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Abstract
The abundance of cavity trees varies greatly due to the stochastic nature of cavity formation processes and involved disturbance agents. At small

spatial scales such as a stand or plot, cavity tree abundance is extraordinarily difficult to predict precisely using tree and stand factors. In this study

we used resampling methods to simulate the effect of spatial scale on cavity tree density (CTD) estimation using cavity tree data collected from a

long-term  forest  experimental  project.  More  than  53,000  measured  trees  were  randomly  divided  into  two  approximately  equal  parts:  the

construction  and  test  datasets,  to  construct  classification  and  regression  tree  (CART)  and  logistic  regression  (LR)  models  to  predict  cavity

probability and to test the accuracy of CTD estimation across varying spatial scales, respectively.

Simulation results showed that when the spatial scale was < 10 ha, the predicted CTD varied dramatically, and with this specific dataset, CART

tended  to  overestimate,  whereas  LR  and  the  sample  mean  method  underestimated  the  true  CTD  estimated  by  the  construction  dataset.

Compared with the sample mean method, the use of tree characteristics in both CART and LR resulted in slight or moderate reduction of the

relative error (RE) (< 20%) when the spatial scale was < 10 ha. However, CART and LR, particularly CART, could improve CTD prediction efficiency

significantly at larger spatial scales. For instance, the RE of CART was only 17% of the sample mean method at a spatial scale of 50 ha. Resource

managers could use this information for cavity tree sampling and monitoring.

Citation:  Fan Z. 2021. Scale effects on the prediction of rare events in mature second-growth oak forests: a simulation study of cavity trees. Forestry
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INTRODUCTION

Cavity  trees  (either  live  or  dead)  are  trees  with  holes  or
other structures large enough to shelter wildlife[1]. Formation
of a cavity typically  starts  when an individual  tree is  killed or
injured  by  disturbance  events  such  as  fires,  insect  attacks,
diseases,  animal  excavations,  and  mechanical  or  chemical
injuries[2].  Therefore,  cavity  tree  probability  is  often  weakly
(but  statistically  significantly)  associated  with  tree  and  stand
characteristics,  resulting  in  the  dramatic  variation  of  cavity
tree  abundance  among  different  plots  or  stands,  even  those
similar  or  alike  in  many  aspects[2−4].  In  the  past,  cavity  tree
prediction has been overwhelmingly confined to the level of
a  sampling  or  management  unit  such  as  a  study  plot  or
stand[2,5−7]. The dramatic variation of cavity tree abundance at
the  plot  or  stand  level  and  failure  to  explicitly  consider  the
effects  of  spatial  scale  and  sample  size  in  cavity  tree
prediction models greatly limit the generality of the research
findings[4,8].

Compared  to  the  timber  component,  cavity  trees  as
'wildlife-related' components are relatively rare and vary dra-
matically by forest structure and over spatial scales/extents in
forest  ecosystems  everywhere[5−6,9−12].  Aforementioned  ran-
dom or semi-random disturbance agents associated with tree
mortality  and  injury  often  exert  significant  impact  on  the
distribution  and  dynamics  of  these  components.
Consequently,  they  are  extremely  difficult  to  predict  by

means  of  commonly  used  tree,  stand,  and  site  factors  over
the spatial scale or sample size for monitoring and predicting
timber  components  or  forest  characteristics  (e.g.,  forest
fragmentation)[13−16].  Essentially,  the  prediction  accuracy  of
rare  components  is  greatly  affected  by  three  interrelated
factors:  relative  frequency  of  subjects,  sample  size  (spatial
extent/scale),  and  the  strength  of  associations  between
subjects  and  a  set  of  predictor  variables  (represented  by
statistical  models  or  rules)[8,17].  Because  information  directly
related  to  the  frequency  and  location  of  rare  components  is
typically  difficult  and  costly  to  obtain,  rare  component
occurrence/abundance  is  often  modeled  using  predictor
variables such as tree species, diameter at breast height, and
decay class that are easily measured or less costly[2,4,11−12].

The  formation  of  a  cavity  in  a  tree  or  the  likelihood  for  a
tree  to  have  cavities  is  essentially  impossible  to  predict
accurately in terms of its frequency or density at the sampling
and management scale (e.g., a study plot or stand). Based on
the law of large numbers, however, we can demonstrate that
cavity  tree  density  (CTD)  is  predictable  at  large  spatial
extents/scales  that  exceed  a  critical  threshold  specific  to  the
target  population to be sampled.  As  shown by Fan et  al. [17],
mean  CTD  across  a  landscape  (e.g.,  >  4,000  ha)  can  be
predicted  with  reasonable  precision  using  a  deterministic
regression  model  based  solely  on  stand  age  or  stand  size-
class  information,  regardless  of  the  fact  that  regression
models consistently prove to be poor predictors of CTD at the
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plot or stand level[2]. To predict binary events such as whether
a  tree  is  a  cavity  tree  or  not,  logistic  regression  (LR)  and
classification and regression tree (CART)  methods have been
widely used in forestry and ecological studies and reviewed in
numerous literatures[18].

Oak (Quercus L.) forests are among the most extensive and
important  forest  ecosystems  in  North  America[19].  In  the
eastern  United  States,  oaks  have  been  the  most  dominant
forest  species  since  the  early  Holocene[20].  In  addition  to
timber  production,  oak  forests  provide  both  food  and  cover
for  a  variety  of  wildlife  species[21].  Wildlife-related  compo-
nents of oak forests such as cavity trees, snags (standing dead
trees),  down  woody  materials,  and  acorns  have  received
widespread  attention  from  wildlife  biologists,  foresters,  and
resource managers[9,21−23]. The major objective of the study is
to simulate the spatial scale effect on the prediction accuracy
of  CTD by  using cavity  tree  data  collected from a  long-term,
landscape-level  study.  Secondly,  we  will  test  how  additional
information  (tree  characteristics)  and  applications  of  cavity
tree  probability  models  (LR  and  CART)  can  improve  the  pre-
diction accuracy of CTD across varying spatial  scales/extents.
This  information  will  be  helpful  to  cavity  tree  resource
management  and  monitoring  for  wildlife  and  habitat
conservation  in  such  an  important  forest  ecosystem  under
diverse management alternatives. 

METHODS
 

Study site and the cavity tree data
The  Missouri  Ozark  uplands  are  dominated  by  second-

growth  oak-hickory  and  oak-pine  forests  which  originated
when  native  forests  were  heavily  harvested  in  the  early
1900s[24].  Since  then,  forests  have  experienced  decades  of
partial  harvesting and frequent low-intensity fires.  White oak
(Quercus alba L.), black oak (Quercus velutina Lam.), scarlet oak
(Quercus  coccinea Muenchh.),  post  oak  (Quercus  stellata
Wangenh.),  shortleaf  pine  (Pinus  echnina Mill.),  blackgum

(Nyssa  sylvatica Marsh.),  and  hickory  (Carya)  species  account
for  over  94%  of  the  forest  canopy  in  terms  of  importance
value.  Stand  ages  mostly  range  from  70  to  100  years[25].  The
woody  vegetation  inventory  of  the  Missouri  Ozark  Forest
Ecosystem  Project  (MOFEP)  surveyed  more  than  50,000
individual  trees  >  11  cm  dbh  and  associated  environmental
factors  including  slope,  aspect,  geo-landform,  soil,  and
ecological  land  type  (ELT)  on  648  permanent  0.2-ha  circular
plots across the nine experimental sites which range from 314
to  516  ha  in  size  both  prior  to  and  after  treatment
alternatives[24,26] (Fig.  1).  The  species,  diameter  at  breast-
height  (dbh),  crown  class,  decay  class  (for  snags),  and  cavity
presence/absence  were  recorded  for  each  tree.  A  cavity  for
this study was defined as a hole with a diameter no less than
2.5  cm  that  appeared  dark  inside[1].  During  the  1994−1995
inventory, prior to any harvest treatments, nearly 2,000 cavity
trees  were  detected  via  ground-based  observation.  Later,  a
subset  of  trees  was  felled  for  further  examination  of  cavity
size and frequency[1]. 

Construction of CART and LR models to predict cavity
tree probability

In a previous study[11],  we used CART and LR[27] to analyze
the statewide FIA data to uncover tree factors and predict the
probability  of  cavity  trees  in  Missouri  second-growth  forests
as  well  as  in  old-growth  stands  of  four  Midwest  states
(Missouri, Illinois, Indiana, and Iowa). In the hierarchical CART
profile,  individual  trees  were  grouped  into  different  nodes
based on tree characteristics and thus, the whole sample was
split  into  a  set  of  strata  (nodes)  that  differed  in  cavity  tree
probability  (or  frequency).  Effects  of  species  (group),  decay
class,  diameter  at  breast  height  (dbh)  and  interactions  on
cavity  tree  probability  were  evaluated  explicitly  by  CART.  As
stated in our previous analysis, however, the lack or scarcity of
observations  (cavity  trees)  in  the  combinations  of  certain
species  group  and  decay  class  (particularly  decay  classes  VI
and  VII)  precluded  the  simultaneous  analysis  of  main  factors
and  their  interaction  effects  through  logistic  regression.

No harvest sites

Uneven-aged sites

Even-aged sites

County lines

 
Fig.  1    Location  of  the  nine  Missouri  Ozark  Forest  Ecosystem  Project  (MOFEP)  experimental  sites.  Sites  range  from  314  to  515  ha  and  are
located in Carter, Shannon, and Reynolds County, Missouri, USA.
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Therefore,  logistic  regression  models  that  include  only  the
main terms (without interactions) will be constructed for tree
species  (groups)  and  decay  classes  on  the  basis  of  the  CART
model[4].

To construct a CART model to predict or estimate the CTD
based on individual tree characteristics, we randomly divided
the  cavity  tree  data  (including  53,338  trees  >  11  cm  dbh,
1,899  of  them  being  recognized  as  cavity  trees)  into  two
parts: construction and test sets. We used the construction set
(25,725  trees,  897  of  them  as  cavity  trees)  and  the  10-fold
cross-validation  method  to  construct  the  single  'best'  CART
model. The best CART model classified sample trees into nine
(terminal  nodes  7,  8,  11,  12,  13,  14,  15,  16,  and  17)  strata
hierarchically  based  on  decay  class,  dbh  and  species  groups
with cavity  tree probability  ranging from < 1 to 40% (Fig.  2).
We  further  constructed  the  LR  model  to  predict  cavity  tree
probability  using  dbh  as  predictor  for  ten  species  or  species
group  of  live  trees  and  seven  decay  classes  of  snags,
respectively  (Fig.  3).  Fan  et  al.  (2003)[4] described  the
construction details of CART and LR models in the context of
cavity tree probability prediction. 

Prediction of CTD using the CART, LR, and sample
mean (design-based) method

Given the estimated cavity tree probability within a stratum
in  CART,  one  solely  needs  to  estimate/sample  tree  numbers
for  each  specified  stratum  to  predict/monitor  the  CTD.  The
CTD within a specific area of A-ha which occupied by n trees
can  conveniently  be  estimated,  via  CART,  as  the  mean  of  a
stratified sample

CT̂ D =
k∑

i=1

ni pi/A (1)

k∑
i=1

ni = n 0 ⩽ pi ⩽ 1

where ni and pi, are the tree number and cavity tree probability
of terminal node (stratum) i of the CART model with k (here, k =

9)  terminal  nodes  in  total,  and  satisfy  and ,

respectively.  Likewise,  the  CTD  within  a  specific  area  of  A-ha
occupied  by  n  trees  can  be  estimated  deterministically,  via  LR
model, as,

CT̂ D =
n∑

i=1

pi/A (2)

where pi is  the  predicted  probability  tree i being  a  cavity  tree
through  the  logistic  regression  model.  With  the  sample  mean

(design-based) method, the CTD can be estimated as,

CT̂ D = 0.0349×n/A (3)
When  n  or  A  is  small,  the  estimated  pi and  subsequently,

the  estimated  CTD,  vary  dramatically  due  to  the  stochastic
nature  of  the  related  abiotic  and  biotic  factors  that  affect
cavity formation (e.g., disease, animal excavation, mechanical
damage,  species  composition,  dbh,  and  decay  class).
However,  based  on  the  law  of  large  numbers,  as  n  or  A
increases,  both  the  estimated  pi and  CTD  will  converge  to  a
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Fig. 2    The classification and regression tree (CART) classifier of
cavity  tree  distribution  based  on  tree  attributes.  Nodes  are
numbered 1 through 17, and terminal nodes have the additional
labels T1 through T9. Groups of nodes (nodes 2, 3; nodes 4, 5, 6,
7; nodes 8, 9, 10, 11, 12, 13; and nodes T1 through T9) represent
strata in a hierarchical system of the CART model based on tree
status  (live  or  dead),  diameter  at  breast  height  (dbh),  species,
and decay class.
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Fig. 3    Change in the probability that a tree bears at least one cavity predicted by the logistic regression (LR) model for (a) live trees and (b)
dead trees. The estimated regression coefficients for the LR models were listed besides the fitted probability curves.
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p̂i CT̂ D

level  corresponding to the forest-wide average for the forest
condition  and  disturbance  regime.  Therefore,  to  effectively
predict the CTD or cavity tree abundance for a specific forest
type  or  ecoregion,  n  or  A  should  be  large  enough  that  the
estimated pi or CTD (i.e.,  or ) differs from the true value
by a relatively small amount, ε. Specifically,

lim
n→∞

P[| p̂i− pi| < ε] = 1 (4)

or

lim
A→∞

P[|CT̂D−CTD| < ε] = 1 (5)

With the CART- or LR-predicted CTD, it is extremely difficult
to  use  a  closed  form  to  quantify  the  relationship  between ε
and  n  or  A  because  of  the  changes  of  species  composition
and  forest  structure  over  space.  We  used  computer
simulations to describe empirically  how ε,  a  random variable
driven by tree and stand structure, varies with n or A.

The  true  CTD  for  a  specific  area  is  often  unknown.  In  the
simulation we used the calculated CTD from the test dataset
(CTDcalculated)  to  replace  the  true  CTD  and  the  relative  error
(RE)  defined  in  equation  (6)  to  replace ε to  quantify  the
prediction  accuracy  of  the  CART  and  LR  model  and  the
sample mean (design-based) method. RE measures how close
the  CART-  or  LR-predicted  CTD  (CTDmodel-predicted)  is  to
CTDcalculated over a specific  spatial  scale (A)  or  sample size (n)
and takes the form

RE =
∣∣∣∣∣1− CT Dmodel−predicted

CT Dcalculated

∣∣∣∣∣ (6)
 

Simulating scale effects on the RE of CTD prediction
via CART and LR models

As  stated  above,  due  to  the  great  heterogeneity  (species,
size, stocking, etc) of mature oak forests over space, it is more
informative  to  use  the  virtual  spatial  area  Av instead  of  the
real spatial area A (usually unknown) to gauge the change in
the  RE  over  the  spatial  scale  (area).  We  first  calculated  the
stocking percent of each sampled tree from the test data set
(27,613  trees  >  11  cm  dbh,  1,002  of  them  as  cavity  trees)
based on tree species and dbh (cm)[28−30],
for oaks and hickories,

StockPct = 0.1×
−0.0507+

(
0.1698×dbh

2.54

)
+

0.0317×
(

dbh
2.54

)2

(7)

for short leaf pine,

StockPct = 0.1×
0.08798+

(
0.09435×dbh

2.54

)
+

0.0253×
(

dbh
2.54

)2

(8)

for all other species,

StockPct = 0.1×
−0.17979+

(
0.21425×dbh

2.54

)
+

0.01711×
(

dbh
2.54

)2


(9)
We assumed the independence of the trees (the probability

of a tree to be a cavity tree does not change with other trees)
and drew a simple random sample (SRS) of size n (n = 10, 20,
30, …) from the test tree data set to make up a set of virtual
plots  of  different sizes (Av).  The size (Av)  of  a  virtual  plot  was
calculated  as  the  sum  of  the  stocking  percentage  multiplied
by  the  expansion  factor  of  all  trees  within  it.  The  RE  was
calculated  for  different  sizes  of  Av based  on  equation  (6)  for

the CART model, LR model, and the sample mean (designed-
based) method with a mean cavity tree probability of 0.0349
(the root node of the CART model in Fig. 2). We ran the above
process  100  times  by  choosing  different  random  numbers
and calculated the mean RE and the standard error corrected
based  on  the  finite  population  correction  coefficient
corresponding  to  different  scales  of  Av.  To  evaluate  the
efficiency  of  the  CART  and  LR  models  relative  to  the  sample
mean  (design-based)  estimation,  which  did  not  use  any  tree
information  (e.g.,  tree  status,  dbh,  species,  decay  class)  at  a
specific spatial scale, we calculated the relative efficiency of a
model as,

REFF =
REmodel−based

REdesign−based
(10)

 

RESULTS AND DISCUSSIONS

The  CART  model  in Fig.  2 identifies  four  variables  that  are
associated with cavity tree probability: (1) whether the tree is
live or dead (nodes 2, 3), (2) DBH (nodes 4−7, 14−17), (3) tree
species (nodes 8−11), and (4) snag decay class (nodes 12, 13).
The root node (node 1) represents the whole tree sample with
mean  cavity  tree  probability  of 0.0349,  a  design  (sampling)-
based estimate of  cavity  tree abundance.  The CART classifier
illustrates  the  relative  importance  of  each  variable  for
estimating  cavity  tree  probability.  For  example,  tree  status
(whether sampled trees are alive or dead) is  most important;
cavity tree probability (17.02%) within the dead trees is nearly
7 times greater than that (2.55%) within the live trees. The left
side  of  CART  reveals  the  probabilistic  distribution  of  cavity
trees by dbh and tree species (group) among live trees, while
the  right  side  illustrates  cavity  tree  probability  by  DBH  and
decay class among snags (standing dead trees). In relation to
the nonparametric CART model, the logistic regression model
quantifies  how  cavity  tree  probability  changes  with  dbh  for
different  tree  species  of  live  trees  (Fig.  3a)  and decay classes
of  dead  trees  (Fig.  3b)  in  a  parametric  way,  with  a  group  of
regression  coefficients  estimated  explicitly  for  dbh  by  tree
species and decay class, respectively.

Fig.  4 shows  the  changes  in  the  CTD  as  well  as  95%
confidence intervals (CI) across different virtual spatial scales,
Av.  The  true  CTD  in  the  test  dataset  varied  dramatically  and
had a wider CI when Av was less than 5 ha and then gradually
stabilized  (Fig.  4a).  Changes  of  the  estimated  CTD  based  on
the  sample  mean  method  (using  the  construction  dataset),
CART,  and  LR  followed  similar  patterns,  but  the  estimated
CTD had a relatively narrower CI (Fig. 4b, c, and d) due to the
'smooth  effect'  of  different  models.  Across  spatial  scales,  the
CART-predicted  CTD  tended  to  overestimate  the  true  CTD,
but  the  LR  and  sample  mean  method  underestimated  the
true CTD. For small samples, it was possible to greatly over- or
under-estimate  the  true  CTD,  but  at  large  scale  the  bias  will
be stabilized.

Compared to LR, the CART classifier developed here can be
easily  applied  with  any  standard  forest  inventory  system,
including  the  statewide  forest  inventory  and  analysis  (FIA)
sample  of  forest  resources[13].  Although  our  data  are  limited
to  second-growth  mature  upland  oak  forests  in  the  Missouri
Ozarks,  the  same  suite  of  independent  variables  have  been
found  to  be  relevant  for  cavity  estimation  for  state-wide
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cavity  tree  estimates  based  on  FIA  samples[11].  Nevertheless,
applications  of  the  CART model  (Fig.  2)  to  other  forest  types
such  as  coniferous  forests  should  be  done  prudently
considering  the  fact  that  the  model  was  developed  with
inventory  data  from  sites  that  were  mature  and  relatively
undisturbed[1,25,31−32].  Forests  with  different  species  compo-
sitions, age/size structures, or disturbance histories may have
different  cavity  probabilities  and/or  classification
thresholds[12,33].  Cavity  probabilities  or  classification
thresholds  can  also  be  affected  by  differing  definitions  of
what  constitutes  a  cavity  tree.  The MOFEP data tallied cavity
trees having at least one cavity at least 2.5 cm in diameter. A
cavity  size-threshold  larger  than  2.5  cm  would  generally
decrease the probability of cavity tree occurrence for a given
class of trees.

The  RE  and  95%  CI  of  the  estimated  CTD  decreased
significantly with virtual spatial scale until 5 ha (Fig. 5). When
the virtual spatial scale was larger than 5 ha, the RE values for

the  sample  mean  method  (Fig.  5a),  CART  (Fig.  5b),  and  LR
model (Fig. 5c) were all less than 10%. Across all spatial scales,
CART  and  LR  more  accurately  estimated  the  CTD  than  the
sample mean method, as further information on tree species,
dbh, and decay class was employed. The REFF for both CART
and LR continually  decreased with  the  spatial  scale  (Fig.  5d).
However,  CART  was  more  accurate  than  LR  in  this  study
largely due to the 'instability' or 'sensitivity' nature of CART[27].
For example, at a spatial scale of 50 ha, the RE of CART and LR
were, respectively, about 17% and 65% of that for the sample
mean  methods.  But  at  small  scales,  the  improvement  of  the
prediction accuracy of both CART and LR was limited because
of  the  significant  stochasticity  of  the  cavity  presence-tree
characteristic  relationship  as  shown  by  model  parameters
(Fig. 2 and Fig. 3).

These  results  illustrate  two  important  points  from  the
perspective  of  monitoring  cavity  trees  or  predicting  the
number  of  cavity  trees  per  ha.  First,  estimates  for  areas
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Fig.  4    Changes in the mean CTD and 95% CI  with virtual  spatial  scales:  (a)  test  dataset;  (b)  sample mean (design-based) method;  (c)  CART
model; (d) LR model. The mean CTD and 95% CI were estimated based on 100 simulation runs.
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smaller  than about 5 ha will  have low precision,  and there is
little gain in precision at small  scales such as less than about
10  ha.  Second,  reliable  cavity  tree  estimates  can  be  derived
from  very  simple  information  −  namely  the  number  of  trees
that  fall  into  the  nine  strata  (terminal  nodes).  This  type  of
information  can  be  rapidly  collected,  even  when  the  total
area  sampled  exceeds  10  ha.  Various  types  of  line  or  strip
sampling are particularly well suited to rapid collection of this
type  of  data.  Moreover,  sufficient  information  is  included  in
nearly all timber or vegetation inventories[13].

The  impact  of  the  spatial  scale  on  sample  estimates  and
model  predictions  of  rare  events  such  as  cavity  trees  was
largely  overlooked  but  critical  to  understand  ecosystem
function  and  processes[34−37].  Sample  surveys  for  cavity  tree
estimation  and  other  rare  components  were  often  simply
piggy-backed  onto  inventories  designed  to  estimate  other
components  of  the  forest  canopy  such  as  stand  density  and

basal  area.  Consequently,  reported  descriptive  statistics  for
the  CTD  might  provide  little  information  due  to  the  large
variation  among  plots  and  low  precision  of  estimates[8,17].
Likewise,  regression  and  similar  statistical  models  of  cavity
tree  density  applied  to  individual  plots  or  stands  were  less
informative due to their  large residual  errors  at  those spatial
scales[2].

Our  findings  have  important  implications  for  forest
managers  seeking  information  about  the  CTD.  Typical  forest
inventory schemes that measure a small proportion (< 10 ha)
of  the  total  area  of  a  forest  tract  (e.g.,  those  designed  for
timber  inventory)  are  unlikely  to  produce  reliable  CTD
estimates.  Moreover,  collecting  additional  information  such
as whether the tree is alive, species group, dbh, or decay class
will not greatly improve the CTD estimate for small tracts. For
small  (<  10  ha)  forest  tracts  where  precise  estimates  of  CTD
are needed, managers should consider a specialized sampling
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Fig. 5    Changes in the mean relative error (RE) and 95% CI with virtual spatial scales: (a) sample mean method; (b) CART model; (c) LR model;
(d) relative efficiency (REFF) of the CART and LR models relative to the sample mean (design-based) method. The change of REFF with spatial
scales in panel (d) showed that compared with the LR model and the sample mean (design-based) method, the application of CART model and
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scheme  or  enumerating  cavity  trees.  Similarly,  forest  tracts
ranging  from  10  to  400  ha  may  require  a  greater  sampling
intensity  than  is  commonly  used  by  forest  managers.  The
intensity  of  a  given  forest  inventory  varies  with  its  purpose,
but timber volume inventories generally encompass less than
5%  of  the  forest  area.  Our  analysis  indicates  that,  for  forest
tracts larger than 400 ha, traditional inventory methods used
to  estimate  timber  volume  may  well  be  adequate  for
estimating the CTD.

This study also demonstrates the importance of large-scale
experimental  forest  research  programs.  Although  studies
such  as  MOFEP  are  costly  and  continue  for  many  decades,
they  provide  invaluable  data  that  are  difficult  to  obtain
otherwise. Such data are essential for the systematic study of
scale  issues  through  computer-intensive  methods
(simulation) as carried out in this study. Computer simulation
can  rapidly  offer  insights  into  ecosystem  dynamics  and
responses to management alternatives[8] as well as help refine
current  research  hypotheses  or  establish  new  ones.
Ecosystem components, particularly rare and/or disturbance-
associated  components,  are  sensitive  to  scale.  Computer-
based multi-scale simulations may provide a clearer picture of
the  involved  factors  and  interactions  associated  with  scale
transitions.  Moreover,  they  help  identify  crucial  scales  for
ecosystem modeling and sampling that would be difficult  to
discover by the experimental/survey research alone[8].

In this study, a single model or classifier approach was used
to  predict  the  CTD.  However,  the  ensemble  approach  that
uses hundreds or thousands of classifiers/models such as the
randomForest  algorithm  should  be  able  to  further  improve
the prediction accuracy.  The ensemble of  classifiers  can fully
explore  the  information  embedded  in  the  sample  and  be
combined  to  'vote'  on  a  best  estimate  of  new  samples[38−39].
Simulating  the  scale  effect  on  rare  events  through  the
ensemble of classifiers and models is beyond the scope of this
study and will not be discussed here. 

CONCLUSIONS

For  oak  forests  of  the  Missouri  Ozarks,  CART  analyses  can
be used to estimate the probability that a given tree at least
11  cm  in  dbh  will  have  at  least  one  cavity  based  on  the
following independent variables, in order of importance: tree
status  (i.e.,  live  or  dead),  dbh,  species,  and decay class  (dead
trees  only).  However,  such  estimates  are  imprecise  when
applied  to  trees  on  one  or  a  few  inventory  plots  because
cavity  trees  are  relatively  rare,  and their  occurrence  is  highly
variable.  However,  when  CART  models  are  applied  to
populations of trees to estimate mean cavity tree abundance,
the precision will  be suitable for many practical  applications.
Through a series of simulation analyses, we determined that,
when the total sampled forest area exceeds 10 ha, the relative
error of the mean cavity tree abundance was consistently less
than  20%.  The  relative  error  of  the  estimated  CTD  will
decrease dramatically with sampled areas within the range of
0 to 10 ha; however, additional gain in precision will increase
slowly when the sampled area exceeds 10 ha.

Measuring  all  four  independent  variables  results  in  the
most precise estimate of the CTD, but the hierarchical nature
of  the  CART  model  accommodates  very  simple  inventory
schemes. A simple tally of the number of live and dead trees

is sufficient to utilize the CART model for estimating the mean
number of cavity trees. However, for a fixed level of precision,
the  total  sampled  area  for  a  simple  live/dead  inventory  will
need  to  be  greater  than  that  of  a  more  complex  inventory
that also tallies tree dbh class, species group, and snag decay
class.  The  model-based  sampling  scheme  can  be  readily
applied to estimate cavity tree abundance with FIA data and
other  forest  inventories,  provided  the  total  sampled  area  is
appropriate  for  the  desired  level  of  precision.  This  general
approach to model-based sampling appears to be amenable
to  other  classes  of  highly  stochastic,  rare  events  (or
categories)  such  as  tree  mortality  or  tree  damage  from
exogenous disturbances.

ACKNOWLEDGMENTS

The  author  thank  Stephen  Lee,  University  of  Idaho  and
Daniel  Day  and  Stephen  Shifley,  U.S.  Forest  Service  North
Central  Research  Station,  for  their  helpful  comments  on  this
manuscript.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received  26  June  2021;  Accepted  10  August  2021;
Published online 26 August 2021

REFERENCES

Jensen  RG,  Kabrick  JM,  Zenner  EK.  2002.  Tree  cavity  estimation
and verification in the Missouri Ozarks. In: Shifley, S. R. and J. M.
Kabrick  (eds.). Proceedings  of  the  second  Missouri  Ozark  Forest
Ecosystem  Symposium:  post  treatment  results  of  the  landscape
experiment, St. Louis, MO, October 17−20, 2000. General Technical
Report  NC-227:  227pp.  St.  Paul,  MN:  U.S.  Department  of
Agriculture,  Forest  Service,  North  Central  Forest  Experiment
Station. pp. 114−29

1.

Carey  AB.  1983.  Cavities  in  trees  in  hardwood  forests.  In  Snag
habitat management: proceedings of the symposium, eds. Davis
JW,  Goodwin  GA.  U.S.  For.  Serv.  Gen.  Tech.  Rep.  RM-99.
pp. 167−84

2.

Fan Z, Shifley SR, Spetich MA, Thompson III FR, Larsen DR. 2005.
Abundance  and  size  distribution  of  cavity  trees  in  second-
growth  and  old-growth  central  hardwood  forests. Northern
Journal of Applied Forestry 22:162−69

3.

Fan  Z,  Larsen  DR,  Shifley  SR,  Thompson  III  FR. 2003.  Estimating
cavity  tree  abundance  by  stand  age  and  basal  area,  Missouri.
Forest Ecology and Management 179:231−42

4.

Healy  WM,  Brooks  RT,  DeGraaf  RM. 1989.  Cavity  trees  in
sawtimber-size  oak  stands  in  central  Massachusetts. Northern
Journal of Applied Forestry 6:61−65

5.

Goodburn JM, Lorimer CG. 1998. Cavity trees and coarse woody
debris  in  old-growth  and  managed  northern  hardwood  forests
in  Wisconsin  and  Michigan. Canadian  Journal of Forest  Research
28:427−38

6.

Graves  AT,  Fajvan  MA,  Miller  GW. 2000.  The  effects  of  thinning
intensity on snag and cavity tree abundance in an Appalachian
hardwood  stand. Canadian  Journal of Forest  Research
30:1214−20

7.

Fan  Z,  Shifley  SR,  Thompson  III  FR,  Larsen  DR. 2004.  Simulated
cavity  tree  dynamics  under  alternative  timber  harvest  regimes.
Forest Ecology and Management 193:399−412

8.

Scale effects on the prediction of rare events
 

Fan Forestry Research 2021, 1: 15   Page 7 of 8

https://doi.org/10.1093/njaf/22.3.162
https://doi.org/10.1093/njaf/22.3.162
https://doi.org/10.1016/S0378-1127(02)00522-4
https://doi.org/10.1093/njaf/6.2.61
https://doi.org/10.1093/njaf/6.2.61
https://doi.org/10.1139/x98-014
https://doi.org/10.1139/x00-051
https://doi.org/10.1016/j.foreco.2004.02.008
https://doi.org/10.1093/njaf/22.3.162
https://doi.org/10.1093/njaf/22.3.162
https://doi.org/10.1016/S0378-1127(02)00522-4
https://doi.org/10.1093/njaf/6.2.61
https://doi.org/10.1093/njaf/6.2.61
https://doi.org/10.1139/x98-014
https://doi.org/10.1139/x00-051
https://doi.org/10.1016/j.foreco.2004.02.008


Vangilder  LD.  1997.  Acorn  production  on  the  Missouri  Ozark
Forest  Ecosystem  Project:  pre-treatment  data.  In Proceedings  of
the  Missouri  Ozark  Forest  Ecosystem  Project  Symposium:  an
experimental approach to landscape research, eds. Brookshire B L,
Shifley SR, 1997. St.  Louis,  MO. Gen. Tech. Rep. NC-193. St.  Paul,
MN:  U.S.  Department  of  Agriculture,  Forest  Service,  North
Central Forest Experiment Station. pp. 198−209

9.

Allen  AW,  Corn  JG. 1990.  Relationships  between  live  tree
diameter and cavity abundance in a Missouri oak-hickory forest.
Northern Journal of Applied Forestry 7:179−83

10.

Fan Z, Shifley SR, Spetich MA, Thompson III FR, Larsen DR. 2003.
Distribution  of  cavity  trees  in  midwestern  old-growth  and
second-growth  forests. Canadian  Journal  of  Forest  Research
33:1481−94

11.

Andersson  J,  Domingo  Gómez  E,  Michon  S,  Roberge  JM. 2018.
Tree  cavity  densities  and  characteristics  in  managed  and
unmanaged  Swedish  boreal  forest. Scandinavian  Journal  of
Forest Research 33:233−44

12.

Woudenberg SW, Conkling BL, O'Connell BM, LaPoint EB, Turner
JA,  et  al.  2010. The  Forest  Inventory  and  Analysis  Database:
Database  description  and  users  manual  version  4.0  for  Phase  2.
General  Technical  Report  RMRSGTR-245.  Fort  Collins,  CO:  U.S.
Department  of  Agriculture,  Forest  Service,  Rocky  Mountain
Research Station. 336 pp.

13.

Keitt  TH,  Urban  DL,  Milne  BT.  1997.  Detecting  critical  scales  in
fragmented landscapes. Conservation Ecology 1:  4. https://www.
ecologyandsociety.org/vol1/iss1/art4/

14.

Riitters  K,  Wickham  J,  O'Neill  R,  Jones  B,  Smith  E.  2000.  Global-
scale patterns of forest fragmentation. Conservation Ecology 4: 3
https://www.ecologyandsociety.org/vol4/iss2/art3/

15.

Gutzwiller  KJ. 2002.  Applying  landscape  ecology  in  biological
conservation. Choice Reviews Online 40:40-1521

16.

Fan  Z,  Lee  S,  Shifley  SR,  Thompson  III  FR,  Larsen  DR. 2004b.
Simulating  the  effect  of  landscape  size  and  age  structure  on
cavity tree density using a resampling technique. Forest  Science
50:603−9

17.

De'ath G, Fabricius KE. 2000. Classification and regression trees: a
powerful  yet  simple  technique  for  ecological  data  analysis.
Ecology 81:3178−92

18.

Johnson PS, Shifley SR, Rogers R,  Dey DC, Kabrick JM. 2019. The
ecology  and  silviculture  of  oaks.  Wallingford,  Oxon,  UK:  CABI
Publishing. 628 pp. http://www.doi.org/10.1079/9781845934743.
0000

19.

Braun  EL.  1950.  Deciduous  forests  of  eastern  North  America.
Blakiston,  Philadelphia.  596  pp https://doi.org/10.1079/
9781780647081.0000

20.

McShea  WJ,  Healy  WM.  2002.  Oak  forest  ecosystems:  ecology
and  management  for  wildlife.  Baltimore,  Maryland:  The  Johns
Hopkins University Press. 432 pp.

21.

Shifley  SR,  Brookshire  BL,  Larsen  DR,  Herbeck  LA. 1997.  Snags
and  down  wood  in  Missouri  old-growth  and  mature  second-
growth forests. Northern Journal of Applied Forestry 14:165−72

22.

Spetich  MA,  Shifley  SR,  Parker  GR. 1999.  Regional  distribution
and  dynamics  of  coarse  woody  debris  in  temperate  deciduous
old-growth forests. Forest Science 45:302−13

23.

Brookshire BL, Shifley SR (eds.). 1997. Proceedings of the Missouri
Ozark  Forest  Ecosystem  Project  Symposium:  an  experimental
approach  to  landscape  research.  St.  Louis,  Missouri,  1997. General
Technical  Report  NC-193,  U.S.  Forest  Service, St.  Paul,  MN.  U.S.
Department  of  Agriculture,  Forest  Service,  North  Central  Forest
Experimental  Station.  378  pp. https://www.fs.usda.gov/
treesearch/pubs/10257

24.

Shifley  SR,  Brookshire  BL  (eds.).  2000. Missouri  Ozark  Forest
Ecosystem  Project:  site  history,  soils,  landforms,  woody  and

25.

herbaceous vegetation, down wood, and inventory methods for the
landscape experiment. General Technical Report NC-208. St. Paul,
MN.  U.  S.  Department  of  Agriculture,  Forest  Service,  North
Central Forest Experiment Station.
Sheriff  SL,  He  Z.  1997.  The  experimental  design  of  the  Missouri
Ozark Forest Ecosystem Project. Proceedings of the Missouri Ozark
Forest Ecosystem Project Symposium: an experimental approach to
landscape research, St. Louis, MO, 1997. General Technical Report
NC-193.  St.  Paul,  MN:  U.  S.  Department  of  Agriculture,  Forest
Service,  North  Central  Forest  Experiment  Station.  pp.  26−40
https://www.fs.usda.gov/treesearch/pubs/53558

26.

Breiman L, Friedman JH, Olshen RA, Stone CJ. 1984. Classification
and Regression Trees. Pacific Grove, CA: Wadsworth.

27.

Gingrich SF. 1967. Measuring and evaluating stocking and stand
density in upland hardwood forests in the Central States. Forest
Science 13:38−53

28.

Rogers R. 1983. Guides for thinning shortleaf pine. Proceeding of
second  Biennial  Southern  Silvicultural  Research  Conference,
Atlanta, Georgia, 1982. General Technical Report SE-24. Asheville,
NC: U. S. Department of Agriculture, Forest Service, Southeastern
Forest Experiment Station. pp. 217–25

29.

Stout  SL,  Nyland  RD. 1986.  Role  of  species  composition  in
relative  density  measurement  in  Allegheny  hardwoods.
Canadian Journal of Forest Research 16:574−79

30.

Guyette  R,  Kabrick  J.  2002.  The  legacy  and  continuity  of  forest
disturbance,  succession,  and  species  at  the  MOFEP  sites.
Proceedings  of  the  second  Missouri  Ozark  Forest  Ecosystem
Symposium: post-treatment results of the landscape experiment, St.
Louis,  MO, 2000.  General Technical Report.  NC-227. St.  Paul,  MN:
U.  S.  Department  of  Agriculture,  Forest  Service,  North  Central
Forest Experiment Station. pp. 26−44

31.

Sheriff  SL.  2002.  Missouri  Ozark  Forest  Ecosystem  Project:  the
experiment. Proceedings  of  the  second  Missouri  Ozark  Forest
Ecosystem  Symposium:  post-treatment  results  of  the  landscape
experiment, St.  Louis,  MO,  2000.  General  Technical  Report.  NC-
227. St. Paul, MN: U. S. Department of Agriculture, Forest Service,
North Central Forest Experiment Station: pp. 1−25

32.

Stojanovic D, Koch AJ, Webb M, Cunningham R, Roshier D, et al.
2014.  Validation  of  a  landscape-scale  planning  tool  for  cavity-
dependent wildlife. Austral Ecology 39:579−86

33.

Meentemeyer V, Box EO. 1987. Scale effects in landscape studies.
In Landscape heterogeneity and disturbance, ed. Tuner MG. New
York: Springer-Verlag. pp. 15−34

34.

Wiens  JA. 1989.  Spatial  scaling  in  ecology. Functional  ecology
3:385−97

35.

Peterson  DL,  Paker  VT.  1998.  Dimensions  of  scale  in  ecology,
resource  management,  and  society.  In Ecological  scale:  theory
and application, eds. Peterson DL, Parker VT. New York: Columbia
University Press. pp. 499−522

36.

Alexander HM, Foster BL,  Ballantyne IVF,  Collins CD, Antonovics
J,  et  al. 2012.  Metapopulations  and  metacommunities:
combining  spatial  and  temporal  perspectives  in  plant  ecology.
Journal of Ecology 100:88−103

37.

Breiman L. 2001. Random Forests. Machine Learning 45:5−3238.
Bauer  E,  Kohavi  R. 1999.  An  empirical  comparison  of  voting
classification  algorithms:  Bagging,  Bossting,  and  Variants.
Machine Learning 36:105−39

39.

Copyright:  ©  2021  by  the  author(s).  Exclusive
Licensee Maximum Academic Press, Fayetteville,

GA.  This  article  is  an  open  access  article  distributed  under
Creative Commons Attribution License (CC BY 4.0), visit https://
creativecommons.org/licenses/by/4.0/.

 
Scale effects on the prediction of rare events

Page 8 of 8   Fan Forestry Research 2021, 1: 15

https://doi.org/10.1093/njaf/7.4.179
https://doi.org/10.1139/x03-068
https://doi.org/10.1080/02827581.2017.1360389
https://doi.org/10.1080/02827581.2017.1360389
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol4/iss2/art3/
https://doi.org/10.5860/choice.40-1521
https://doi.org/10.1890/0012-9658(2000)081[3178:CARTAP]2.0.CO;2
http://www.doi.org/10.1079/9781845934743.0000
http://www.doi.org/10.1079/9781845934743.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1093/njaf/14.4.165
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/53558
https://doi.org/10.1139/x86-099
https://doi.org/10.1111/aec.12118
https://doi.org/10.2307/2389612
https://doi.org/10.1111/j.1365-2745.2011.01917.x
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1007515423169
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/njaf/7.4.179
https://doi.org/10.1139/x03-068
https://doi.org/10.1080/02827581.2017.1360389
https://doi.org/10.1080/02827581.2017.1360389
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol4/iss2/art3/
https://doi.org/10.5860/choice.40-1521
https://doi.org/10.1890/0012-9658(2000)081[3178:CARTAP]2.0.CO;2
http://www.doi.org/10.1079/9781845934743.0000
http://www.doi.org/10.1079/9781845934743.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1093/njaf/14.4.165
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/53558
https://doi.org/10.1139/x86-099
https://doi.org/10.1111/aec.12118
https://doi.org/10.2307/2389612
https://doi.org/10.1111/j.1365-2745.2011.01917.x
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1007515423169
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/njaf/7.4.179
https://doi.org/10.1139/x03-068
https://doi.org/10.1080/02827581.2017.1360389
https://doi.org/10.1080/02827581.2017.1360389
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol4/iss2/art3/
https://doi.org/10.5860/choice.40-1521
https://doi.org/10.1890/0012-9658(2000)081[3178:CARTAP]2.0.CO;2
http://www.doi.org/10.1079/9781845934743.0000
http://www.doi.org/10.1079/9781845934743.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1093/njaf/14.4.165
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/10257
https://doi.org/10.1093/njaf/7.4.179
https://doi.org/10.1139/x03-068
https://doi.org/10.1080/02827581.2017.1360389
https://doi.org/10.1080/02827581.2017.1360389
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol1/iss1/art4/
https://www.ecologyandsociety.org/vol4/iss2/art3/
https://doi.org/10.5860/choice.40-1521
https://doi.org/10.1890/0012-9658(2000)081[3178:CARTAP]2.0.CO;2
http://www.doi.org/10.1079/9781845934743.0000
http://www.doi.org/10.1079/9781845934743.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1079/9781780647081.0000
https://doi.org/10.1093/njaf/14.4.165
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/10257
https://www.fs.usda.gov/treesearch/pubs/53558
https://doi.org/10.1139/x86-099
https://doi.org/10.1111/aec.12118
https://doi.org/10.2307/2389612
https://doi.org/10.1111/j.1365-2745.2011.01917.x
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1007515423169
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.fs.usda.gov/treesearch/pubs/53558
https://doi.org/10.1139/x86-099
https://doi.org/10.1111/aec.12118
https://doi.org/10.2307/2389612
https://doi.org/10.1111/j.1365-2745.2011.01917.x
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1007515423169
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	METHODS
	Study site and the cavity tree data
	Construction of CART and LR models to predict cavity tree probability
	Prediction of CTD using the CART, LR, and sample mean (design-based) method
	Simulating scale effects on the RE of CTD prediction via CART and LR models

	RESULTS AND DISCUSSIONS
	CONCLUSIONS

