvest regimes and quantified
the effect on cavity tree availability on the landscape.
We also compared results for a cavity model based on
10-year stand age classes with a more parsimonious
model based on four broad stand size classes, and we
evaluated the ability of these models to predict
observed cavity tree abundance for an independent
data source.

2. Methods
2.1. Study area
We studied a 3261 ha portion of the Mark Twain
National Forest located in the Ozark Highlands of
southeast Missouri, USA (Fig. 1). This forested
region, heavily logged and burned in the early
1900s, is now covered by second-growth forests
<100 years old. White oak (Quercus alba L.), post
oak (Q. stellata Wangenh.), black oak (Q. velutina
Lam.), scarlet oak (Q. coccinea Muenchh.), hickory
(Carya spp.), and shortleaf pine (Pinus echinata Mill.)
are the predominant species. Current forest conditions
(age, forest cover type, ecological landtype, stand
boundaries) are known and have been mapped for
this landscape (Shifley et al., 2000). We used this
information to set the initial conditions for landscape
simulations described in subsequent sections.
2.2. Cavity tree abundance on a landscape
Stand age and/or stand size class are important
variables that affect cavity tree distribution (e.g.,
Carey, 1983; Allen and Corn, 1990), and the mean
cavity tree abundance on a forest landscape can be
estimated as a function of the stand age or size classes
present on the landscape (Fan et al., 2003a,b). To
simulate cavity tree dynamics under different management scenarios over a long temporal scale (e.g., 100
years), two components are required: (1) the stand age
or size structure over time on the landscape and (2) the
frequency distribution of cavity trees per ha by stand
age or size class.
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Fig. 1. (A) Initial forest size structure on the 3261 ha landscape that was used to examine changes in cavity tree abundance due to differing
management practices. (B) Forest size structure after 100 years of simulation under the even-aged long rotation alternative, one of five
alternatives examined (see Table 1 and Fig. 2). Additional description of this landscape and simulated vegetation change can be found in
Shifley et al. (2000).

2.3. Distribution of cavity trees by stand
age class
The 1989 Missouri statewide forest inventory conducted by the Forest Inventory and Analysis Unit
(FIA) of North Central Research Station, US Department of Agriculture, Forest Service, was a systematic
survey of all timberland in the state (Hahn and Spencer, 1991; Spencer et al., 1992; Miles et al., 2001).

Over 141,000 trees on 4052 plots (aged from 1 to 155
years) were sampled. Both tree level attributes (e.g.,
species, dbh, decay class, live/dead) and stand-level
characteristics (e.g., stand age, size class, slope,
aspect, forest type) were recorded (Anonymous,
1986). For each tree >12 cm in diameter at breast
height, the size of the largest cavity visible from
the ground (if any) was recorded. Cavities smaller
than 2.5 cm in their narrow dimension were excluded.
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Live or dead trees with a cavity were classified as
cavity trees. Sampling protocols did not enumerate
multiple cavities per tree. Ground-based cavity inventories typically miss some cavities and some cavity
trees (Healy et al., 1989; Jensen et al., 2002). Consequently, the recorded number of cavity trees is generally considered a conservative estimate of the true
number.
Fan et al. (2003a) described the relationship
between the mean cavity tree density per ha and stand
age class (10-year) for these data. Fan et al. (2003a)
further used the classification and regression tree
(CART) model (Breiman et al., 1984; Steinberg and
Colla, 1997) to classify the FIA plots into three size
classes: seedling/sapling (30 years old), poletimber
(31–50 years), and sawtimber (>50 years) based on the
observed frequency of plots with and without cavity
trees. They subsequently used a Weibull function to
describe the frequency distribution of cavity tree
density within each size group. In this study we further
used CART to classify the sawtimber size class into
two subclasses: small sawtimber (51–70 years) and
large sawtimber (>70 years) based on the fact that
cavity tree density still varied substantially within the
sawtimber size class. We then calculated the mean and
variance of cavity tree density for each of the four size
classes: seedling/sapling, poletimber, small sawtimber, and large sawtimber. We subsequently used that
information and the total area per size class for a given
landscape (or for simulated future landscape conditions) with Eqs. (3)–(5) (defined in the next section) to
predict cavity tree density on the landscape (referred
to later as the four size-class method of prediction).
As an alternative to the four size-class method of
prediction, we fit the relationship of mean cavity tree
density per ha (y) and the 10-year stand age class
described by Fan et al. (2003b) using the Richard’s
function (Richards, 1959):
y ¼ 21:5710ð1  e0:0174ageclass Þ0:9076
ðR2 ¼ 0:92; P < 0:0001Þ

(1)

Eq. (1) adequately quantified the mean cavity tree
density by stand age class, and an analysis of regression residual errors revealed no patterns requiring
remedial measures. Fitting Eq. (1) separately by forest
cover type resulted in no appreciable improvement in
R2, so we applied Eq. (1) across all forest types. As

with the four size-class method, we used the fitted
mean cavity tree density for each age class and the size
(in ha) of the corresponding age class to predict cavity
tree dynamics on current and simulated landscapes
(referred to later as the 10-year age-class method).
We applied both the 10-year age-class method and
the simpler four size-class method to estimate cavity
tree density for our 3261 ha landscapes. We compared
the differences resulting from the two methods. We
also compared predictions from both of these methods
to observed cavity tree density from ground-based
cavity inventories (Jensen et al., 2002) conducted as
part of the Missouri Ozark Forest Ecosystem Project
(Shifley and Kabrick, 2002).
2.4. Harvesting regimes and landscape age (size)
structure
Uneven-aged (single-tree selection, group selection) and even-aged (clearcut, shelterwood, seed tree)
management systems (Nyland, 1996) are used to meet
specific management objectives. Even-aged systems
typically promote shade-intolerant species while
uneven-aged systems tend to favor regeneration of
shade-tolerant species and maintain continuous high
forest cover.
At the landscape scale, long-term change in forest
structure resulting from natural disturbances and from
even-aged, uneven-aged, and no harvest management
regimes has been simulated using the LANDIS model
(Mladenoff et al., 1996; Mladenoff and He, 1999; He
and Mladenoff, 1999; He et al., 1999; Gustafson et al.,
2000). LANDIS simulates forest age structure and tree
species cover (presence or absence by species group)
on mapped (i.e. spatially explicit) landscapes. Shifley
et al. (2000) previously used LANDIS to simulate
forest landscape change under five timber harvesting
regimes applied to our 3261 ha landscape (Table 1).
They described how landscape size and age patterns
changed under the five alternatives and the anticipated
effect on timber, down wood, and habitat characteristics. Treatments included even-aged management
with rotation ages of 100 and 200 years, uneven-aged
management with 5% of the area put in group openings each decade (roughly comparable to a 200-year
rotation), a mixture of even-aged and uneven-aged
management, and a no-harvest control. In this
study, we analyzed the same harvest regimes on that
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Table 1
Summary of the five harvest regimesa
Criteria

Harvest regime
Even-aged
intensive

Even-aged
long rotation

Uneven-aged

Mixed

No harvest

Area harvested per decade (%)
Method of harvest

10
Clearcut

5
Clearcut

5
Group selectionb

0
Not applicable

Equivalent rotation age (years)
Minimum harvest age (years)
Stand selection criteria

100
50
Oldest first

200
80
Oldest first

200
50
Oldest first

5
Clearcut and
group selectionb,c
200
50
Oldest first

Not applicable
Not applicable
Not applicable

a

Adapted from Shifley et al. (2000); fire disturbance was simulated with a 300-year mean return interval; major wind disturbance
(blowdown) was simulated with an 800-year mean return interval for each harvest regime.
b
Group selection openings had a mean size 0.2 ha.
c
Clearcut on NE slopes; group selection on SW slopes, ridges, and floodplains.

landscape to examine the potential impact on the
cavity tree abundance at the landscape level.
The 3261 ha forest landscape was represented as a
grid of 30 m  30 m pixels populated by four species
groups (white/post oaks, black/red/scarlet oaks, shortleaf pine, red/sugar maples) based on ecological land
type and stand inventory data that had been collected
previously. Each pixel has an associated ecological
landtype and was assigned an initial species group
and age class (10-year). We used LANDIS to simulate
the change in species and age within each pixel under
different management activities and natural disturbance
(fire and windthrow) for 100 years. LANDIS results
were reported in a suite of output files that could be
summarized and mapped. We used the cavity prediction
models (Section 2.3) to estimate the number of cavities
for different age classes (and for the four aggregate size
classes) as they changed through time in response to the
simulated management alternatives. The total number
of pixels by each age class or size class i under different
management scenarios j in decade k (Pijk) can be
counted and mapped directly from the LANDIS output
and the area (Aijk, in ha) can be calculated by (2):
Aijk ðhaÞ ¼ Pijk 

302
10 000

(2)

2.5. Estimating cavity tree abundance
across the landscape
We assumed that the probability density distribution
of cavity trees within a given age class (or size class)

did not change over the course of the simulation. The
cavity tree abundance on a landscape, in terms of
cavity tree density (CTD, i.e. number of cavity trees/
ha), variance, and approximate 100ð1  aÞ% confidence interval (CI) can be calculated, respectively, as
n
1X
CTDjk ¼
Aijk Yi
(3)
A i¼1
n
1 X
A2 varðYi Þ
A2 i¼1 ijk
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CI ¼ CTDjk  Za=2 varðCTDjk Þ

varðCTDjk Þ ¼

(4)
(5)

where CTDjk is the mean cavity tree density per ha
under management scenario j in decade k; n is the
number of age or size classes, A and Aijk are the size
(ha) of the entire landscape and the component age
class (or size class) i under management scenario j in
decade k, respectively; Yi is the mean cavity tree
density of age class i; and Za/2 is the ð1  a=2Þth
percentile of the standard normal distribution.
2.6. Effect of timber harvest on cavity tree density
Although LANDIS is a stochastic model and the
spatial pattern of disturbances on the landscape can
vary from run to run for a given simulation scenario,
the aggregate stand size class distribution for large
landscapes varies little for repeated runs of the same
simulation scenario. Our past experiences with large
landscapes in this region demonstrated that the coefficient of variation for hectares by size class ranged
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from 1 to 5% for five repeated simulations of a given
management scenario. Therefore we used the outcome
of a single simulation run for each management
alternative to estimate the cavity tree density
(Eq. (3)) and the variance (Eq. (4)). We let the subscript j ¼ 0, 1, 2, 3, and 4 in Section 2.5 represent the
no harvest, even-aged intensive, even-aged long rotation, uneven-aged, and mixed harvest regimes, respectively (Table 1). Taking the no harvest regime as the
control, the effect of any other timber harvest regime j
(j ¼ 1, 2, 3, and 4) on the cavity tree density on a
landscape in decade k was evaluated by the decrease of
cavity tree density, Hjk, relative to no harvest:
CTD0k  CTDjk
 100%
CTD0k


CTDjk
¼ 1
 100%
CTD0k

Hjk ¼

(6)

Given the independence of any two harvest regimes,
the approximate mean, variance, and 100ð1  aÞ%
confidence interval of Hjk can be calculated, respectively, using Taylor approximations:


CTDjk
E½Hjk ¼ 1 
 100%
CTD0k
@ 2 Hjk
þ
varðCTDjk Þ
@ðCTDjk Þ2
@ 2 Hjk
þ
varðCTD0k Þ
2
 @ðCTD0k Þ 
CTDjk
¼ 1
 100%
CTD0k
CTDjk
varðCTD0k Þ
(7)

ðCTD0k Þ3

2
@Hjk
varðHjk Þ ¼
varðCTDjk Þ
@ðCTDjk Þ

2
@Hjk
varðCTD0k Þ
þ
@ðCTD0k Þ
@Hjk
@Hjk
þ2
covðCTDjk ; CTD0k Þ
@ðCTDjk Þ @ðCTD0k Þ
1
varðCTDjk Þ
¼
ðCTD0k Þ2
þ

ðCTDjk Þ2
ðCTD0k Þ4

CI ¼ E½Hjk  Za=2

varðCTD0k Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
varðHjk Þ

(8)

(9)

We applied these formulae to test the hypothesis that
cavity tree density for the four manipulative harvest
regimes did not differ from the no harvest regime.
2.7. Comparison of the four size-class method and
the 10-year age-class method
Section 2.3 introduced two methods of estimating
cavity tree density by stand age: (1) estimation based
on 10-year age classes and (2) estimation based on
four size classes (seedling/sapling, pole timber, small
sawlog, large sawlog). In many practical applications
the second method based on only four size classes is
easier to apply with data that are typically available
across large landscapes. The difference (Djk) between
the two methods in estimated landscape level cavity
tree density, variance, and approximate 100ð1  aÞ%
confidence interval can be evaluated by
Djk ¼ CTDjk1  CTDjk2

(10)

varðDjk Þ ¼ varðCTDjk1 Þ þ varðCTDjk2 Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Djk  Za=2 varðDjk Þ

(11)
(12)

where CTDjk1 and CTDjk2 are the estimated landscape-level cavity tree density for scenario j in decade
k by the first and second approaches, respectively. We
used these relationships to test the null hypothesis that
cavity tree abundance estimated by the 10-year ageclass method did not differ from that estimated using
the four size-class method.

3. Results
At the start of the simulation (year 0), the cavity tree
density estimated by the 10-year age-class method
was 12.8 trees/ha. By year 100, cavity densities with
this method were estimated to be 19.0, 17.0, 16.6, and
15.5 trees/ha for increases of 48, 33, 30, and 21% for
the no harvest, uneven-aged, mixed, and even-aged
long rotation regimes, respectively (Fig. 3A). The
cavity tree density at year 0 estimated by the four
size-class method was 12.5 trees/ha. By year 100, it
reached 17.6, 16.0, 15.7, and 14.9 for net increases of
41, 28, 26, and 19% for the no harvest, uneven-aged,
mixed, and even-aged long rotation regimes, respectively (Fig. 3B). For the even-aged intensive regime,
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Fig. 2. Proportion of landscape by stand size class after 100 years of simulation for the five management alternatives. The even-aged long
rotation, uneven-aged, and mixed harvest regimes each harvest approximately 5% of the area each decade, and they are similar in their
proportions of area by age class. However, they differ in spatial arrangement of age classes across the landscape.

the cavity tree density estimated by both methods had
almost no change over the 100-year simulation, and at
year 100 the landscape still maintained 12.6 cavity
trees/ha.
The choice of timber harvest method altered the age
class and size class distribution on the landscape
(Figs. 1 and 2) and cavity tree densities followed
accordingly. For a given simulation year, cavity tree
density decreased with increasing harvest intensity
(Fig. 3). The no harvest regime had the greatest cavity
tree density, followed by the uneven-aged, the mixed,
the even-aged long, and the even-aged intensive
regimes. Compared to the no harvest regime, the
other four timber harvesting regimes significantly
(a ¼ 0:05) reduced the mean cavity tree density after
year 20 based on the 10-year age-class method
(Fig. 4A). The effect of timber harvest on cavity tree
density increased with time. By year 100, the evenaged intensive, even-aged long, mixed, and unevenaged regimes reduced the mean cavity tree density
relative to the no harvest alternative by 34, 18, 13 and
11%, respectively (Fig. 4A).
With the four size-class method, the reduction in
cavity densities became statistically significant
(a ¼ 0:05; the 95% CI does not include 0) for evenaged intensive (>year 20), and even-aged long rotation
(>year 40) harvest regimes showing 28 and 15%

reductions, respectively, relative to no harvest
(Fig. 4). By year 100, the mixed and the uneven-aged
regimes resulted in an 11 and 9% reduction in cavity
tree density, respectively, relative to no harvest. However, the reduction was not statistically significant
because of the large variance (Fig. 4B).
Compared to the 10-year age-class method, the four
size-class method tended to predict a lower cavity tree
density for the no harvest, uneven-aged, mixed, and
even-aged long regimes after year 30, but the difference was not statistically significant (a ¼ 0:05)
(Fig. 5). There was no difference in the estimated
cavity tree density for the even-aged intensive regime
between these two methods (Fig. 5). Compared to the
observed cavity tree density on six hundred and fortyeight 0.2 ha plots (131 total ha) on the independent
MOFEP study, both the 10-year age-class method and
the four size-class methods used in our study overestimated the observed cavity tree density by 12.5%.

4. Discussion
Stand age or tree size (measured in terms of dbh or
basal area) is the most important single predictor of
cavity tree availability (Carey, 1983; Allen and Corn,
1990; Fan et al., 2003a,b). This allowed us to explore
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Fig. 3. Estimated cavity tree density over time in response to the five harvest-regimes described in Table 1. (A) Results for the model based on
10-year age classes. (B) Results for the model based on four size classes.

the dynamics of cavity tree density at the landscape
level by linking the stand (plot) level cavity tree
density models to the landscape age (or size) structure
simulated by LANDIS in a deterministic manner
described by Eq. (3).
An underlying assumption when using this modeling approach to predict future changes in cavity tree
abundance is that the factors affecting cavity abundance are relatively constant over time. The cavity
model derived from Fan et al. (2003a) and applied here
for landscape-scale cavity tree estimates is based on
conditions observed during a 1989 state-wide, sys-

tematic inventory of timberland in Missouri (Spencer
et al., 1992) and a 1992–1994 inventory of old-growth
forests (Fan et al., 2003b; Spetich, 1995). If disturbance factors such as insect outbreaks or droughtinduced oak decline are likely to occur over large
portions of the landscape within the time horizon of
the simulation and affect the rates of tree mortality and
cavity formation, the estimated cavity tree abundance
will need to be revised accordingly. This caveat
applies to most forest simulation models used to
forecast change for several decades or more and is
a consequence of having relatively short periods of
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Fig. 4. Percent reduction in cavity trees per ha relative to the no harvest alternative. Plotted values are E[H] as defined in Eq. (7). The error
bars show the 95% confidence intervals for the percent decrease in cavity trees. Differences are statistically significant (a ¼ 0:05) when the
confidence intervals (error bars) do not include zero. (A) Results for model based on 10-year age classes. (B) Results for the model based on
four size classes.

observation from which to infer long-term outcomes.
Given the scarcity of cavity data of any sort and the
unpredictability of catastrophic events, the typical
response to this problem is to recognize that cavity
estimates are conservative and will underestimate the
impact of catastrophic disturbances.
Formally, Eq. (3) is an unbiased estimator of the
cavity tree density on a landscape because the estimated mean cavity tree densities (the Yi’s) for different
age classes are normally distributed and are the
unbiased estimators of the unknown true means under
large number theory. In reality, the size of a landscape

or a component (e.g., an age class) cannot always
satisfy the sample size required by large number
theory. Thus, the estimated cavity tree density from
Eq. (3) is, more often than not, positively biased by a
density distribution that is skewed to the left for cavity
trees at the stand (or patch) level (Fan et al., 2003).
Because the true cavity tree density on this 3261 ha
landscape is unknown, we were unable to directly
evaluate the scale of the bias. However, we were able
to estimate the bias using an independent cavity tree
data set from the Missouri Ozark Forest Ecosystem
Project (MOFEP) (Jensen et al., 2002; Jensen, 2000;
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Fig. 5. Difference in predicted cavity tree density (cavity trees per ha) for the model based on 10-year age classes (Eq. (1)) and the model
based on four stand size classes. Mean cavity tree estimates from the 10-year age class model were generally greater, but only by about
1 cavity tree/ha. The 95% confidence intervals (error bars) include zero, so differences resulting from the choice of model were not statistically
significant (a ¼ 0:05).

Roovers, 2000). The observed cavity tree density for
the 131 ha MOFEP study area (648 0.2 ha plots) was
12.8 trees/ha (Jensen et al., 2002) compared to the
predicted 14.4 trees/ha. Our comparison of the
observed and predicted cavity tree densities for individual age classes indicated that the overestimation
mainly occurred in age classes that comprised less
than 10% of the landscape area. Over all age classes,
the degree of overestimation decreased as the area (ha)
of individual age classes increased. This result indirectly suggests that any overestimation for the cavity
tree density on the 3261 ha landscape should not
exceed 12.5% because that landscape and its component age classes are at least 10 times larger than the
MOFEP landscape. A computationally intensive solution to overcome the bias problem is to predict the
cavity tree density using a stochastic approach based
on the actual probability density function of cavity
trees per ha (Fan et al., 2003a). This requires randomly
drawing an estimate of the number of cavity trees per
ha multiple times from a probability density and
averaging the results.
When cavity tree estimates (or associated cavity
prediction models) are derived using ground-based
observations as is the case here, the estimated (or
predicted) cavity tree densities are conservative and
generally underestimate the true number of cavity

trees that would be found if trees were climbed or
felled and given closer scrutiny. Healy et al. (1989)
working in oak sawtimber in Massachusetts found that
ground-based cavity tree inventories missed 20% the
true number of cavity trees. Jensen et al. (2002)
working in upland oak forest in the Missouri Ozarks
found that cursory ground-based cavity tree inventories missed about half the cavity trees that were
subsequently identified by intensive ground-based
scrutiny with the aid of binoculars. However, Jensen
et al. also found that their intensive cavity surveys
tended to overestimate the true number of cavity trees
by including trees with small, visible deformities that
upon close inspection after felling turned out not to be
cavity trees. The proportion of correctly identified
cavity trees ranged from approximately 60–100%,
depending on species. Thus, our estimates (and predictions) of cavity tree density are conservative relative to the true number of cavity trees. Actual cavity
tree densities could be roughly 25% higher than model
estimates (i.e., assuming the observed number of
cavity trees is about 80% of the true number). For
relative comparisons of cavity tree density among
alternative harvest regimes, this underestimation is
of little consequence. For applications where the
absolute number of cavity trees is of interest, estimated values can be adjusted upward.
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One factor that can affect cavity tree density but is
not reflected either implicitly or explicitly by the agecavity tree density model in Section 2.3 is species
composition (or forest type). Differences among species in susceptibility to cavity formation and subsequently in cavity tree distribution have been observed
(McClelland et al., 1979; McComb et al., 1986;
Franklin et al., 1987). For instance, Fan et al.
(2003b) classified American beech (Fagus grandifolia
Ehrh.), sugar maple (Acer saccharum Marsh.), and red
maple(A. rubrum L.) as species most susceptible to
cavity formation, hickories as intermediately susceptible species, and most oaks, yellow-poplar (Liriodendron tulipifera L.) and shortleaf pine as least
susceptible species. This suggests that prediction
accuracy may be improved if species composition is
incorporated with stand age or stand size class. However, detailed information on species composition is
usually not available across large landscapes. Moreover, we found that forest cover type is not an adequate
substitute for species composition when estimating
cavity tree abundance. Incorporating both age and
forest type in the model (Eq. (1)) did not improve
performance in terms of R2 compared to the model
with age as the only variable.
Cavity formation is the outcome of a large number
of stochastic events, and tree and stand attributes are
only indictors of the underlying processes. In the
context of cavity trees, selection of the ‘‘best’’ prediction model in the traditional way (including all
variables that are statistically significant) may not be
practical, particularly when the model is intended for
broad application across landscapes with limited sitespecific data. Fire and grazing, two processes that
contribute to cavity formation, have decreased in
frequency since 1940. This may introduce some additional uncertainty into estimates of future cavity abundance.
As pointed out by many previous studies (e.g.,
Conner et al., 1975; Cline et al., 1980; McComb
and Noble, 1980; Mannan and Meslow, 1984; Zarnowitz and Manuwal, 1985; Wilson, 1996; Fan et al.,
2003a,b), timber harvest will typically reduce the
availability of cavity trees and may affect populations
of cavity-dependent wildlife. In the coming decades
cavity tree abundance is likely to increase on this
forest landscape as stands continue to age; disturbance
events now regenerate less acreage annually than they
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did a century ago when the region was heavily timbered and grazed. Our pairwise comparison of differences in cavity tree density by decade for a no-harvest
management regime versus the four other timber
harvest regimes show the relative effect of timber
harvest methods on cavity abundance over time
(Fig. 4).
Differences in cavity tree abundance due to timber
harvest regimes were related to harvest intensity (or
rotation length). The even-aged intensive harvest
regime held the mean number of cavity trees per ha
near the initial (year 0) level of approximately 13 cavity
trees/ha. Under all other harvest regimes the cavity
tree density increased, and the greatest increase was
associated with no harvest. By year 100, the mean
cavity tree density for the even-aged intensive management regime (Table 1) was approximately 30%
below the level for the no harvest regime (Fig. 4). Over
the same simulation period, cavity tree densities for
the even-aged long rotation management, unevenaged management, and mixed management regimes
(Table 1) were 10–20% below the no harvest regime
(Fig. 4). In general, longer rotations increased the
mean forest age and the mean number of cavity trees
per ha across the landscape.
The harvest regimes affect timber output as well as
cavity abundance. By year 100, the even-aged intensive, the even-aged long, the mixed, and the unevenaged harvest regimes are expected to produced
roughly 79, 33, 30, and 26% more timber (cumulative
harvest plus residual) than the no harvest regime
(Shifley et al., 2000). Greater harvest volumes were
correlated with a greater reduction in cavity trees.
Consequently, resource planners and managers must
assess the tradeoff between the two goals of timber
production and cavity tree preservation as habitat for
wildlife species. For a given timber sale, practices
such as retention of cavity trees, potential cavity trees,
and snags can be used to reduce the impact on the
cavity resource. Moreover, intensive management for
timber in some areas may allow other areas of a
landscape to be devoted to development of cavity-rich
habitat. A landscape or multi-landscape scale perspective is required to explore these alternatives.
The cavity estimation model based on four stand
size classes (seedling/sapling, poletimber, small sawtimber, large sawtimber) was a useful alternative to the
model based on up to seventeen 10-year age classes.
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These four stand size classes identified by the classification and regression tree model (Fan et al., 2003a)
correspond closely to size classes typically used in
timber management. These broad size classes are
much easier to estimate across a large landscape than
are 10-year stand age classes. Therefore, a cavity
estimation model based on broad size classes is often
more practical for resource managers to implement. In
this study, the cavity estimation model based on 10year age classes and the model based on four stand size
classes represent a full and a constrained model,
respectively. The two methods produce similar, but
not identical estimates of cavity density (Fig. 5).
Differences are partially attributable to the discrepancy between the age range of the Missouri FIA
plots used to calibrate the size class model and that of
the simulated landscape under the simulated harvest
regimes. The Missouri FIA data include very few plots
>120 years in age. Therefore in the model based on
four size classes the cavity tree density for the largest
size class (large sawtimber with age >70 years) was
estimated primarily from plots in stands between 70
and 100 years old. Naturally, compared to the 10-year
age-class method, it underestimated the cavity tree
levels for stands >120 years in age. If a landscape is
dominated by stands <120 years old, both models
produce nearly identical results. And as indicated
by Eqs. (4) and (8), the prediction error in terms of
variance or confidence intervals will decrease with
increasing landscape size and statistical power to
reject null hypotheses comparing management effects
will be improved.

ecosystem attributes such as patch size, length of
edge, age structure, timber harvest volume, residual
timber volume, down wood, mast production (e.g.,
Shifley et al., 2000; Sullivan, 2001), and cavity tree
abundance (this study) can help resource managers
and planners evaluate and revise their management
guidelines from different perspectives and mitigate
undesirable outcomes.
We demonstrated that it is possible to link an
appropriately formulated cavity tree model to a spatially explicit landscape simulation model, LANDIS,
to explore the ramifications of alternative harvest
regimes on estimates of future cavity tree abundance.
This approach allows other ecosystem attributes to be
modeled and analyzed simultaneously, thus providing
a framework for integration of knowledge.
For our landscape comprised primarily of maturing
hardwood forests we found that cavity tree abundance
is likely to remain constant or increase over time for
many common timber harvest regimes. Under intensive even-aged management (approximately 100-year
rotation length) cavity tree abundance is expected to
remain near current levels of 12–13 cavity trees/ha.
For less intensive timber harvest regimes we projected
that cavity tree abundance would increase by 20–50%
as forests age over the next century. The adequacy of a
given level of cavity tree abundance can only be
interpreted in the context of specific wildlife habitat
objectives. For many applications a relatively simple
model estimating cavity tree abundance based on four
broad forest size classes can produce results comparable to a more complex model based on forest age
classes.
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